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Summary--The protonation constants, Kr, for the ligands succinic acid (SA), mono-methyl succinate (MS) 
and propionate (PA) have been determined, at 25°C, by glass electrode potentiometry in 3 mol/dm 3 (M) 
NaNO 3, KNO3, NH4NO3, Ca(NO3)2 and Et,~NBr aqueous media. Results are compared with literature 
constants determined in 3M NaCIO4. The order of stability was found to be K~(SA)> KI(PA ) > 
KL(MS) > K2(SA) and for the ligands in the different media Kr followed the general trend with respect 
to the background electrolyte Et4NBr > NaCIO 4 > KNO 3 > NaNO 3 > NH4NO 3 > Ca(NO3) ~. 

Speciation modelling has been widely used to 
explain the bioavailability of metal ions in sol- 
ution. ~-4 In a similar fashion chemical speciation 
could play a critical role in the emulsifying 
ability of ionic surfactants. Recently we have 
become interested in modelling these surfactants 
which are often used industrially in aqueous 
solutions of high ionic strength. 

As models of the polar headgroups of ionic 
surfactants, we have chosen propionic acid 
(PA), succinic acid (SA) and mono-methyl 
succinic acid (MS). Daniele et al. ]have 
extensively studied the effect of ionic strength, in 
the range 0M < I < 1M, upon the protona, tion 
equilibria of carboxylic acids. 5'6 Belavantsev 
et al. have studied the effect of ionic background 
upon the dissociation constants of monobasic 
acids. 7 However, as yet no study has been 
reported of the effect of high ionic strength and 
background medium upon protonation equi- 
libria. Since these data are necessary in order to 
model the effect of pH upon the speciation of 
our model polar head groups, we have 
undertaken a potentiometric investigation of the 
protonation equilibria of the above carboxylic 
acids at high ionic strength (3M) and in differ- 
ent background electrolytes (KNO3, NaNO3, 
N H 4 N O 3 ,  Ca(NO3)2 ,  Et4NBr). 

EXPERIMENTAL 

Potentiometric titrations were carried out 
under an atmosphere of high purity nitrogen 

which was passed through a series of wash 
bottles to remove any residual 02, CO2 and to 
humidify the gas. The 50 ml reaction vessel was 
maintained at 25.00___ 0.05°C and the entire 
titration apparatus was kept in a room ther- 
mostatted at 23 + I°C. Titrations were repeated 
using two glass electrodes and a Ag/AgC1 
reference electrode, connected to the titration 
solution via a salt bridge. Volumes were 
dispensed using a Metrohm automatic burette. 

All solutions were made up in glass distilled, 
deionized water, which had been boiled out to 
remove dissolved CO2. All volumetric flasks 
used in preparing the solutions were calibrated 
before use) The strong base solutions were 
prepared under N2, using Merck titrisols, and 
were stored in high density polypropylene bot- 
tles under an atmosphere of N2. 

NaNO3 and KNO 3 (Merck GR) were dried 
under vacuum for 12 hr, at 140'~C and 70°C, 
respectively. 9 NHnNO3 solutions were standard- 
ized using the hydrogen form of a cation 
exchange resin (Amberlite IR-120) and 
Ca(NO3)2 solutions were standardized against 
EDTA, using magnesium and solochrome 
black. 8 Et4NBr (Aldrich-Chemie) was recrystal- 
lized from ethanol, dried under vacuum at 
100°C for 12 days and stored over P2057 Propi- 
onic acid (Riedel-de Hafin) was purified by 
distillation, while succinic acid (Merck GR) and 
mono-methyl succinate (Aldrich-Chemie) were 
used without further purification. 
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All solutions were made up to 3M ionic strength 
with respect to the cation of the background 
electrolyte. The Et4 NBr system was repeated using 
a background electrolyte concentration of 2.174M, 
which is equimolal with 3M KNO3. The HNO3 
and strong base solutions were standardized 
against borax and potassium hydrogen phthalate, 
respectively. With Ca(NO3)2 and NH4NO 3 as 
background electrolyte, however, the HNO 3 sol- 
utions could not be standardized against borax and 
so were standardized against the strong base of the 
corcesponding system. 

In all the six systems studied the strong acid 
was HNO3. In the case of the sodium and 
potassium systems, the strong base was NaOH 
and KOH, respectively. In the ammonium and 
calcium systems, Ca(OH)2 and NH4OH, could 
not be used as the strong base, as Ca(OH): has 
low solubility and aqueous ammonia is volatile 
and has too low a pKb. Similarly, commercially 
available Et4NOH proved to have an unaccept- 
able amount of impurity, probably carbonate 
and, under strongly basic conditions, hydrolysis 
of the background salt occurred. In these cases 
therefore the strong base was IM KOH made up 
to 3M K ÷ with KNO3. Using the base in such 
a concentrated form resulted in only 0.07% of 
the background cation being K + at the end of 
a titration. As recommended by the IUPAC 
commission, a summary of the experimental 
parameters is given in Table 1. ~° 

Data were refined using the ESTA suite of 
programs optimized on weighted emf values, j~ J5 

A pKw of 14.18 compiled from 32 references at 
3M, was used throughout) 6 The electrodes were 
calibrated in situ using the refinement option of 
ESTA. When using ammonium nitrate as the 
background electrolyte experimental points near 
the endpoint of the ligand were deleted from the 
titration data as they had high residuals due to 
the effect deprotonation of the ammonium ions 
had on the emf of the solution. 

RESULTS AND DISCUSSION 

All the protonation constants determined are 
shown in Table 2, and have been plotted in Fig. 1 
together with literature protonation constants 
determined in 3M NaC104.17"~8 

The protonation constants, Kr, follow the 
general trend K~ (SA) > K~ (PA) > KI(MS) > 
/(2(SA). The differences in protonation 
constants are due to the different substituents on 
the carboxylic groups. Substituents which are 
electron donating weaken the carboxylic acid 
and hence increase Kr, while electron withdraw- 
ing groups strengthen the acid and decrease Kr. 
Therefore we would expect carboxylate groups 
to increase the protonation constant and car- 
boxylic and ester groups to decrease it. These 
observations, studied in a wide range of acids, 
provide the basis for the Taft equations and Taft 
a* constants which can be used to predict 
protonation constants.J9 The acid-strengthening 
( -  A log K) electrostatic and inductive effects of 
representative substituents attached to the e-car- 
bon atoms of aliphatic acids have been calcu- 

Table 1. Summary of experimental parameters used in the determination of protonation 
constants for the ligands succinate, propionate and mono-methyl succinate; T = 25 C 

Ligand Major electrolyte pH Data Number of 
Ligand (mmol/dm 3) (mol/dm 3 ) range points titrations 

Succinate 

Propionate 

Mono-methyl 
succinate 

7-9 3.00-2.93 Et4NBr 2 7 295 5 
5-9 2.17 2.13 Et4NBr 2.0-7.0 760 7 

14-16 3.00 KNO~ 2.0-6.4 268 4 
4-35 3.00 NaNO3 2.0 7.4 1000 9 
6 I0 3.00-2.81 NH4NO 3 2.0-6.1 390 6 
3-10 1.00-0.97 Ca(NO3)2 2.1-5.8 403 5 

7-24 3.00 2.93 Et4NBr 2-7 166 4 
9-17 2.17-2.13 Et4NBr 2.0-7.1 629 6 

33 37 3.00 KNO 3 2.0-6.7 410 5 
37-68 3.00 NaNO 3 2.0-7.3 596 5 
27-39 3.00-2.93 NH4NO ~ 2.0-6.2 767 5 

7 21 1.00-0.97 Ca(NO~)_, 2.0-6.2 751 6 

16-18  3.00-2.94 Et4NBr 2-7 302 5 
10-19 2.17 2.13 Et4NBr 2.0-6.7 785 7 
35-38 3.00 KNO3 2.0-6.0 325 4 
41-82 3.00 NaNO3 2.0-7.1 811 6 
19 26 3.00-2.88 NH4NO3 2.0-5.8 458 4 
11-32 1.00-O.96 Ca(NO3)_, 2.0 5.9 590 5 



Formation constants at high ionic strength--I 

Table 2. Protonation constants  K~ and K., for the ligands succinate, propionate and mono-  
methyl succinate in different ionic media, measured at 25'C; cr is the standard deviation, R the 

crystallographic R factor and R~,, the min imum possible R value) ~ 

Ligand Medium R Rli ~ log K I a log K, a 

Succinate 

Propionate 

Mono-methyl 
succinate 

3M Et4NBr 0.0020 0.0023 5.979 0.0013 4.776 0.0017 
2.17M Et4NBr 0.0023 0.0031 5.649 0.0011 4.533 0.0015 

3M NaCIO] 7 5.485 0.001 4.323 0.001 
3M K N O  3 0,0006 0.0025 5.313 0.0003 4.131 0.0005 

3M NaNO 3 0.0012 0.0014 5.204 0.0004 4.077 0.0007 
3M NH4NO 3 0.0029 0.0015 5.145 0.0022 4.027 0.0026 
IM Ca(NO3) 2 0,0067 0.0031 4.590 0.0044 3.635 0.0065 

3M Et4NBr 0.0043 0.0037 5.767 0.0028 
2.17M Et4NBr 0.0027 0.0033 5.232 0.0008 

3M NaCIO~ ~ 5.161 0.002 
3M KNO 3 0.0012 0.0023 4.929 0.0004 

3M N a N O  3 0.0029 0.0013 4.859 0.0011 
3M NH4NO 3 0.0026 0.0022 4.762 0.0007 
IM  Ca(NO3) 2 0.0035 0.0034 4.418 0.0010 

3M E h N B r  0.0058 0.0052 5.403 0.0022 
2.17M E h N B r  0.0019 0.0029 4.915 0.0006 

3M KNO 3 0.0028 0.0021 4.499 0.0012 
3M NaNO 3 0.0088 0.0012 4.448 0.0038 

3M NH4NO 3 0.0066 0.0027 4.337 0.0023 
1M Ca(NO~ )2 0.0092 0.0024 4. I 13 0.0034 

lated as a direct function of Taft a* constants 
and have been published for a large number of  
substituents.19 

For a dibasic acid such as succinic acid there 
is also a statistical factor which effects the 
second protonation constant. When the ligand 
is completely protonated there are two equival- 
ent ways of losing the first proton, therefore 1(2 
should be twice as large as it would be for a 
closely related monobasic acid. So in predicting 
the protonation constants, log K2 should be 
log 2 (=0.3)  less. 

Using the published A l o g K  values and 
including the statistical effect, A log K f  c can 

O succinate r= l  

6 e ~  ~" propionate r= l  

~ * succinate r = 2  

\ - ~ "e" m o n o - m e t h y l  
5.5 - \ ~ succinate r= 1 

log Kr 5" 

4.5-  

,J 
3.5 

E,.;,B, E~;'B, ,.~,O. d,O. "';'O. ""i"O. C.~;,O.~, 
3 M  2 .174M 3 M  3 M  3M 3 M  1M 

I O N I C  M E D I A  

Fig. 1. Protonation constants K~ and K 2 plotted for the 
ligands succinic acid. mono-methyl succinate and propionic 
acid in different ionic media. The protonation constants 

determined in 3M NaC10 4 were taken from literature. 

be predicted for the ligands studied. 
The differences between the experimental 
protonation constants obtained between the 
various ligands, A log K~ xpt, was taken as the 
difference between the average protonation 
constant obtained for the ligand in all media 
and the average value obtained for propionic 
acid. Values obtained for A logK~ "~c and 
A logK~ Xp~ are given in Table 3. The good 
correlation obtained between experimental 
and c'Aculated values lends confidence to our 
reso,ts. 

Figure 1 shows clearly that at high ionic 
strength, the nature of the background 
medium has a dramatic effect upon the 
protonation equilibria of  carboxylic acids. De 
Robertis et al. have noted this trend before 
and have tried to explain it in terms of cation 
binding to the carboxylate anion, stronger 
metal binding giving rise to a lower 
apparent  protonation constant._,0 _,2 This 
explanation, however, does not account for the 
consistent difference in protonation constants 
measured in 3M NaC104 and 3M NaNO3. 
Alternatively, in a series of  papers, K. S. Pitzer 
has developed semi-empirical equations for 
the convenient and accurate description of 
thermodynamic properties of aqueous 
electrolytes23 _,6 The Pitzer approach accounts 
for the change in protonation constant in going 
from one medium to another in terms of short 
range interionic forces that are specific 
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Table 3. Comparison of experimental and calculated A log K r for each ligand; where 
A log Kr expt = log K r - log K I (PA) 

Ligand r Substituent A log K A log K r ~"~ A log K~ xP' 

Succinate 1 CH2COO- 0.244 0.244 0.318 
Propionate 1 CHj 0.000 0.000 0.000 
Mono-methyl succinate 1 CH2COOCH 3 -0.528 -0.528 -0.376 
Succinate 2 CH2COOH -0.548 -0.848 -0.800 

H.L L ̂ " 

80 

60 - -  succ ina te  

t ÷ rnono-methy l  ~ ~ : T l l 1 4 0 2 0  HL" ~ succ ina te  

0 .; 
2,5 3 3.5 4 4.5 5 5.5 6 6.5 7 7,5 8 8.5 

-log[H*] 

Fig. 2. The speciation of propionate, succinate and mono- 
methyl succinate plotted over the pH range of 2.5-8.5 in 3M 
Et4NBr. Each species is plotted as a percentage of the total 
ligand concentration; where n = 2 for succinate and n = 1 

for propionate and mono-methyl succinate. 

I~L L ~" 

60 4 ~ ~ V ~ / /  x ¢ __NH4NOa 

2 ~.5 3 3.5 4 4.5 5 5.5 6.5 7 7.5 8 

-Iog[H'] 

Fig. 3. The speciation of succinate in various 3M back- 
ground electrolytes over the pH range of 2-8. Each species 
is plotted as a percentage of the total ligand concentration. 

tO e a c h  so lu te .  T h e  D a n i e l e  a n d  P i t z e r  

a p p r o a c h e s  will  be  e x a m i n e d  in m o r e  de t a i l  in  a 

s u b s e q u e n t  p a p e r .  

T h e  effect  t h a t  the  n a t u r e  o f  t he  p o l a r  h e a d  

g r o u p  h a s  o n  t h e  s p e c i a t i o n  o f  m o d e l  i on i c  

s u r f a c t a n t s  is s h o w n  in Fig.  2. F r o m  th i s  we see 

t h a t  in  t he  p H  r a n g e  4 - 7  the  c h a r g e  o f  t he  

c a r b o x y l a t e  h e a d  g r o u p s  c h a n g e  f r o m  0 to  - 1. 

S imi l a r ly ,  Fig.  3 s h o w s  h o w  a c h a n g e  in t he  

b a c k g r o u n d  m e d i u m  affec ts  the  s p e c i a t i o n  o f  

t h e  c a r b o x y l i c  ac id .  T h e s e  c h a n g e s  will  a f fec t  t he  

s u r f a c e  p a c k i n g  o f  t he  s u r f a c t a n t  a n d  m a y  

c o n t r i b u t e  to  t h e  o b s e r v e d  p H  a n d  m e d i u m  

d e p e n d e n c e  o f  e m u l s i o n  s tab i l i ty .  
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Summary--A simplified approach to the correction of equilibrium constants from one ionic strength 
and/or medium to another is developed. A computer program capable of performing these calculations 
is presented together with results of its application to the NH 3/H +, CH 3 COO /H +, C H 3 CH 2 COO-/H +, 
-OOCCH2COO-/H + and HOOCCH2COO-/H + systems. 

In recent years the importance of  chemical 
equilibrium modelling has developed from an 
empirical qualitative tool to a sophisticated 
quantitative tool in the armoury of  chemists. ~-3 
Simultaneous with the development of  com- 
puter modelling, has grown the realization of 
chemical speciation as being fundamental to 
many, if not all, biochemical, and industrial 
reactions. 4'5 Thus the toxicity of mercury is 
dependent on its chemical speciation, methyl 
mercury being highly toxic, but mercury in a 
gold/mercury amalgam being non-toxic. 
Fundamental to equilibrium modelling is the 
availability of a suitable database containing 
thermodynamic data for all the possible reac- 
tions occurring in the model. Several such data- 
bases have been constructed. 6'7 However, in 
order to use these databases, it is necessary to 
convert the data to the conditions of tempera- 
ture, pressure and ionic strength applicable to 
the model. Many attempts have been made to 
convert equilibrium constants applicable at one 
ionic strength to another. Most of  these 
methods are based on the Debye-Hfickel 
equation which only shows good accuracy up to 
0.1 mol/dm 3. At higher ionic strength it is 
necessary to add terms for short range interionic 
forces that are specific to each solute. This is the 
approach of  Pitzer. 8 However, because of the 
large number of virial coefficients needed to 
evaluate the Pitzer equations, this approach 
which works well even up to an ionic strength 
of 6 mol/dm 3, has not been generally im- 
plemented in equilibrium models. However, 

under the conditions applicable to most simu- 
lation models it is possible to simplify the Pitzer 
equations, which are then easily built into an 
equilibrium model. In this paper a computer 
program for converting equilibrium data from 
low to high ionic strength and from one back- 
ground electrolyte to another is presented. The 
accuracy of this approach is evaluated using 
data for the protonation of  ammonia, acetate, 
propionate and succinate. 

THEORY 

In a solution containing metal ions or cations 
(M), ligands (L) and protons or hydroxides 
(H), many complexes may be formed in equi- 
librium with one another. Each complex has 
associated with it an equilibrium or stability 
constant. In general for the reaction 

pM +qL +rH ~-MpL~Hr (l) 

the thermodynamic stability constant may be 
defined as 

T ~ o q  r _ _  aupL~nr (2) 
p q r 

a M a L a H  

where p, q, r are the stoichiometric coefficients 
and a denotes activity. 

When r is negative this refers to the removal 
or addition of hydrogen or hydroxy ions, 
respectively. 

The basis of many of the variables used in 
potentiometry vary depending on the com- 
position variable and hence the standard state 
used. In most potentiometric work the standard 
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state is taken as unit molarity or ! mole of  solute 
per dm 3 solution. This basis is more convenient 
as most experimental apparatus is calibrated for 
the dispensing of volumes. In the more concen- 
trated range molality as the composition vari- 
able is more popular where the standard state is 
defined as unit molality or 1 mole of  solute per 
kg solvent. This basis has an advantage as it 
does not change with temperature and pressure. 

In practice, it is easier to determine the con- 
centration of a species than to determine its 
activity. The activity of  a species can be ex- 
pressed as a product of  its composition variable 
and its activity coefficient, 7, so that as the 
concentration approaches zero the activity co- 
efficient tends to unity. Depending on the basis 
used the activity of  the ion, i, in solution can be 
expressed as follows: 

a,..i = 7,..ici or a,,.i = ?,,,imi (3) 

where ci and m~ are the molar and molal compo- 
sition variables of  the ion, i, in solution and the 
basis of  the activity and activity coefficients is 
given as a subscript. 9 

Stability constants, activity and activity co- 
efficients are all dimensionless but vary depend- 
ing on the basis used. To avoid inconsistency in 
units, the activity should be defined as: 

a,..i cO = ~c,ici or a,, . im ° = Tm,imi. (4) 

For convenience, the normal convention is to 
omit the standard state concentration terms, 
with the understanding that the activity, activity 
coefficients and stability constants are dimen- 
sionless. To prevent confusion care must be 
taken to define the composition variable used 
and not to interchange between different bases. 

Following from the definition of  activity, 
the thermodynamic stability constant can be 
defined as the ratio of its stoichiometric stability 
"constant",  flpqr, and its activity coefficient 
quotient, F~qr defined below 

T rJ ~pqr  
Ppqr- ~tqr' (5) 

where 

and 

[MpLqHr] (6) 
[~pqr [M]P[L]~[H]r 

M[LgH Fpq~ - - - ,  (7) 
?gpL,,n, 

and the square brackets denote molar concen- 
tration. 

The mean activity coefficient for a given 

solution is a function of the ionic strength of the 
solution and can be determined from exper- 
imental measurements. For a solution contain- 
ing cations, c, and anions, a, it is defined as 
follows: 

3)+ ~ v a + v c ~ r ¢  r a ( 8 )  

where v, and vc represent the stoichiometric 
number of cations and anions in the formula. 

Many equations have been proposed to ac- 
count for the change in activity coefficients with 
ionic strength and temperature. ~° These ionic 
strength equations have been used to project 
stability constants measured at one ionic 
strength and make them applicable at another 
ionic strength. The degree of accuracy obtained 
in these corrections is strongly dependent on the 
method chosen and the reliability of  the original 
stability constants. 

Pitzer has developed semi-empirical equa- 
tions for the convenient and accurate represen- 
tation and prediction of the thermodynamic 
properties of aqueous electrolytes including 
comples mixtures. 8"~-~3 These equations can be 
extended to high ionic strengths, high tempera- 
tures and high pressures. ~4-t7 The various forms 
of the Debye-Hiickel calculation show good 
accuracy up to 0.1M. At higher concentrations 
account must be taken of  short range interionic 
forces that are specific to each solute. These 
terms which take into account the kinetic effect 
of the hard core have been included by Pitzer 
without disturbing the basic pattern of the 
Debye-Hfickel equation and are presented as 
interaction or virial coefficients for each solute. 
The three virial parameters ill01, fll~l and C ~ have 
been evaluated from a wide variety of osmotic 
or activity coefficient data for pure electrolytes. 
These parameters take into account any ion 
pairing or weak association that may take place. 

When mixing solutes, the additional combi- 
nations of coefficients, OMX, O'MX and ~kMNX were 
added, however these coefficients were found to 
be small and frequently negligible, t8 Hence in 
evaluating activity coefficients in mixtures, it 
was found that the parameters, determined from 
the single solutes, are able, in most cases, to 
define the mixture completely. The Pitzer 
equations allow the prediction, with consider- 
able accuracy, of  the properties of mixtures, if 
the properties of each pure component are 
known. This is shown in equation (9). The 
equation is of  the same form as that presented 
by Guggenheim, with the addition of a third 
virial coefficient. The second virial coefficient B, 
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is now dependent upon ionic strength and the 
parameters 0 and q,, which have little effect, 
have been omitted: ~9 

In ?A?x = (Z2A + Z2x)f' + ~ m,(2BA~ + ZCA.) 
a 

+ ~ m,.(2B,.x + ZC,.x) 
c 

9 2 ~ + Z E m ,  rn,,[(z-a + zx )B , ,  
c a 

+ (Iz~ I + Iz~l)C,,,] 

Z =~milzil 
i 

f;'= - A ,  E(1 

B' = -2 f l  ~') 

X~mm 2 ln(l + 1.2x/~)1 

+ + ;5 i 

01)  

l - ( l  + ctx//~ +'2-~/m)e ,,/F~ 

0~2I 2 
(12) 

B = fl(o) + 2tim 
1 - (1 + ~X/~mm)e -'v'% 

ot 21., 

C _ 
C ~ 

21z+z I 1/2 

where f '  is the general "Debye-Hiickel" term 
for long-range forces; B and C are the second 
and third virial coefficients; and B' is the deriva- 
tive of B. fl(01, fl,i and C + are empirical par- 
ameters, me and zj represent the stoichiometric 
molality and charge of species i and I,, rep- 
resents the molal ionic strength =0.5  Z m~c~. 
For 1-1 and 2-1 electrolytes ct = 2.0 and at 25 ° 
A~ = 0.391. Equations (12) and (13) only apply 
to 1 1, 2-1 and 3-1 electrolytes. 

The Pitzer parameters fl~0), flol and C ~ for 
over 120 electrolytes have been published by the 
author and other workers in this field. 82° These 
parameters allow the above equation to be 
applied to a wide variety of mixed electrolytes at 
room temperature and at ionic strengths up to 
6 molal in many cases and occasionally even 
higher. If measurements do not extend above 2 
molal the third virial coefficient, C, can be 
omitted. 

The Pitzer equation was converted by Millero 
to an individual ion form using the mean salt 
convention. Single ion activity coefficients in 
halide salt solutions have been successfully 
calculated. 2L22 The mean salt method used to 

obtain absolute values of ionic activity co- 
efficients, has limitations when applied to salts 
which form ion pairs. The method is also limited 
to solutions of moderate ionic strength. 2~ For 
these reasons we chose to use Pitzer's equation 
involving salt parameters. 

In the experimental determination of solution 
equilibrium constants, it is normal practice to 
keep the ionic strength of the solution constants 
by using a monovalent background electrolyte, 

(9) AX, at a concentration much higher than that of 
the reacting species. Under these conditions, as 

(10) the interaction between species is weighted by 
their concentration, it is reasonable to assume 
that the activity coefficient of a species will 
depend only on its interaction with the back- 
ground electrolyte, i.e. interaction with other 
species in solution are negligible. Using this 
approximation, equation (7) becomes: 

In Fpq~ = ¢ f : ' +  ~.m~BAx + CrmxCAx 

+ 2qmxBAc + ~mtmxB'.4L 

+ amxmL C~z. + 2qmxlCAL 

+ 2rmx Bnx + ~mnmxB'Hx 
(13) 

+ ~mnmxCnx + 2rmxICnx 

+ 2pm:~BMx+ ~mMmxB~x (14) 
+ trmxmMCgx + 2pmxlCMx 

-- 2mxBj + ~msmxB~l 

+ f fmxmsC J - 2 tox ic  J (15) 

= r + pz'M + qz-t - z~, (16) 

c~ = r  +pIZMI+qIzL[--IZs[, (17) 

for the reaction p M  + qL + rH ~ MpLqH, 
where m p L q H  r = S. Depending on the charge of 
the product, the symbol J refers to the salt 
parameter of the product, S, with either anion, 
A, or cation, X, of the background electrolyte, 
i.e. if Zs > 0 then J = SX, if Zs < 0 then J = AS 
and if either zL, Z.  or z s = 0 then their relevant 
virial coefficients are set to zero. 

From the activity coefficient quotient and the 
thermodynamic stability constant, the stoichio- 
metric stability coefficient at any ionic strength 
can be calculated (equation (18)): 

In flpq,. = In Fpqr + In rflp,~r. (18) 

Note that the activity coefficient of the species 
MpLqH,. depends on its concentration and the 
concentration of the free components in sol- 
ution i.e. it depends on the speciation of the 
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solution. Initial estimates o f  these concen- 
trations can be estimated from uncorrected 
values and then refined iteratively. 

Computer  program 

A Turbo  Pascal 6.0 program has been written 
to convert  stability constants  f rom one ionic 
strength to other ionic strengths. The Pitzer 
parameters  are stored in binary files associated 
with the program and can be edited and up- 
dated. The program runs interactively and cal- 
culates the stability constants  at ionic strengths 
specified as input. The results are plotted on 
the screen together with a curve showing the 
variat ion o f  the stability constant  with ionic 
strength. Experimental  stability constant  values 
can also be plotted simultaneously for an evalu- 
at ion o f  the calculated relationship. A copy of  
the program is available, f rom the authors,  
upon  request. 

RESULTS AND DISCUSSION 

Most  experimental stability constants  have 
been measured with molari ty as basis, while the 
Pitzer approach  is based on molality. Hence the 
literature stability constants  and ionic strengths 
had to be converted to molality. This conversion 
is simple if the density o f  the solution is known. 
In potentiometric  titrations the concentra t ion o f  
the salt is always in excess and the density o f  the 
solution approximates  to the density o f  a sol- 
ution containing the same concentra t ion o f  pure 
salt. Hence molar  concentrat ions were con- 
verted to a molal scale using equat ion (19) and 
the molar  based stability constants  were con- 
verted to a molal scale using the equat ion (20). 

[ A S ]  
max = (19) 

PE~xl - 0.001 [ A X ] M  Ax 

log tim,put = log fl,.pqr + (P + q + r -- 1) 

X log(piAxl-- O.O01MAx[AX]) (20) 

where MAX and max, are the molar  mass and 
molality, respectively of  the salt AX. 

Density data  for a range o f  aqueous electro- 
lyte solutions at 25 °, were taken from the liter- 
ature. 23-25 A least squares fit o f  the density 
variation with molality for each electrolyte gave 
the following equations (equation (21)), where 
the value in brackets is the s tandard deviation in 
the last position o f  each number.  

PKNO 3 (0-2 .8M) = 

PNrt4NO3 (0-7 .6M) = 

PLiNO3 (0 -5M)  = 

PN.NO3 (0-7 .2M) = 

PLiCl (0-- 14M) = 

PN~Cl (0-5 .3M) = 

0.99713(4) 

+ 0.06181(7) [KNO3] 

- 0.00099(3)[KNO3] 2 

0.9974(1) 

+ 0.03149(7) [NHaNO3] 

- 0.000263(9) [NH4NO3] 2 

0.9975(6) 

+ 0.0395(6) [LiNO3] 

- 0.0002(1) [LiNO3] 2 

0.9977(2) 

+ 0.0545(1) [NaNO3] 

- 0.00053(2) [NaNO3] 2 

0.9986(4) 

+ 0.0222(1) [LiCl] 

- 0.00008(1) [LiCl] 2 

0.9973(1) 

+ 0.0400(1) [NaCl] 

- 0.00056(2) [NaC1] 2 

Table 1. Literature Pitzer parameters 

Salt ill01 fl<l~ C '~ max (m) 

HBr 0.1960 0.3564 0.00080 3 * 
HCIO4 0.1747 0.2931 0.00819 5.5 0.002 
HNO 3 0.119 0.3206 0.0010 3 0.001 

NaCIO 4 0.0554 0.2755 - 0.00118 6 0.001 
LiNO 3 0.1420 0.2780 - 0.00551 6 0.001 

N H  4 N O  3 - 0.0154 0.1120 - 0.00003 6 0.001 
NaNO 3 0.0068 0.1783 - 0.00072 6 0.001 
KNO 3 - 0.0816 0.0494 0.00660 3.8 0.001 

Ca(NO3 )2 0.2108 1.409 - 0.02014 2 0.002 
EhNBr -0.0176 -0.394 0.0156 4 0.001 

Na Acetate 0.1426 0.3237 -0.00629 3.5 0.001 

*High accuracy fit? 
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Fig. 1. Protonation constants as a function of ionic strength for various electrolytes. The symbols are 
experimental data points and the lines were calculated using the simplified Pitzer equation, literature Pitzer 
parameters and a literature K °. A represents ammonia (log K ° = 9.244) and B acetate (log K ° = 4.750). 6.28 

The Debye-Hfickel correction term (equations (11) and (15)), has been included for comparison. 

PKcl (0-4.1 M) = 0.99729(9) 

+ 0.0461(1) [KCI] 

- 0.00068(3) [KCI] 2 

pLiao,(O-3M) = 0.9973(3) 

+ 0.0631 (5) [LiCIO4] 

- 0.0006(2) [LiCIO4] 2 

PN~cIo, (0-4M) = 0.9976(8) 

+ 0.078(1) [NaC104] 

- 0.0005(2) [NaCIO4] 2. 
(21) 

The literature Pitzer parameters used in the 
calculations are given in Table 1. 

Ammonia 

Figure l(a) shows our simplified Pitzer ap- 
proach applied to the protonation of  ammonia. 
The symbols are experimental data points while 
the solid line is the calculated dependence of 
pKa upon ionic strength. Experimental data 
were obtained from the literature. 2526 The 
Debye-Htickel correction term is shown for 
comparison. For the uncharged ligand ammo- 
nia, the ~ and a terms and hence also the 
Debye-Hiickel term are all zero. As only 
interactions between ions of opposite sign are 
included only the HX and SX interaction 

TAL 42/I--B 
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Table 2. Calculated Pitzer parameters 

Salt fl(0~ ,8.~ Salt fl(o~ ill. 

Na propionate 0.1165 0.312 NH 4 Propionate 0.0753 0.249 
K propionate 0.1103 0.303 Et4N Propionate -0.027 1.100 

Ca propionate 0.1061 0.921 NH 4 H Succinate 0.055 0.228 
Nail succinate 0.0815 0.259 Et4NH Succinate -0.102 1.330 
KH succinate 0.0716 0.243 Call Succinate 0.0233 0.656 
Na succinate 0.250 1.417 NH 4 Succinate 0.218 1.105 
K succinate 0.236 1.368 Et4N Succinate -0.186 3.804 

tCa succinate 0.527 0.527 

*1-1 electrolyte relationship: fll0~ = -0.043 +0.332fl lu +0.574fl(ufl (~). 1-2 electrolyte relationship: 
fll0l = --0.20(7) + 0.4(1)fl ll) -- 0.03(6)fl('fl/' 

i'A relationship was not calculated for 2-2 electrolytes. To fit the curve fl(u was made equal to fl(0). 

coefficients were used in the ionic s t rength 
correct ions .  The  resul tant  act ivi ty coefficient 
quo t ien t  reduces to: 

In Fol I = In ?H+ - In ?NH~- 

= 2 m x ( B ~ x  - B s x  + I C , x  - ICsx ) .  (22) 

Acco rd ing  to the above  equat ion ,  the ca t ion  o f  
the b a c k g r o u n d  electrolyte  has no affect on 
the act ivi ty  coefficient quot ien t  and  the same 
ionic s t rength re la t ionship  was pred ic ted  for  
all n i t ra te  salts. The exper imenta l  results for  
the different n i t ra tes  show a s imilar  but  
not  identical  t rend  a l though  the cor re la t ion  
between exper imenta l  and  ca lcula ted  results  is 
good  for  LiNO3 and  reasonable  for KNO3 and  

NaNO3.  

.4 ce ta le  

Figure  l (b)  shows the compar i son  between 
the exper imenta l  and  predic ted  p r o t o n a t i o n  
cons tan ts  for acetate  as a funct ion o f  NaC104,  
LiC1 and NaC1 concent ra t ion .  27-29 Once again  

the cor re la t ion  is good  over  the ionic s t rength 
range 0 -4  mol /kg.  F o r  compar i son  the results o f  
a D e bye -H / i c ke l  cor rec t ion  are shown. Clear ly  
the Debye -Hf i cke l  equa t ion  is not  valid above  
an ionic s t rength o f  0.1 mol /kg.  

P r o p i o n a t e  

F o r  the p rop iona t e  system not  all the necess- 
a ry  Pi tzer  pa ramete r s  were avai lable  in the 
l i terature.  However ,  Pitzer noted a general  re- 
la t ionship  between the two pa ramete r s  fl(0~ and  
fl(~) for var ious  electrolytes  and suggested a 

PROPIONATE 
5,8-  
5, 7- 4 Et,NBr / 

5.6. * KNO, / 
/ 5.5- / 

S, 4. o NaNO, 

/ / S, 3. + NH,NO, 

5 , 2  ~ Ca(NO,), / e ,  / /  
o'~ 5 .1 .  o 
" 5 , 0  

4.9.  

4.8 

4 .7  

4 .6  

4.5 

4.4 . . . . . . . . . . . . . . . . . . . . . . . . .  

@ i 2 

, / m o l a l  ionic strength 

Fig. 2. Propionate's protonatJon constant as a Function of  ionic strength For various background 
electrolytes. The symbols are experimental data points and the solid lines were calculated using the 
simplified Pitzer equation, literature and calculated Pitzer parameters and a literature K ° (log K ° = 4.868). 
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convenient approximation using this relation- 
ship to determine fit1> and fit0> from experimental 
data, if C is negligible. 3° At the ligand concen- 
trations used to measure protonation constants 
of propionate, the contribution of terms involv- 
ing the third virial coefficient to the overall 
activity coefficient, are small and so may be 
neglected. Many of the metal-ligand parameters 
were not available, and when only one protona- 
tion constant determined at 3M ionic strength, 
was available, these Pitzer parameters were cal- 

culated using the experimental value, the rough 
approximation method and log K °. When more 
experimental constants had been determined, or 
literature values were available, the relevant 
Pitzer parameters were calculated using a least 
squares fit of the data. The calculated Pitzer 
parameters are given in Table 2 and the 
coefficient relationship used for each electrolyte 
type is given below the table. For propionic 
acid, dimerization is also possible but is only 
apparent at ligand concentrations greater than 
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(log Kt~ = 5.648, log K ° = 4.209). 
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0.05M and so was ignored? ~ Figure 2 shows the 
experimental protonation constant of propi- 
onate measured in different ionic media and at 
different ionic strengths. Experimental data ob- 
tained from the literature have been included in 
the plot. 32"33 The solid lines in Fig. 2 are the 
calculated dependence of  logK0~ upon ionic 
strength and ionic medium based on the par- 
ameters listed in Table 2. 

Succinate 

Succinate presents an interesting example in 
that the ligand is diprotic and so the solution 
speciation will depend on the pH of the sol- 
ution. Once again not all Pitzer parameters were 
available in the literature and so were estimated 
from experimental results at 3M ionic strength, 
using the same procedure as before. The final set 
of  parameters are listed in Table 2. Figures 3(a) 
and (b) show the experimental data for this 
system together with the calculated ionic 
strength dependence. Experimental data ob- 
tained from the Jess database and from the 
literature has been included for comparison? 336 
These curves show that the simplified Pitzer 
approach is a good representation of the data. 

CONCLUSIONS 

The Pitzer, semi-empirical, method of correct- 
ing equilibrium constants from one ionic 
strength to another or from one ionic medium 
to another works well for many different elec- 
trolytes. However, this method of  data correc- 
tion has not been widely used in equilibrium 
modelling mainly because of  a lack of the 
necessary parameters for more complex sys- 
tems. In this paper we have shown that, under 
the conditions normally used to measure equi- 
librium constants, that is high background elec- 
trolyte concentration relative to reacting 
species, a simplified Pitzer approach can be 
used. Using this simplified approach unknown 
fro) and fl~Jl parameters can be estimated from 
equilibrium measurements at high ionic strength 
and then used to predict reliably, equilibrium 
constants under different modelling conditions. 
This method should greatly enhance the appli- 
cability of chemical equilibrium models. 
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Summary--Aided by the construction of a custom potentiostat, a series of different PAD waveforms were 
compared to find the optimum detector for penicillin oxidation. The waveforms included standard 3-step 
direct and indirect PAD in addition to reverse-PAD and 4-step PAD. Two new waveforms, the indirect 
reverse-PAD and the 4-step indirect PAD were examined in the study. Under the solvent conditions of 
the study (0.01M acetate buffer, pH 4.6) the indirect waveforms yielded the best detectability for penicillin 
G while the reverse-PAD waveforms yielded the worst performance. The 4-step PAD methods did not 
improve detectability when compared to the 3-step types, but they did provide output peak profiles with 
better shapes and less tailing. Although indirect waveforms gave better detectability than direct detection 
in the 0.01M acetate buffer solution, the limits of detection for each were found to be differing functions 
of ionic strength. At higher acetate concentrations, direct PAD was more favorable than indirect detection. 

The use of amperometric detectors for HPLC 
offers great selectivity for detection of oxidiz- 
able and reducible analytes. Constant potential 
(DC) amperometry is the simplest form of  this 
detector genre, offering great sensitivity for aro- 
matic organic species and some inorganics) 2 
The application of DC amperometric detection 
on noble metal electrodes to aliphatic organic 
compounds has not proven as fruitful, as both 
the sensitivity and reproducibility of response 
are poor. 3-5 This has been attributed to the 
inability to maintain an active catalytic oxide 
surface at the working electrode, either by con- 
version of the oxide to a passive, less catalytic 
form or by fouling from adsorbates. Adams, 6 
noted that electrode ignition, cleaning with 
chromic or nitric acid, and excursions to poten- 
tial extremes could all be used in such cases to 
restore electrode sensitivity. The development of 
pulsed amperometric detection (PAD) in a sense 
adapted the potential excursion treatment into 
one that could be done in situ while performing 
amperometric detection. 7'8 A detection step di- 
rectly oxidized analytes as in DC amperometry, 
but was maintained for only a short period of 
time (typically less than 1 sec). This was fol- 
lowed by a step to a very positive potential to 
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fully oxidize the electrode surface, and then a 
negative potential step to reduce the surface and 
provide a clean oxide-free electrode. The entire 
waveform was repeated at 1-2 Hz, and by use 
of a lock-in amplifier circuit the current output 
was sampled only during the detection poten- 
tial, then held until the next waveform cycle. 
The use of this original PAD waveform quickly 
found application for the detection of numerous 
aliphatic organic compounds. 9-t4 

Whereas the original application of PAD 
oxidized the analyte molecules directly during 
the detection step, it was found that PAD also 
would allow some molecules to be monitored 
indirectly. Using essentially the original PAD 
waveform, injections into a flowing stream gave 
"negative" peaks, i.e. a decrease in anodic cur- 
rent, for C1- in acid, CN -  in base, t5 and for I -  
in acid. 3"~5 This was attributed to the adsorption 
of these species, causing a reduction of back- 
ground current from the formation of electrode 
surface oxide, with the concurrent absence of 
any faradaic signal from oxidation of these 
adsorbates. Indirect PAD was not limited solely 
to producing "negative" peak response, as CN 
in basic solution can yield enhanced anodic 
response, i.e. "positive" peaks, in an indirect 
manner.~5 The adsorption of the CN -  causes the 
kinetics of oxide formation to be altered, creat- 
ing a potential region where the current from 
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oxide formation is suppressed, and a region 
where it is enhanced. By selecting a potential 
in the enhancement region, "positive" response 
was observed. The absence of  CN-  oxidation at 
this potential led to this method being classified 
as indirect PAD. Other analytes showing "posi- 
tive" response were conjectured to be the result 
of  mixed direct and indirect detection. ~5 

Early PAD work featured integration of  out- 
put current for 16.7 msec at the end of  the 
detection potential step, with the original intent 
being to minimize interference from 60 Hz 
background signals, but driven in later years by 
hardware limitations of  early generation PAD 
equipment. An examination of  the current inte- 
gration period found that the use of times longer 
than 16.7 msec was beneficial for some ana- 
lytes. 16 The longer integration periods were se- 
lected as multiples of 16.7 msec so that the 
reduction of 60 Hz noise was still effective. 
Waveforms employing these longer integration 
periods were originally classified by the title 
pulsed coulometric detection (PCD), but more 
recent literature has reclassified them as PAD 
wave forms. 4 

Polta and Johnson ~7 were the first to describe 
the application of  a new PAD waveform with 
the position of  the oxidative and reductive steps 
following detection inverted. Essentially this 
eliminated the oxidative cleaning step, as the 
final oxidative step served to grow the catalytic 
oxide prior to the detection step in an effort to 
reduce noise. This waveform yielded better sen- 
sitivity than the original PAD method when 
applied to the detection of thiourea in basic 
media. The new waveform was not given a title 
other than PAD in this original work, but a 
more recent investigation ~8 has classified this as 
a reverse-PAD (R-PAD) waveform to differen- 
tiate it from the standard PAD waveform, 
which was classified as normal-PAD (N-PAD). 
This recent work studied the R-PAD waveform 
and concluded that it would be beneficial to use 
a four step R-PAD waveform. This would insert 
an anodic cleaning step between the detection 
step and the cathodic cleaning step while main- 
taining the final oxidative step to pre-grow 
surface oxide. 

PAD has recently been applied for the detec- 
tion of  penicillins in this laboratory, s,~9'2° Both 
direct PAD and indirect PAD ("negative" 
peaks) were found to yield sensitive detection, 
with the solvent composition determining which 
of  the two gave best results. Direct PAD was 
best in an aqueous solution of acetate buffer, 

but when the solvent was altered in preparation 
for use as an HPLC mobile phase by the 
addition of  organic modifier, the indirect PAD 
yielded better detectability, t9 It is the goal of  
this study to examine the use of  alternative 
detection schemes such a R-PAD and 4-step 
PAD waveforms to determine their practicality 
for penicillin detection and to understand their 
function. It should be noted that commerical 
PAD potentiostats do not allow the use of 
4-step waveforms, so their exploration required 
the construction of a "homemade" potentiostat. 

EXPERIMENTAL 

All penicillins were purchased from Sigma 
(St Louis, MO, USA). All other solutions 
were made from reagent-grade chemicals 
from Aldrich (Milwaukee, WI, USA), Baker 
(Phillipsburg, N J, USA), or Fisher (Pittsburgh, 
PA, USA). Water was distilled and deionized 
before use as a solvent. 

Flow injection analysis for the ionic strength 
variation was done with a Waters 625 LC 
system (Milford, MA, USA) and a Waters 464 
Pulsed Electrochemical Detector. A thin-layer 
cell was utilized with a single gold working 
electrode. The counter electrode was a stainless 
steel block mounted opposing the thin-layer 
cell, with the flow channel created by a teflon 
spacer between the two. The reference electrode 
was a Ag/AgC1. A 50-pl sample injection loop 
was employed with this system, and a flow rate 
of  1 ml/min was standard. 

Flow injection analysis for all other exper- 
iments described was done using a SSI (State 
College, PA, USA) Model 300 LC pump with 
an SSI Model LP-21 pulse dampener and a BAS 
(West Lafayette, IN, USA) CC-5 flow cell com- 
partment. Potentiostatic control was provided 
by a Pine Instruments (Grove City, PA, USA) 
RDE4 potentiostat with external voltage con- 
trol driven by a Keydata (S. Plainfield, N J, 
USA) 486DX2-50 IBM-compatible computer 
running VIEWDAC 2.1 software from 
Keithley/MetraByte (Taunton, MA, USA), in- 
terfaced with a Keithley DAS-20 interface card 
and screw terminal board. A dual gold electrode 
block was used, with the upstream element 
serving as the working electrode. The counter 
electrode was a stainless steel block mounted 
opposing the thin-layer cell, with the flow chan- 
nel created by a teflon spacer between the 
two. The reference electrode was a Ag/AgCI. 
A 50-/~! sample injection loop and a flow 
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rate of  0.5 ml/min were employed with this 
system. 

A BAS MF-2060 Polishing Kit was used to 
polish the working electrode; in addition poten- 
tial cycling to the voltage limits of the system, 
as defined by the onset of solvent breakdown, 
was helpful to restore electrode activity follow- 
ing temporary losses of sensitivity. Injected 
penicillin solutions were all solvent matched 
with the mobile phase to avoid having a system 
peak overlapping with the analytical peak. All 
mobile phases were vacuum filtered through an 
Alltech (Deerfield, IL, USA) 0.45-#m nylon 
filter. Flow injection detector signal polarity was 
inverted so that increased anodic response 
would produce peaks rather than troughs on the 
output plots. All output was filtered through a 
low-pass frequency filter. Recorded PAD data 
for quantitative studies was treated with a 
fourier transform smoothing algorithm to fur- 
ther minimize high frequency noise, and to 
minimize the impact of regular pump pulsations 
arising from the lack of back pressure during 
flow injection trials. Peak heights were used for 
detection limit and reproducibility calculations. 
Detection limits (S /N  = 3) were found by extra- 
polation from higher concentrations. 

RESULTS AND DISCUSSION 

Potentiostat development 

The potentiostat used for the waveform op- 
timization work was put together from separate 
components which are listed above in the Exper- 
imental section. The advantage of  building this 
instrument was that it allowed great flexibility in 
selection of amperometric waveform, which can 
only be obtained commercially in a very expens- 
ive instrument not designed for PAD. The dis- 
advantage of a homemade instrument is that it 
is likely to suffer from a greater degree of  
electrochemical noise than a well-made com- 
mercial unit. The components that we chose to 
construct our potentiostat are by no means 
unique; there are many different options for 
both software and hardware. One particular 
concern should be to obtain an interface card 
that allows both bipolar analog outputs 
(voltage) and inputs (current); many otherwise 
very sophisticated and powerful interface cards 
are only unipolar in nature. Another very im- 
portant note is that some sample voltage wave- 
forms must be checked with an oscilloscope for 
validity before the potentiostat can be trusted. 
We found that some software instructions for a 
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particular potentiostatic function were too cum- 
bersome for the computer to handle in a timely 
fashion, resulting in slower operation than had 
been instructed. For  example, points to be 
collected at 1.000 sec intervals may actually be 
collected at ~ 1.4 sec intervals if the software is 
not streamlined. The only way to be certain of  
the integrity of the user-selected time-dependent 
operations embedded within a software routine 
is to check them with an oscilloscope. 

Another concern is the need to allow "idle" 
time to be programmed during the initial phase 
of an experiment. Whenever an amperometric 
waveform is initially sent to an electrochemical 
cell or whenever a significant change in the 
waveform is made, the current output of the 
system will change sharply and generally will 
drift substantially for a number of minutes 
before the cell reaches an equilibrium state. Any 
data taken before equilibrium is complete will 
be suspect; in particular the reproducibility of 
detector response will be poor. An example of 
this can be seen in Fig. 1, where the change in 
output response during equilibration is so acute 
that the peak polarity inverts for injections of 
the same solution at differing times following 
waveform initiation. Although it requires extra 
programming time, it is essential to produce 
software that will allow initiation of  the desired 
PAD waveform at the electrochemical cell well 
before any current data are collected. We found 
10 min to be the minimum acceptable idle time 
with our particular setup. 

The potentiostatic software that was devel- 
oped allowed from one to four potential steps 
within a waveform, each with a selectable 
voltage and duration. Current integration 
always took place during the initial step, 
although this was not required by the software, 
and could be done for any length of time 
desired. Once collected, the raw output data 
were treated with a low-pass filter and a fourier 
transform smoothing function as noted in the 
Experimental section. 

Waveform optimization 

The names of the waveforms used herein are 
not completely standardized, so in an effort to 
clarify the type being used each is illustrated in 
Table 1 along with a title. 3-step direct PAD 
(Table IA) is the standard form of PAD that 
has been used extensively since the work of 
Hughes et al. 7"8 An oxidative detection step is 
followed by a step to a more positive potential 
to provide oxidative cleaning, producing a fully 
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Fig. 1. Detector instability in the absence of a waveform idle period. Flow injection analysis: three 
injections of I x 10-4M penicillin G in a 0.01M acetate buffer solvent. Waveform: El = 1. l V for 668 msec, 

E2 = 1.3 V for 668 msec, E3 = -0.2 V for 835 msec, integrate 17-668 msec. 

oxide covered electrode. This is followed by a 
step to more negative potentials to reduce the 
surface oxide, providing a clean metal surface 
which can react with adsorbates. 3-step indirect 
PAD 5'1~ (Table 1B) uses the same basic wave- 
form shape as 3-step direct PAD, although 
typically the detection step is either less positive, 
has a shorter duration, or both in comparison to 
the direct waveform. Indirect PAD results in a 
change in peak polarity, which is due to sup- 
pression of  the anodic background signal from 
the formation of  surface oxide at the detection 
potential. This is suppressed in the presence of  
an analyte that will adsorb to the electrode 
surface, resulting in the production of less sur- 
face oxide and correspondingly less current 
from this process. Many adsorbates produce 
direct PAD response, where the suppression is 
more than offset by current from oxidation of  

the adsorbate. However, in indirect PAD the 
waveform is created to encourage analyte ad- 
sorption but to slow its oxidation such that the 
anodic current produced is not enough to offset 
the suppressive effect. 

Inverse PAD, although not previously used in 
this lab, has been described by Polta and John- 
s o n ,  j7 and Roberts and Johnson.~8 The standard 
form, referred to as direct reverse-PAD (Table 
1C) has the anodic and cathodic cleaning steps 
reversed when compared to 3-step direct PAD. 
For this to work, the detection potential chosen 
must be positive enough such that the oxidative 
cleaning step is not necessary. Following a 
cathodic cleaning step, a short anodic step is 
made. This step is designed to "pre-grow" 
the catalytic oxide necessary for oxidation of 
the analyte. By forming this oxide prior to the 
detection step, a reduction in background signal 

Title 
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Table 

A B C D E F 

3-step direct PAD 3-step indirect PAD direct reverse-PAD indirect reverse-PAD 4-step direct PAD 4-step indirect PAD 
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(and noise) during detection can be enabled. 
The short time of this step is critical, as the 
catalytic "lower oxide" is transient, and at 
longer times the lower oxide will be converted to 
the higher oxide, which is not catalytic for most 
PAD analytes. It was also possible to do indirect 
reverse-PAD (Table 1D), which has not been 
described previously in the literature. This 
waveform has essentially the same structure as 
direct reverse-PAD, but as in other indirect 
waveforms the polarity of reponse shifts as the 
suppression of the anodic background signal 
predominates. This would seem to be a very 
unlikely waveform, as a majority of the anodic 
current from formation of surface oxide would 
presumably be occurring during the oxide pre- 
growth phase in step 3, so would not be avail- 
able for suppression during the detection step. 
However, this viewpoint only focuses on sensi- 
tivity; whereas the oxide pre-growth should 
result in a much smaller amount of anodic 
signal than is available for suppression, the 
degree of uncertainty of this current level should 
also be smaller. Thus, the background noise 
should also be less. When evaluating the wave- 
form based on the SIN of response, it can be 
envisioned that this waveform could be valuable 
if the reduction in noise was great enough to 
offset the loss in sensitivity. The construction of 
an indirect reverse-PAD waveform from direct 
reverse-PAD generally requires a shift to less 
positive detection potentials and shorter times 
for the oxide pre-growth step. 

The ability to program waveforms with 
greater than three potential steps allows the 
creation of additional PAD waveforms. 4-step 
direct PAD (Table 1E) has been proposed as 
advantageous by Roberts and Johnson.t8 
During the discussion of direct reverse-PAD, it 
was noted that this waveform does not have an 
oxidative cleaning step, relying on the detection 
potential for this purpose. The availability of a 
fourth step in the waveform allows the oxidative 
cleaning step to be retained while still having an 
oxide pre-growth step just prior to detection. 
Finally, Table IF details a 4-step indirect PAD 
waveform, which also has not been utilized in 
any published work. The structure of this wave- 
form is basically the same as the previous one, 
the difference being that the polarity of the 
output current is inverted, being controlled by 
suppression of the anodic background signal. 
As with indirect reverse-PAD, this waveform 
will theoretically suffer from poor sensitivity, as 
the fourth potential step for oxide pre-growth 

will limit the amount of background signal 
available for suppression during the detection 
step. Again, as mentioned above, the possible 
advantage for this type of waveform lies in the 
fact that noise should be reduced, perhaps to a 
greater extent than the loss in sensitivity. 

Experiments were run to produce the best 
example of each of the waveforms mentioned 
above in terms of S/N. These waveforms are 
listed in Table 2 along with their detection limit 
for penicillin G and the % relative standard 
deviation (RSD) of response for a set of  five 
consecutive injections of a 1 × 10 4M penicillin 
G solution. The solvent system chosen was 
0.01M acetate buffer (pH 4.6), which was simi- 
lar to that used for previous flow injection trials 
for penicillins in this laboratory. 5 The reader 
should be cautioned that although the perform- 
ance of the potentiostat was adequate, it does 
suffer from higher noise levels than its commer- 
cial counterparts. As such, slightly better detec- 
tion limits can be achieved for the 3-step 
waveforms using a good commercial instru- 
ment. However, the absolute values of the detec- 
tion limits were less important than their 
comparison for the different waveforms. 
Although larger than ideal, the noise should 
impact the different waveforms to the same 
degree, allowing them to be compared fairly. 

From Table 2, it can be seen that all inte- 
gration times selected were longer than 250 
msec. When the traditional 16.7 msec inte- 
gration time was tested, it was found to yield 
worse response for all waveforms in terms of 
both sensitivity and noise. It is interesting to 
note that in comparison of 3-step direct and 
3-step indirect PAD, both optimized waveforms 
use the same detection potential. Usually, the 
indirect method will utilize a slightly smaller 
potential. However, the variations in the other 
facets of the waveforms are enough to alter the 
oxidation kinetics to the degree whereby output 
polarity is inverted. The performance of the 
indirect method leads to a superior detection 
limit when comparing the two; a comparison of 
the output traces can be seen in Fig. 2. The 
superiority of the indirect PAD method leads to 
a seeming paradox when comparing this data 
with that obtained by Koprowski et all In this 
work, while also using an acetate buffer solvent, 
a 3-step direct PAD waveform was found to give 
better detectability than its indirect counterpart. 
Although the data sets were obtained with 
different detectors, which would explain some 
variation in detection limit, this would not 
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Table 2. Optimized PAD waveforms for penicillin G injections 

% Relative standard Detection limit 
Title Waveform deviation (M)  

3-step direct PAD El: 1.3 V for 501 msec 2.4 2 x 10 -6 
E2:1.6 V for 668 msec 
E 3 : - 0 . 3  V for 668 msec 
Integrate: 17-501 msec 

3-step indirect PAD El: 1.3 V for 300 msec 1.7 6 x 10 -7 
E2:1.5 V for 400 msec 
E 3 : - 0 . 2  V for 400 msec 
Integrate: 5-300 msec 

Direct reverse-PAD El: 1.3 V for 501 msec 20.8 3 x 10 -6 
E 2 : - 0 . 4  V for 224 msec 
E3:1.6 V for 334 msec 
Integrate: 17-501 msec 

Indirect reverse-PAD El: 1.2 V for 668 msec 4.6 5 × 10 -6 
E 2 : - 0 . 5  V for 334 msec 
E3:1.7 V for 68 msec 
Integrate: 68-668 msec 

4-step direct PAD El: 1.6 V for 668 msec 3.8 3 x 10 -6 
E2:1.7 V for 334 msec 
E 3 : - 0 . 4  V for 334 msec 
E4:1.65 for 17 msec 
Integrate: 68-668 msec 

4-step indirect PAD El: 1.3 V for 300 msec 4.2 8 × 10 -7 
E2:1.5 V for 400 msec 
E 3 : - 0 . 2  V for 400 msec 
E4:1.4 V for 17 msec 
Integrate: 5-300 msec 

reasonably explain why direct PAD would be 
more favorable on one instrument and indirect 
PAD on the other. 

On close examination of  the two experiments, 
it can be found that although both use acetate 
buffer solvents, the concentrations are slightly 
differnt (0.01M here vs .  0.2M in Ref. 5). A set of 
experiments were run to examine the possibility 

that this paradox could be explained by the 
difference in ionic strength of the acetate buffer. 
Acetate buffer solutions, all at pH 4.6, were 
made throughout the range of  0.0005-0.3M. 
For  each different solvent, both a 3-step direct 
PAD and 3-step indirect PAD waveform were 
optimized. The optimized waveforms were then 
used to find a detection limit for solvent- 
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Fig. 2. A comparison of  3-step indirect (A) and 3-step direct (B) PAD. Flow injection analysis: I × 10-4M 
penicillin G in 0.01M acetate buffer. Waveforms are given in Table 2. 
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matched solutions of penicillin G. A plot of the 
resultant detection limits vs. log of acetate con- 
centration is given in Fig. 3. The concentrations 
were plotted in logarithmic form to allow the 
variation with concentration to be observed 
without crowding in the lower region of the 
concentration scale. At higher concentrations 
the direct PAD waveform yielded better detec- 
tion limits, but as acetate concentration is re- 
duced a crossover is observed and the negative 
PAD produces lower detection limits. This 
could explain why Koprowski et al., ~ working at 
high ionic strength, would find positive PAD 
to be more favorable, while the lower ionic 
strength used in this work would lead to just the 
opposite result. 

As the electrolyte concentration is reduced, 
one would expect the oxidation kinetics to be 
slowed due to the development of an iR  drop. 
This problem is noted to be a relatively common 
occurrence when using a thin-layer electrochem- 
ical cell unless a solvent with a high ionic 
strength is used. 21 The high current requirement 
for a pulsed waveform and the extreme poten- 
tials used to promote penicillin oxidation ex- 
acerbate the iR drop problem. This has a 
deleterious effect on direct PAD waveforms, as 
this tends to attenuate their output response, 
shifting them toward the crossover to indirect 
PAD. The application of greater overpotential 

- 5 . 0  ~ - - -  - 

t 
-5.5 ~~J~ 

i 

8 -e.o 

-6.5 

, Direct PAD L O D  

o indirect PAD L O D  

7 

I / /  
/ /  

I l l  

L 

I 
/ 

-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 

Log Acetate Conc (M) 

Fig. 3. Penicillin G detectability as a function of  acetate 
concentration in the solvent. 

to offset the iR drop is not beneficial, as it causes 
a sharp increase in noise. The iR drop caused by 
the use of a low ionic strength solvent and the 
resultant slower analyte oxidation kinetics are 
not a problem for indirect PAD. In fact, it may 
actually be beneficial since the slowed kinetics 
are the genesis of the indirect response. High 
electrolyte concentrations may actually be bad 
for indirect PAD, as it may be difficult to create 
a waveform that will produce a slow enough 
rate of analyte reaction while still forming elec- 
trode surface oxide, the growth of which is 
necessary for indirect PAD. This is illustrated in 
Fig. 3, as at very high electrolyte concentrations 
the performance of indirect PAD actually be- 
comes poorer. It is unlikely that the ionic 
strength effect is a result of a change in analyte 
adsorption. Adsorption takes place at a separate 
step in the PAD waveform from detection, and 
in general the adsorption steps are uniform 
regardless of waveform type within this work. 
Since the direct and indirect PAD waveforms 
feature similar analyte adsorption steps, one 
would expect that if adsorption was affected by 
ionic strength it would cause a similar change in 
both waveforms, rather than the dissimilar one 
that is observed. 

Neither of the reverse-PAD waveforms gave 
good results. Although the detection limit of the 
direct reverse-PAD waveform is almost as good 
as the 3-step direct PAD value, the reproducibil- 
ity is unacceptable for practical use. The indirect 
reverse-PAD has a much better RSD, but its 
detection limit is nowhere close to either of the 
first two waveforms. It should be noted that 
reverse-PAD is not universally valuable for all 
analytes; 2~ some analytes respond quite poorly 
to this type of detection. Most of the analytes 
that have benefitted from reverse-PAD were 
sulfur s p e c i e s ,  17'22 so  it is somewhat of a surprise 
that the penicillin, with its active sulfide site, was 
not a better candidate for reverse-PAD. 

Neither of the 4-step PAD waveforms offered 
any gains in detectability. The 4-step direct 
PAD waveform had virtually the same detection 
limit as direct reverse-PAD, but this was still 
three times higher than for 3-step direct PAD. 
The 4-step indirect PAD, like the 3-step wave- 
forms, gave significantly better output than its 
direct counterpart. The performance is still 
slightly poorer than for 3-step indirect PAD, as 
can be seen in Fig. 4. It can be noted from 
viewing this figure that the changes in response 
expected upon moving to a 4-step waveform are 
indeed present. The added oxide pre-growing 
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Fig. 4. A comparison of 3-step indirect (A) and 4-step indirect (B) PAD. Flow injection analysis: 
1 × 10-4M penicillin G in 0.01M acetate buffer. Waveforms are given in Table 2. 

step did cause the sensitivity to drop for 4- 
voltage PAD (16.248 vs. 5.080 mean peak 
heights). The noise level did improve with the 
addition of the fourth potential step (0.03241 vs. 
0.01356 standard deviations). Nevertheless, the 
overall SIN evaluation shows that the 3-step 
indirect PAD is still superior. 

At first glance the data would seem to support 
the fact that there is no need to produce a 
potentiostat that can be programmed beyond 
three potential steps. However, there is a final 
consideration that does favor the 4-step wave- 
form: peak shape. There is more tailing in the 
peaks in part A, whereas the 4-step peaks are 
superior in this regard. The degree of peak 
distortion can be quantitated by measuring the 
peak asymmetry factors 3,24 which gives a value 
of 4.06 for the 4-step PAD vs. 4.24 for 3-step. 
Although there has been no definitive study 
detailing the relationship between peak shape 
and PAD waveform, it has been clearly demon- 
strated that pulsed electrochemical detection 
can lead to significant peak tailing, 24 the degree 
of which is dependent on the waveform design. 
This is particularly important for indirect PAD, 
where this has been shown to be more of a 
problem than for direct PAD. n The difference 
in asymmetry factors is not large, however, it 
should be noted that the optimization process 
was based on detectability rather than peak 
shape. Experience with the two waveforms has 
shown that the presence of the extra potential 
step inevitably allows the 4-step waveform to be 

adjusted to produce better peak shapes than are 
obtainable with the 3-step. For HPLC exper- 
iments where resolution is critical, this new 
waveform will be a better detector choice than 
existing 3-step waveforms, as the sacrifice in 
detectability is small. It should also be noted 
that although the detectability advantage of the 
3-step waveform is clear within the system stud- 
ied in this project, it is likely that future exper- 
imentation with varying solvent systems and 
sample matrices will uncover conditions for 
which the 4-step waveform gives the lowest 
detection limit. 

C O N C L U S I O N  

PAD response will vary with ionic strength, 
even for solutions with the same qualitative 
composition. This change in electrolyte concen- 
tration will change the kinetics of electrochemi- 
cal response at various PAD waveforms; 
typically at low ionic strengths the direct PAD 
response suffers the greatest due to the larger 
current involved with this process. Indirect 
PAD waveforms are typically less favorable in 
the presence of sufficient electrolyte, but at low 
ionic strengths will become preferable to direct 
PAD, as the change in oxidation kinetics is less 
of a problem. 

The ability to produce a PAD waveform with 
four potential steps instead of the traditional 
three did not result in improved detectability. 
The detection limit for a 4-step indirect PAD 
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waveform was only slightly higher than for 
3-step indirect PAD, and the obtained peak 
profiles showed less tailing. The improved peak 
shapes obtained with the four step waveform 
will allow improved chromatographic resol- 
ution when compared with other forms of PAD. 
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Summary--The speciation of iron and manganese compounds retained by membrane filtration of dam 
water samples was studied by use of electron spectroscopy for chemical analysis (ESCA). Samples were 
taken at various depths and times of year from North Pine Dam near Brisbane, Australia. Both surface 
and bulk properties of samples representative of the water column profile were investigated. ESCA results 
showed that iron(Ill) compounds were found to predominate in the whole water column in any season 
of the year while the significance of iron(II) species varied in the hypolimnion (the bottom layer). In 
summer, although various ratios of manganese(II), manganese(Ill) and manganese(IV) compounds were 
found to occur down the water column, manganese(IV) compounds were predominant in the epilimnion 
(the top layer), while both manganese(II) and (IV) compounds predominated in the metalimnion (the 
middle layer) and the hypolimnion. The majority of Mn(IV) compounds were found throughout the water 
column after heavy rain and winter season. The ratios of atomic concentrations of iron and manganese 
as determined by atomic absorption spectrophotometry and ESCA are also discussed. 

In our  previous studies ~ 3 upon  manganese and 
iron in dam waters, work has been concentrated 
upon  speciating the soluble forms of  the metals. 
However ,  in the environment  o f  natural  waters 
the speciation o f  particulate forms of  these 
metals has received little attention. This may  
be due to the speciation techniques being 
labor intense and expensive in both capital 
outlay and maintenance o f  instruments. This 
work reviews our  results to date on the specia- 
tion o f  iron and manganese in dam water 
particles using electron spectroscopy for 
chemical analysis (ESCA) [also known as X-ray 
photoelect ron spectroscopy (XPS)] in order  to 
further unders tand their behaviour  in the dam 
profiles at different times o f  the year. This is a 
new and powerful approach  to the study of  
particulates in natural  waters. 

Modern surface-sensitive analytical tech- 
niques, including secondary ion mass spec- 
trometry (SIMS), Auger electron spectroscopy 
(AES) and ion scattering spectroscopy (ISS), 
provide a means for obta in ing a chemical analy- 
sis o f  the outer five to 10 atomic layers o f  the 

*Author to whom correspondence should be addressed. 

surface of  a material, as well as an analysis o f  
the underlying material. 4 Consequently these 
techniques have found widespread use in many 
areas o f  material research and fabrication. 5 
Quantitative data can be obtained from the 
spectra by study of  peak heights or areas, 
and identification o f  chemical oxidation states 
often can be made from the exact positions 
and separations o f  the peaks, as well as from 
certain spectral contours, 6 

ESCA is potentially an ideal technique for 
study of  the oxidation states o f  solid iron and 
manganese compounds .  The core electrons o f  
the molecular bonded a toms in compounds  are 
basically in atomic orbitals with their binding 
energies being characteristic o f  the atoms. How- 
ever, an increase in oxidation state produces a 
slight increase in binding energy, while a de- 
crease in oxidation state will slightly decrease 
the binding energy. 7 

The atomic concentra t ion routine calculates 
relative concentrat ions o f  iron and manganese 
(surface elements), while the a tomic per cent 
values are calculated from the measured signals 
by applying elemental sensitivity factors 
and normalizing to 100 atomic per cent. The 

27 
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formula s used to calculate the atomic concen- 
tration values is given below. 

nl Ii/$1 
n2 12/$2 (1) 

where n is the number of atoms per unit volume, 
I is the number of  photoelectrons detected (area 
under the peak) and S is the atomic sensitivity 
factor. 

In environmental sciences, 9 submicron par- 
ticles (including inorganic and organic colloids, 
clay minerals and microorganisms) play an im- 
portant role in natural waters. Physical and 
chemical sorption processes result in significant 
amounts of trace elements (including heavy 
metals) being associated with these particles in 
aquatic systems. The physical and chemical 
behaviour of these metals in the environment 
and their biophysicochemical properties differ 
from those of the corresponding dissolved 
species. Electron microscopy is a powerful tool 
able to morphologically characterize these sub- 
micron particles according to their elemental 
associations. This technique includes analytical 
electron microscopy (AEM), scanning electron 
microscopy (SEM) and transmission electron 
microscopy (TEM). Although SEM cannot di- 
rectly speciate iron and manganese compounds, 
it is a powerful tool in the study of different 
types of algae and bacteria, some of which 
are directly related to iron and manganese 
behaviour in the storage dams. 

EXPERIMENTAL 

Sample preparation and instrumental settings 

Water samples were collected by a 
Klemmerer-type depth sampler over almost a 
full year (11/11/87 to 06/09/88) at various 
depths of  North Pine Dam near Brisbane, 
Australia (actual dates and depths of  samples 
collected are given in Table 4. Samples of  
sediments were collected using a cylindrical grab 
sampler, from the top ( i -3  cm depth) of  the 
sediment. Samples were filtered through either a 
0.45 #m filter membrane, or a 0.01 #m filter 
membrane after prior passage through a 0.45 
#m filter membrane. 

Stratification of North Pine Dam commences 
in early September and lasts until May. During 
these warmer months the lake becomes fully 
stratified whilst in the winter (June to August) 
destratification results in a fully mixed and 
aerated profile. In a stratified dam the surface 
and 3 m samples come from the epilimnion, the 

10, 11 and 12 m samples all come from the 
metalimnion and the 15, 27 and 32 m (bottom 
sediment) come from the hypolimnion. The 
variation in the depths of sampling the metal- 
imnion and hypolimnion is related to the date of 
sampling and the depth of water in the dam at 
the time of sampling. 

The methods of  sampling and filtration of 
dam water samples are described in detail in 
previous papers. 3'j° Duplicate water samples 
were shaken thoroughly and then transferred 
into both 100 ml and 1 1. acid-washed polythene 
containers to yield a series of like samples. For 
surface analysis at least 1 1. of the dam water 
sample was filtered through either a 0.45 #m 
fl ter  membrane, or a 0.01 #m filter membrane 
after prior passage through a 0.45 #m filter 
membrane. The particulate matter remaining on 
the filter membrane was put into a vacuum 
desiccator for at least one week for drying, 
before analysis by ESCA and SEM. 

For atomic absorption spectrophotometry 
(AAS) analysis, the corresponding like sample 
(100 ml) was filtered through either a 0.45 #m 
filter membrane, or a 0.01 #m filter membrane 
after prior passage through a 0.45 #m filter 
membrane. The particulate matter remaining on 
the filter membrane was digested in 10 ml 
concentrated hydrochloric acid (BDH, Analar), 
gently boiling for 30 min and followed by 
addition of 1.0 ml concentrated nitric acid 
(BDH, Analar) with boiling for a further 5 min. 
After acid treatment the solution was cooled 
down and then made up to 100 ml in a volumet- 
ric flask with Milli-Q water and finally analysed 
for dissolved iron and manganese concen- 
trations by use of Varian AA 875 spectropho- 
tometer. Blank determinations were carried out 
for each analysis batch. 

With SEM analysis the dry sample was cut 
out and mounted on a specimen stub, sputtered 
with argon ion (for a few seconds) and coated 
with gold in a partial argon atmosphere at 
100 m Torr. The samples were then examined in 
a Phillips model SEM 505 scanning electron 
microscope. All SEM results indicated that 
filtrate samples collected on membrane filters 
were uniformly distributed over the membrane 
surface and that ESCA could be undertaken on 
a portion of the membrane to give results 
representative of the whole sample. 

ESCA analyses were carried out on a Perkin 
Elmer PHI Model 560 Multitechnique System. 
For these analyses, either AIK~L2 X-rays (1486.6 
eV) or MgK~q,2 X-rays (1253.6 eV) were used as 
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the exciting radiation of the photoelectrons. For 
the measurement of accurate binding energies 
and the atomic concentrations, the aluminium 
anode was used (in preference to the magnesium 
anode) as it shifted interfering Auger peaks 
up-scale by 233 eV. Such Auger peaks were 
found to give iron interference in the manganese 
2p photoelectron, and oxygen interference in the 
iron 2p photoelectron regions, respectively, 
when the magnesium anode was used. 

For ESCA analyses the sample membrane 
was cut to allow it to be mounted on the sample 
holder and then inserted into the spectrometer. 
During the analysis the vacuum inside the 
ESCA chamber was approximately 2 x 10 _7 

Torr due to argon gas flow for the ion etching 
procedure. The basic pressure in the analysis 
chamber was typically about 10 9 Torr. The 
instrument was calibrated weekly, and the cali- 
bration was checked several times each day 

during data acquisition. The analyser work 
function was determined assuming the binding 
energy of the gold 4f7/2 peak to be 84.0 eV. tn 

The oxidation states of reference iron and 
manganese metal sheets, a number of iron and 
manganese oxides and compounds, and the dam 
water particulate samples on the millipore filter, 
were all determined before and after argon ion 
beam etching. The PHI 04-303 ion gun was 
operated at a beam energy of 4 keV and a beam 
current of 1.0 #A. This beam was incident at an 
angle of 30 '~ to the sample normal, and was 
rastered over an area 8 x 6 mm to ensure com- 
plete etching of the ESCA analysis area (ap- 
proximately 5 mm diameter). These conditions 
gave an etching rate of apporoximately 0.25 
nm/min for standard T a 2 O s .  12 The etching rate 
of the particulate (including carbon, standard 
iron and manganese compounds) in dam water 
samples on the 0.45 or 0.01 p m filter membrane 
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Table 1. Standard iron and manganese compounds for ESCA analysis 

Standard iron compounds Standard manganese compounds 

Compound Purity (%) Company Compound Purity (%) Company 

Pure iron sheet 99.99 PHI 603965 Pure Mn sheet 99.9 Leico Industry 
Fe203 99.99 Aldrich MnO 2 99.99 Aldrich 
Fe3 04 99 Aldrich Mn 3 04 99.995 KOH 
FeS Technical Grade Aldrich MnCO 3 Laboratory reagent BDH 

MnSO4" 4H 20 > 97% BDH 
Mn(CH3 COO)2' 2H20 > 97% Aldrich 

(after prior passage through a 0.45 /~m filter) 
relative to Ta 205 is unknown, but was assumed 
to be of  similar magnitude. 

Iron and manganese 2p3/2, 2pt/2 and carbon Is 
spectra were recorded, and binding energy 
measurements were made relative to the carbon 
ls spectral peak (284.8 _ 0.1 eV) as a reference 
value. Carbon is present due to hydrocarbon 
contamination on the sample surface of  the 
reference material, or is intrinsic to the sample 
in the case of  dam water particulates. 

Dam water particulates for the various 
annual seasons from different depths of  North 
Pine Dam were studied in detail by SEM, while 
ESCA was used to analyse the oxidation state 
and binding atoms for iron and manganese 
present both on the surface and in the bulk of  
the particulates. 

Data analysis by using curve fitting method 

ESCA measurements involve recording the 
intensity of  emitted electrons as a function of  
the electron binding energy. The measured spec- 
tra consist of  peaks at characteristic energies, 
from which the elemental composition of  
the sample can be determined. An element is 
often in several different oxidation states which 
produces photoelectrons of  slightly different 
binding energies resulting in a composite peak. 

Data reduction was carried out using a com- 
puter curve fitting program to deconvolute the 
measured ESCA peaks into the peaks of the 
individual chemical species.13 Inputs into 

the program were the digitized experimental raw 
data, and the specific peaks shapes (non- 
Gaussian) for the elements of  interest in their 
various chemical states. The individual peak 
shapes were obtained from the "Handbook  of 
X-ray Photoelectron Spectroscopy", t4 with the 
background assumed to vary linearly across 
each peak. In essence, the computer program 
calculates an error for each point on the 
measured curve; such error is the shortest dis- 
tance between the measured point and the com- 
posite curve which is the sum of two or more 
peaks for particular oxidation states. The pro- 
gram carries out a least squares fit, comparing 
the measured curve with the sum of  the com- 
posite curves, systematically varying the inten- 
sity and position (within fixed limits) of  the 
composite curves. The final result consists of the 
raw data, the resolved peaks for the individual 
oxidation states, the convoluted curve (i.e. the 
sum of  the individual peaks) and an error curve 
which is the difference between the raw data and 
the convoluted curve. 

Each curve-fit was further checked on its 
suitability with each side of the computer se- 
lected error minimum, and each case was fur- 
ther examined to determine if a better fit could 
be possible using individual peaks with binding 
energies different from those expected. On 
the other hand, the slight difference revealed by 
the rechecking procedures shows that there can 
be a significant shift in the peak position with 
ion milling and that this is important when 

Table 2. Binding energies for 2p3/2 line of iron, iron oxides, manganese and manganese oxides as determined by ESCA 

Binding energies (e V) 

Fe(0) Fe(II) Fe(III) References 

706.2-707.1 708.8-710.0 710.0-711.6 7, 14, 17-27 
706.8 _+ 0.1 709.8 _+ 0.1 711.0 _+ 0.1 From standard pure iron metal sheet 

and compounds 

Mn(0) Mn(II) Mn(Ill) Mn(IV) 

638.7-639.2 640.2-641.3 641.4-641.9 641.8-642.6 
638.8_+0.1 640.8_+0.1 641.8+0.1 642.4+0.1 

14, 15, 28-30 
From standard pure manganese metal sheet 
and compounds 
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Fig. 2. (a) ESCA spectra of the iron 2p3/2, 2pl/2 lines from oxidized iron sheet before (0 min) and after 
(3 and 13 rain) sputtering and (b) curve fitted results of the convoluted iron 2p3:2 spectra from oxidized 

iron sheet after 13 rain sputtering. 

considering the fitting error. Furthermore, the 
nature of the fit can change depending on the 
binding energy range chosen. Sometimes these 
two factors affect each other. The values used 
are the best fits obtained after these consider- 
ations had been taken into account. 

RESULTS AND DISCUSSION 

Carbon spec trum as a reference p e a k  

Contamination, which formed on the stan- 
dard sample surface, consisted mainly of hydro- 
carbons, water vapour and oxygen, and 

7 
. . . . . . .  ' . . . .  M n O "  " " 

6 

- 0 m i n  I 

-0672 -648 -664 -656 -640 -632 

Binding energy (eV) 
Fig. 3. ESCA spectra of the manganese 2P3::, 2p,:: lines from oxidized manganese sheet before (0 rain) 

and after (44 and 104 min) sputtering, 
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originates from exposure to air during the brief 
period of transfer from the vacuum desiccator 
to the ESCA apparatus; it can also come from 
the residual gases within the ESCA chamber) 5 
The C ls peak (284.8 + 0.I eV) was observed in 
all ESCA spectra; however, for the standard 
samples this peak disappeared after 5 min of ion 
etching. This was taken to indicate that the 
carbon contamination on the surface had been 
removed and any further analysis was represen- 
tation of the "true" bulk sample. Dam water 
particulate samples have all the above contami- 
nants; however, most of the carbon in such 
samples is not contamination but an integral 
part of the actual sample. The carbon ls peak 
for all samples in the unetched state was the 
most intense spectral peak in comparison with 
the others, and after ion etching for 5 min, this 
carbon peak was considerably reduced (Fig. 1). 
In all the experiments, the carbon Is spectrum 
was therefore recorded and used as a reference 
for charge correction and as a surface contami- 
nation removal indicator. '~ 

Dilks ~6 has claimed that there are five types of 
bound carbon which can be found from ESCA 
studies of organic polymer samples, containing 
carbon and oxygen. These are (1) hydrocarbon 
(-CH+-), (2) alcohol, ether and peroxide carbon 
(-C-O-), (3) ketone carbon ( > C  = O), (4) ester 
and carboxylic carbon, and (5) carbonate car- 
bon. The binding energies increase from peak 1 
to 5 due to the larger dipole difference between 
carbon and hydrogen or oxygen. 

Figure l(a) shows the ESCA high resolution 
carbon Is spectrum both before sputtering 
and after 5 min sputtering for a 32 m depth 
sample (bottom sediment) obtained on 
06/09/88. Figure l(b) represents the results of 
curve fitting for the five differently bound car- 
bon species obtained before sputtering; while 
Fig. l(c) is the curve-fitting analysis after 5 min 
sputtering. These results show that after light 
sputtering with argon ion on the sample surface, 
different types of carbon have been removed 
and their intensity reduced; only the first and 
second types of carbon have their intensities 
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Fig. 4. (a) Raw data and (b) curve fitted results of  the convoluted manganese 2p3.., spectrum from oxidized 

manganese sheet. 
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slightly increased. Also, all the peak positions 
are slightly shifted to lower binding energies 
after ion milling by argon ions, which is due to 
a decrease in sample charging after removal of 
some of the surface hydrocarbons. 

ESCA measurement on reference iron and 
manganese metals and compounds 

The iron and manganese oxides and com- 
pounds studied by ESCA were commercially 
obtained high purity powders and crystals 
(Table 1). Oxide samples were prepared by 
crushing immediately prior to insertion into the 
spectrometer. The binding energies for the 2p3/2 
line of standard iron, manganese and their 
compounds were obtained from a variety of 
l i t e r a t u r e  s o u r c e s  7A4'15'17-3° and were confirmed 
by our own studies as shown in Table 2. 

The phenomenon of multiplet splitting associ- 
ated with photoelectron peaks is due to the 
presence of unpaired valence electrons, resulting 
in an exchange interaction which affects differ- 
ently the remaining spin-up or spin-down core 
electrons. Another characteristic feature of the 
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oxide spectra, which has been empirically ob- 
served for other high spin states of transition 
metal ions, is the presence of satellite peaks. 3~ 
These shake-up core-level satellites are caused 
by an incident X-ray photon giving up a discrete 
portion of its energy to the excitation of a 
second electron, rather than imparting its 
entire quantum energy to the primary, photo- 
ejected electron. Thus this photoelectron will 
have lost a small amount of energy and will 
appear at a slightly higher binding energy 
than the parent peak. Shake-up peaks are ob- 
servable for both iron and manganese com- 
pounds. These satellite lines have intensities 
and separations from the parent photoelectron 
line that are unique to each chemical state. 
Prominent shake-up patterns typically occur 
with paramagnetic states including iron(II), 
iron(Ill), manganese(II), manganese(Ill) and 
manganese(IV) compounds. 

An ESCA study on a pure iron metal sheet is 
shown in Fig. 2(a). After 3 and 13 min heavy 
sputtering on iron sheet, the iron(Ill) oxide on 
the surface can be seen to be almost completely 
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Fig. 5. (a) Raw data and (b) curve fitted results of the convoluted iron 2p3 " , spectrum from Fe304, 
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Fig. 6. (a) Raw data and (b) curve fitted results of the convoluted manganese 2p3/2 spectrum from Mn3 04. 

Table 3. Binding energies for 2p3/2 line of standard iron, manganese and their compounds as determined 
by ESCA (B.E. of C ls = 284.8 _+ 0.1 eV as reference) 

Before sputtering Sputter After sputtering 
time 

Compounds B.E.(_+0.1)* (eV) FWHMt (rain) B.E.(_0.1) (eV) FWHM 

Fe sheet 706.8 (0):~ 2.4 3 706.8 (0) 1.9 
709.8 (II) 13§ 706.8 (0) 1.8 
711.0 (III) 

FeS 711.0 (III) 5.0 5 709.9 (II) 4.4 
FeaO 4 711.0 (III) 4.9 5 709.8 (II) 4.0 
(FeO" Fe203) 711. l (III) 4.6 
Fe203 710.8 (III) 4.8 5 711.0 (III) 4.7 
Mn sheet 642.4 (IV) 3.4 44~ 638.8 (0) 1.6 

104~ 38.8 (0) 1.6 
McCO3 640.9 (II) 3.8 5 640.9 (II) 3.8 
MnSO 4.4 H20 642.4 (IV) 3.3 5 640.8 (If) 3.8 
Mn(CH3COO) 3 642.4 (IV) 3.3 5 641.8 (III) 4.2 
Mn304 641.0 (If) 3.9 5 640.7 (II) 2.9 
(MnO. Mn203 641.8 (III) 4.3 641.8 (III) 3.9 
MnO2 642.6 (IV) 3.4 5 642.4 (IV) 3.5 

*B.E.: binding energy. 
tFWHM: full width half maximum. 
+The number in parentheses indicates the oxidation number of iron or manganese. 
§Normally, a light ion dose (_<5 min sputter) was used to remove only the outer few atomic layers 

(approximately 1.2 nm) exposing an unaltered sample surface. Much longer sputtering (i.e. heavier ion 
dose) was needed to ensure complete removal of the surface oxidized layers and present a clean metal 
surface for analysis. 
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eliminated. This conclusion is reinforced by 
curve fitting as shown in Fig. 2(b), which clearly 
indicates the presence of mainly iron(0) at the 
surface following sputtering. 

Figure 3 shows the binding energies of 
manganese before and after (44 and 104 min) 
sputtering of manganese sheet metals; the re- 
moval of manganese oxide is clearly seen in 
the growth of the manganese(0) peak with in- 
creasing sputtering time. Figure 4(a) and (b) 
shows results after 14 min sputtering, with the 
curve-fitted peak of Fig. 4(b) indicating the 

presence, after this sputtering time, of mainly 
manganese(II). 

Figures 5 and 6 show that, after light sputter- 
ing (5 min) of pure Fe304 and Mn304 both the 
ratios of the concentrations of iron(II) to 
iron(Ill) and manganese(II) to manganese(Ill) 
are 1:2. These experiments strongly indicate 
that 5 min light sputtering is just sufficient to 
remove the surface contamination and not re- 
sult in any oxide reduction, 7"3° this sputter time 
was used for all samples. The binding energy for 
2p3/2 line of standard iron and manganese and 
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Fig. 7. ESCA high resolution iron 2p data from a North Pine Dam water particulate sample (0.45 pm 
membrane filtration) collected on 20/01/88 at a depth of  15 m. (a) Raw data before (0 min) and after etch 

(5 min); (b) curve fitted data--unetched surface and (c) curve fitted data---etched surface. 
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its compounds as determined by ESCA are 
shown in Table 3. 

The reference and dam water particulate 
samples were exposed to the atmosphere when 
transferred from the vacuum storage desiccator 
to the ESCA analysis vacuum chamber, there- 
fore, iron(II) compounds might have been oxi- 
dized to iron(Ill) on the outermost surface. 
However, after light ion beam etching (~1.25 
nm) to remove the normal hydrocarbon surface 
contamination, any iron(Ill) surface oxidation 
layer would also be removed, exposing the true 
oxidation species present in the bulk. After 5 
min of argon ion etching, approximately 1.25 
nm (or 2--4 atomic layers) were removed and 
hydrocarbon, oxygen and other contaminants 

had been effectively stripped off; as expected the 
iron(II) concentration was slightly increased. 
Therefore, the results obtained after etching 
represent the actual oxidation states of iron and 
manganese species in the sample. Sullivan and 
Mills 7 have shown that heavy etching of the 
bulk iron(Ill) oxide surface with argon ions 
leads to a rapid reduction of iron(III) species to 
iron(II), and, on further reduction finally to 
iron(0); in heavy etching a large concentration 
of argon irons are produced with an equal 
concentration of electrons; these latter will re- 
duce oxidized metal species. A similar situation 
applies to manganese oxides. 3° For this reason, 
in all these experiments only a light argon-ion 
etch was given to each sample surface to prevent 
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6 ] (a) / ~  

't 

1 0 min 

0 , i . i . . . . .  i . . . .  * , 

-672 -664 -656 -648 -640 

Binding energy (eV) 
7 

6 (b) 

5 

4 

-632 

2 ~  
3 

"~ x 0 rain 
~...--~S~teflite 

0 ~ ~ -  ,-""7--'--'----.-~ • , ~-" 

4 ( C )  

3 2Psa 

t 5 mins 

o ~ ~ , ,~------- 
-648 -646 -644 -642 -640 -638 -636 

Binding energy (eV) 
Fig. 8. ESCA high resolution manganese 2p data from a North Pine Dam water particulate sample (0.45 
/am membrane filtration) collected on 13/04/88 at a depth of 21 m. (a) Raw data before (0 min) and after 

(5 min) etch, (b) curve fitted data--unetched surface and (c) curve fitted data---etched surface. 
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reduction of iron(IIl) to iron(II) and mangane- 
se(IV) and manganese(Ill) to manganese(II) 
species. 

ESCA measurement of  iron and manganese 
compounds in dam water particulate samples 

Figures 7 and 8 show the ESCA high resol- 
ution data for iron 2p and manganese 2p, 
obtained from particulate samples collected on 
20/01/88 and 13/04/88, respectively. In each 
case: (a) represents the raw data for the whole 
2p region before and after etching, (b) rep- 
resents the curve fitted results for the 2p3/2 peak 
before etching, and (c) represents the curve 
fitted results for the 2p3/2 peak after etching. 
Iron(III) and manganese(IV) oxidation states 
are mainly predominant in the dam water 
particulate both before and after sputtering. 

The binding energies, oxidation state assign- 
ment, and per cent atomic concentration for 
iron and manganese compounds in particulates 
of some 16 dam water samples collected at 
various depths and dates are shown in Table 4. 
The ratios of atomic concentrations of iron to 
manganese as determined by AAS and ESCA 
are also presented in Table 4. 

For the purposes of this work, it was antici- 
pated that the species of iron and manganese 
found in the dam might be dependent upon the 
region from which the sample was taken. Dis- 
cussion of results is, therefore, given in terms of 
speciation in the epilimnion, the metalimnion, 
the hypolimnion and the sediment. 

Iron and manganese in the epilimnion 

ESCA results (Table 4) show that iron(Ill) 
compounds are found to predominate during 
the year throughout the water column, however, 
in the epilimnion the ratio between iron(II) and 
(III) can vary between an insignificant amount 
of iron(II) (surface sample on 20/01/88) and an 
approximately 1:3 ratio for iron(II):(III) (3 m 
on 13/04/88). This indicates that in April, the 
iron(II) component is far more significant due to 
the heavy rain effect and the whole water 
column mixing together. Under these conditions 
the concentrations of iron are very similar 
throughout the water column. After one week of 
heavy rain (662 mm rainfall in first week of 
April, 1988) the influx of water and associated 
debris has altered the nature of the dam water 
significantly (see Table 4; results from 3 to 32 m 
bottom sediment) and this can be seen clearly 
from SEM photomicrograph reported else- 
where. 32 The whole water column including 

bottom sediment contained nearly equal distri- 
butions of clay materials, inorganic and organic 
mineral compounds and algae debris. Further 
evidence was given from the temperature, dis- 
solved oxygen, pH, iron and manganese depth 
profiles which were nearly constant values along 
the water column. 32 

Table 4 shows that manganese(II), mangane- 
se(III) and manganese(IV) compounds occur 
throughout the whole water column, but that 
manganese(IV) compounds are predominant in 
the epilimnion. It is clear that the iron(Ill) and 
manganese(IV) compounds are predominant in 
the epilimnion because of the high dissolved 
oxygen concentrations (7.4-8.0 mg/1.). 32 

ESCA results (Table 4) show that the ratio of 
iron to manganese is 1.7 (surface sample on 
20/01/88), compared to the results from AAS 
(1.4). All these results indicate that the concen- 
tration of iron is at least as great or greater than 
manganese in the sample. 

Iron and manganese in the metalimnion 

An ESCA study of the iron compounds 
(Table 4) in the metalimnion (10 to 12 m on 
17/02/88 and 12 m on 13/04/88) shows that the 
iron in the particulate material is composed 
mostly of iron(Ill), with the ratio of 
iron(IlI):(II) being approximately 2:i. The ex- 
ception to this is the 11 m sample collected on 
the 17/02/88 in which the iron(III):(II) ratio is 
approximately 1:1 with the iron(II) species 
being slightly in excess. 

For manganese collected at the metalimnion 
on the 17/02/88, the predominant species are the 
manganese(II) and manganese(IV) moieties, 
where these two species are almost at the same 
concentrations. However, for the 12 m sample 
collected on the 13/04/88 the situation is quite 
different, with the manganese(IV) species being 
the only significant species. This collection fol- 
lowed a long period of very heavy rainfall which 
may account for the observed difference. This 
indicates that the rain tends to bring oxidized 
manganese into the dam. The depth profiles of 
iron and manganese before and after heavy rain, 
also supported the notion that the heavy rain 
brought significant amounts of insoluble iron 
and manganese into the dam. 32 This is further 
supported by the high levels of particulate man- 
ganese(IV) in all levels of the dam after heavy 
rain (see Table 4; results of 13/04/88 from 3 to 
32 m bottom sediment). 

In the metalimnion, the ratio of iron to 
manganese (see Table 4; results from 17/02/88 
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Table 4. Binding energies for the 2P3/2 line of iron and manganese compounds in particulates of  North Pine Dam water 
samples as determined by ESCA and the ratios of  iron to manganese as determined by AAS and ESCA 

ESCA analysis (after sputtering ~ 12A) 

AAS analysis Fe Mn 

Ratio % % Ratio 
Depth Fe Mn of B.E. Type of atomic B.E.  Type of atomic of 

Date (m) (mg/l.) (mg/l.) Fe/Mn (eV) species conc. (eV) species conc .  Fe/Mn 

11/11/87 27B 40.880 5.300 7.7 710 .0  Fe(II) 4.5 640.6 Mn(I1) 14.7 18.2 
(early summer) 711.0 Fe(IlI) 95.5 641.8 Mn(lll) 37.5 

642.3 Mn(IV) 47.8 
20/01/88 Surface 0 .030 0.022 1.4 710 .0  Fe(II) 3.2 640.8 Mn(II) 0.2 1.7 
(summer) 711.1 Fe(III) 96.8 641.8 Mn(III) 0.2 

642.4 Mn(IV) 99.6 
15 1.213 0.022 55.1 709 .7  Fe(II) 23.1 640.6 Mn(II) 30.4 124.0 

711.0 Fe(III) 76.9 641.8 Mn(IlI) 0.1 
642.4 Mn(IV) 69.5 

17/02/88 10 0.069 0.057 1.2 709 .8  Fe(ll) 29.8 640.8 Mn(ll) 43.9 !.4 
(summer) 711,4 Fe(III) 70.2 641.8 Mn(IIl) 9.5 

642.2 Mn(IV) 46.6 
I 1 0.100 0.044 2.3 709 .8  Fe(II) 56.1 641.0 Mn(II) 55.9 6.6 

710,8 Fe(IIl) 43 .9  641.8 Mn(III) 0.1 
642.2 Mn(IV) 44.0 

12 0.803 0.019 42.3 709 .8  Fe(II) 35.0 640.8 Mn(ll) 49.0 30.2 
710.8 Fe(llI) 65.0 641.6 Mn(III) 3.0 

642.2 Mn(IV) 48.0 
13/04/88 3 1.214 0.055 22.1 709 .4  Fe(II) 28.9 640.6 Mn(II) 12.5 6.6 
(late summer) 710.8 Fe(III) 71.1 641.6 Mn(IIl) 10.6 
(after 662 mm 642.4 Mn(IV) 76.9 
rainfall) 12 0.878 0,092 9.5 710 .0  Fe(II) 38.0 640.8 Mn(II) 1.5 3.1 

710.8 Fe(llI) 62 .0  641.6 Mn(llI) 2.5 
642.4 Mn(IV) 96.0 

21 1.588 0.335 4.7 710 .0  Fe(II) 0.1 640.6 Mn(II) 0.I 1.5 
711.2 Fe(III) 99 .9  641,7 Mn(III) 0.1 

642,4 Mn(IV) 99.8 
32B 16.925 0.681 24.9 710 .0  Fe(II) 24.4 640,8 Mn(lI) 0.5 9.7 

711.2 Fe(III) 75.6 641,8 Mn(lll) 0.5 
642.4 Mn(IV) 99.0 

09/08/88 3 0.133 0.059 2.3 709 .5  Fe(ll) 22.0 640.7 Mn(II) 0.1 1.2 
(winter) 710.9 Fe(III) 78.0 641.7 Mn(III) 0.1 

642.5 Mn(IV) 99.8 
15 0.132 0.059 2.2 709 .8  Fe(II) 19.7 640.6 Mn(II) 3.6 1.2 

710.9 Fe(IIl) 80.3 641.5 Mn(III) <0.1 
642.2 Mn(IV) 96.4 

32B 22.278 3.357 6.6 710 .0  Fe(II) 17.4 640.5 Mn(ll) 10.9 7.0 
710.9 Fe(llI) 82 .6  641.8 Mn(III) 10.7 

642.3 Mn(IV) 78.4 
06/09/88 3 0.042 0.015 2.8 709 .9  Fe(II) 0.1 640.7 Mn(II) 14.7 2.7 
(late winter) 710.9 Fe(III) 99 .9  641.8 Mn(III) 23.4 

642.4 Mn(IV) 61.9 
15 0.113 0.031 3.7 709 .9  Fe(II) 34.8 640.7 Mn(ll) 6.9 0.9 

710.9 Fe(llI) 65,2 641.6 Mn(Ill) 9.6 
642.4 Mn(IV) 83.5 

32B 6.005 0.941 6.4 710 .0  Fe(II) 27.5 640.5 Mn(II) 14.3 5.5 
711.1 Fe(III) 72.5 641.5 Mn(lll) 0.1 

642.4 Mn(IV) 85.6 

B, indicates top layer (1 to 3 cm depth) of the bottom sediment sample. 

for 10-12 m) increases for all methods of  
its measurement  (AAS and ESCA). ESCA 
results are different from those of  AAS, 
undoub ted ly  due to the fact that  AAS analy-  
ses the total elements in the bulk of  the sam- 
ple, but  ESCA gives only the surface 
concentra t ion.  

Iron and manganese in the hypolimnion 

ESCA results show that the ratio of  i ron(III)  
to i ron(II)  for the 12 and 15 m depths (collected 
on 17/02/88 and 20/01/88) varies between 2:1 
and  3 : 1. The samples collected from the bo t tom 
sediment (27 m, collected on I 1/I 1/87) and 21 m 
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on 13/04/88 showed a greater variability than 
this with iron(III) being the only significant 
species on occasion. 

For manganese in the hypolimnic region the 
predominance of manganese(IV) increases at 
the expense of manganese(II) compounds (15 m 
on 20/01/88, 12 m on 17/02/88). This may be 
due to the adsorbed manganese(II) on the sur- 
face of manganese(IV), iron and other par- 
ticles. 32'33 An anomaly to this trend is found in 
the 27 m bottom sediment sample collected on 
11/1 i/87 where an unusually large proportion of 
manganese is present as manganese(III). In pre- 
vious w o r k ,  34 a release of manganese from the 
sediment has been shown to occur during the 
spring months, this result may in fact be attribu- 
table to this phenomenon. 

ESCA results (Table 4) show that the concen- 
trations of iron(Ill) are slightly greater than 
iron(II), while for manganese, manganese(IV) 
compounds predominate in this region, 
although some manganese(II) compounds are 
found in the hypolimnion and bottom sediment. 
The ratios of total iron to total manganese 
in the hypolimnion (i.e. 15 m on 20/01/88; 
12 m on 17/02/88) is generally greater than 
in the epilimnion, due to the significantly 
increased concentrations of insoluble iron in the 
hypolimnion. 

Iron and manganese & the sediment 

From the SEM photomicrographs, generally 
a bottom sediment sample appears to consist of 
a mixture of algal debris, bacteria, clay ma- 
terials and inorganic and organic mineral com- 
pounds. Concentrations of insoluble iron 
and manganese are very high, and an ESCA 
survey gives a strong signal for both iron and 
manganese. 

Table 4 shows that, in general, the bottom 
sediment samples contain manganese as man- 
ganese(IV) (> 78%) in winter time (on 09/08/88 
and 06/09/88) and after heavy rainfall (on 
13/04/88). However various ratios of mangane- 
se(II), manganese(Ill) and manganese(IV) com- 
pounds occur in summer time (on 11/11/87). In 
the case of iron, the majority of material is 
present as iron(Ill) (>72%) in the sediment in 
any season of the year. The ratios of total iron 
to total manganese in the bottom sediment 
(Table 4) is significantly greater than in 
the water column, due to the increased 
concentrations of insoluble iron compared with 
insoluble manganese. 

Iron and manganese in winter season 

During the winter destratification, the specia- 
tion of iron and manganese takes on a different 
pattern in the dam. SEM photomicrographs 
were acquired for samples collected on 0.45 #m 
membranes for 09/08/88 and 06/09/88; the gen- 
eral feature of the winter months is the fact that 
different types of algae bloom down the whole 
water column depths. There appear to be no 
colloidal particles. 32 

During this season (Table 4; 09/08/88 and 
06/09/88), insoluble manganese(IV) compounds 
are the predominant form of manganese right 
down the whole water column. Light sputtering 
of the ESCA sample to remove surface contami- 
nation may be expected to lead to an increase in 
manganese(II), however, during the destratifi- 
cated period only manganese(IV) species are 
observed presumably due to the availability of 
dissolved oxygenJ 2'35 A majority of insoluble 
iron(III) rather than iron(II) compounds is pre- 
sent consistently over the whole water column. 
The ratios of iron to manganese (on 09/08/88 
and 06/09/88) were very similar over the whole 
water column (ESCA and AAS values as shown 
in Table 4). Destratification during this season 
results in the whole water column becoming 
homogeneous with respect to temperature, pH 
and high dissolved oxygen concentrations 
(3.6-8.2 mg/l.). 32 

CONCLUSIONS 

Surface analysis has been little used for the 
speciation of particles in natural waters. This 
may be due to the techniques being labor intense 
and expensive in both capital outlay and main- 
tenance of equipment. However, these submi- 
cron particles play an important role in natural 
waters and water quality engineering. Physical 
and chemical sorption processes result in signifi- 
cant amounts of trace elements (including heavy 
metals) being associated with these particles in 
aquatic systems. The physical and chemical 
behaviour of these metals in the environment 
and their bioavailability differ from those of the 
corresponding dissolved species. There is no 
doubt that surface analysis can provide insights 
into the characteristics of these particles and the 
information may be applied for water quality 
improvement and pollution control appli- 
cations. Our work here has established that 
ESCA can be used to speciate the oxidation 
states of solid iron and manganese particles 
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in dam water and to further understand their 
behaviour in the dam profiles at different 
times of the year. Experimental results clearly 
indicated that during any annual season, 
iron(Ill) compounds predominated down the 
whole water column, however, the signifi- 
cance of the iron(II) species varied in the 
hypolimnion in summer season. Like iron(Ill), 
manganese(IV) compounds also predominated 
in the whole water column, however man- 
ganese(II) species increased in the metalimnion 
and the hypolimnion in summer time. 
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Summary--A sensitive spectrophotometric method has been developed for the determination of ziram in 
water, vegetables and grains. The method is based on the dissociation of dithiocarbamate complex of zinc 
with thiocyanate and rhodamine 6G at pH 4 to form a pink coloured complex that is stabilized by gelatin. 
The method is simple and Beer's law is obeyed over the concentration range of 0.05-1 ppm of ziram. The 
method is free from interference of similar dithiocarbamate fungicides containing Mn 2÷ and Fe 3÷ ions. 

Ziram or cuman L is the common name for zinc 
dimethyldithiocarbamate which is used as an 
agricultural fungicide because of its low phyto- 
toxicity and is applied in the rubber industry as 
a vulcanization accelerator and antioxidant/  
Ziram is relatively nontoxic to plants and is 
particularly useful in controlling diseases of 
vegetable crops, such as anthracnose of  toma- 
toes and cucurbits and early blight of tomatoes 
and potatoes. The compound can cause irri- 
tation to the mucous membranes in dust or 
powder form. ~ 

The Clarke method 2 is widely used for the 
determination ofziram. The method is based on 
the destruction of dithiocarbamate in acidic 
medium to liberate carbon disulphide which is 
absorbed in methanolic KOH solution to give 
potassium methylxanthate which is titrated 
iodometrically. Petrascu 3 modified the method 
of  Clarke et  al. 2 and Rosenthal et  al. 4 which 
requires the removal of hydrogen sulphide and 
liberation of carbondisulphide at a particular 
temperature. Verma et  al. 5 reported a method 
based on the measurement of liberated CS2 
using benzylmercaptan. The method is less sen- 
sitive (14-150 ppm) and uses toxic mercaptan 
for the determination of dithiocarbamates. 
Other methods reported are based on the re- 
placement of  zinc with toxic metallic com- 
pounds. 6'7 Malik and Rao reported a 
spectrophotometric procedure for the determi- 
nation of ziram using diphenylcarbazone. The 

*Author to whom correspondence should be addressed. 

method not only involves extraction, but also is 
less sensitive. 

In the present communication, a new method 
is described for the estimation ofziram based on 
the determination of zinc by formation of a 
ternary complex with potassium thiocyanate 
and rhodamine 6G at pH 4. The method is free 
from interference from Cu 2+, Hg 2+, Fe 3+, Mn 2+ 
and Pb 2+ and does not require the removal of 
H2S. Beer's law is obeyed from 0.05 to 1.0 ppm 
of ziram solution. The method has been success- 
fully applied to the determination of ziram in 
water, vegetables and grain samples. 

EXPERIMENTAL 

A p p a r a t u s  

A Hitachi Model 220 microprocessor con- 
trolled double beam spectrophotometer with 1.0 
cm quartz cells was used for all spectral 
measurements. An ELICO Model LI-120 digital 
pH meter was used for all pH measurements. 

R e a g e n t s  

Ziram solution (Hindustan Ciba-Geigy Ltd). 
A solution of I mg/ml was prepared in hot 25% 
(v/v) hydrochloric acid. 

Rhodamine 6G solution, 0.005%. The re- 
agent (0.05 g) was dissolved (BDH, U.K.) in 
water and diluted to 1 1. 

Potassium thiocyanate solution, 5%. AR 
grade potassium thiocyanate (5 g) was dissolved 
in water and diluted to 100 ml with water. 

41 



42 L. MATHEW et al. 

Gelatin solution, 1%. Gelatin (1 g) was dis- 
solved in hot water, cooled and diluted to 
100 ml with water. 

Acetate buffer, pH 4.0. Equal volumes of  2M 
solutions of  sodium acetate and acetic acid were 
mixed and the pH adjusted to 4.0 using a pH 
meter. 

Procedure 

Suitable aliquots (up to l0 ml) of  the sample 
solution containing not more than 25 /~g of  
ziram were transferred to a 25 ml volumetric 
flask, l ml of  buffer, 2.5 ml of  potassium 
thiocyanate, 5 ml of  rhodamine 6G and 1 ml of  
gelatin were added with mixing and made up to 
the mark.  The absorbance of the solution was 
measured at 570 nm against a reagent blank. A 
calibration graph using similar procedure was 
prepared with a solution containing 2.5-25 #g 
of ziram. 

RESULTS AND DISCUSSION 

Effect o f  p H 

It  was found that the ternary complex was 
fully formed when the solutions were buffered in 
the pH range 1-5. At higher pH the absorbance 
of  the colour system decreased. Hence, all the 
subsequent studies were carried out at pH 4. 

Effect o f  reagent concentrations 

It was found that at least 2 ml of  5% potass- 
ium thiocyanate and 4 ml of  0.005% rhodamine 
6G solutions were required for constant and 
maximum absorbance. One millilitre of  1% 
gelatin was sufficient to prevent the precipi- 
tation of  ternary complex. The order of  addition 
of the reagents were not found to be critical 
provided that the gelatin solution was added 
after the addition of other reagents. The ab- 
sorbance of  the coloured complex was found to 
be stable for ~ 2 hr. 

Calibration graph and precision 

The colour system showed linear absorbance 
in the range of  0-25 #g  of  ziram present in 25 

Table I. Effect of foreign species (concentration of 
ziram = 10/1g/25 ml) 

Tolerance limit* 
Foreign species (/~g) 

F-, CI-, SO~-, PO~-, tartrate 10,000 
Bi 3+ 5000 
Mn 2+, Ni 2+, Cd2+'l" 2000 
VO 2+, As 3+, MoO42- , Pb2+,'[" Hg2+, t Fe3+:~ I000 
Thiram, dibam 1000 
Cu2+• 100 

*Amount of foreign species that caused < + 2% error. 
tin the presence of 1 ml of 5% thiourea. 
*In the presence of I ml of 5% NaF. 

ml and passed through the origin. The molar 
absorptivity was found to be 9.71 x 10 41. mol -~. 
cm- l  and Sandell's sensitivity was calculated to 
be 0.004 /,g/cm 2. The relative standard devi- 
ation was found to be +2 .19% in the determi- 
nation of I0/~g of ziram solution in 25 ml for 
repetitive analysis carried out over 7 days. 

Effect o f  foreign species 

The effect of  foreign species which are known 
to coexist with ziram were studied and the 
results obtained are shown in Table 1. The 
method is free from interference due to other 
dithiocarbamate fungicides like thiram and 
dibam. Equal amounts of  Cu 2+, Cd 2+, Pb 2+, 
Hg 2+ and Fe 3+ interfered in the determination 
of  ziram. However, the interference due to these 
species could be masked with thiourea and 
sodium fluoride and the tolerance limits are 
given in Table 1. Hence, the developed method 
may find application in real samples containing 
the above species. 

Comparison with other methods 

The developed method has been compared 
with other reported methods (Table 2). The 
benzyl mercaptan method 5 makes use of  toxic 
mercaptan and the Methylene Blue method 9 is 
cumbersome as it requires generation of hydro- 
gen sulphide. The diphenyl carbazone method s 
is less sensitive and requires an additional 
extraction step. The present method is simple 
(as it does not require the generation of  

Table 2. Comparison with other spectrophotometric methods 

Method/ Max B e e r ' s  Sensitivity 
S. No. reagent (nm) law range (l.mol - t. cm - ~ ) Reference 
1. Diphenylcarbazone 520 0.12-1.9 0.08 #g/ml 

(detection limit) 
2. Methylene Blue method 655 3-22 6.8 x 10 ~ 
3. Benzyl mercaptan 430 14-150 - -  
4. SCN--rhodamine 6G 570 0.05-1.0 9.71 x 104 

8 
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5 
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Table 3. Recovery of ziram in polluted water, vegetable and grain samples 

Amount of ziram 
Amount found ~g)* % Recovery 
of ziram 
added Proposed Proposed 

Sample ~g) method AAS method AAS 

Polluted watert 100 95.2 98.4 95.2 98.4 
Potato$ 100 96.2 98.2 96.2 98.2 

50 47.9 48.4 95.8 96.8 
Cabbage++ 100 98.4 98.0 98.4 98.0 

50 48.8 49.0 97.6 98.0 
Wheat+ + 100 98.8 99.1 98.8 99.1 

50 49.3 49.5 98.6 99.0 

*Mean of three replicate analyses. 
tAmount of sample = 500 ml. 
:~Amount of samples = 200 g. 
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hydrogen sulphide), highly sensitive and can be 
applied to real samples in the presence of 
ferbam and maneb. 

Application o f  the method 

Determination o f  ziram in polluted water. To  

check the applicabil i ty o f  the method ,  the deter- 

mina t ion  o f  z i ram in water  f rom agricul tural  

fields was carr ied out. These samples were found 

to be free f rom ziram. Therefore ,  known 

amoun t s  o f  z i ram were added to water  samples. 

Al iquots  o f  spiked water  samples were taken in 

a 25 ml beaker  and 2 ml o f  conc HC1 was added 

fol lowed by 1 ml o f  buffer and the pH  adjusted 

to 4. These samples were analysed by the 

r ecommended  procedure.  The  results are shown 

in Table  3. 

Determination of ziram in vegetables and 
grains. About 200 g of potato, cabbage and 
wheat grains were taken and blended in a mixer. 
Known amounts of ziram were added and kept 
for some time. The blended sample was then 
digested with 100 ml of 1:1 HCI. The mixture 

was filtered and aliquots were taken for analysis 
by the recommended procedure and by standard 
AAS. The recoveries (Table 3) obtained with the 
proposed method are comparable with the 
standard AAS procedure. 
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Summary-~Gallium chloride is easily extracted from 6M HCI by comminuted polyether-type polyurethane 
foam. After the extraction step, the gallium absorbed by the PU foam can be quantitatively determined 
by X-ray fluorescence. A procedure for the direct determination of gallium absorbed by PU foam by 
XRFS is thus described. Gallium is determined at levels as low as 60 ng/ml (CO, with a calibration 
sensitivity of 424 cps.ml//~g, within a linear range 0.1-2.30 #g/ml. The procedure investigated was 
successfully applied to determination of gallium in aluminum alloys, bauxite and industrial residue 
samples. 

The determination of gallium is not an easy task 
as several elements which are usually associated 
with it interfere considerably in the analysis. 
Thus, gallium is commonly determined after its 
separation from such elements. ~ The use of  
polyurethane (PU) foams in the extraction, 
recovery and preconcentration of various inor- 
ganic and organic species in aqueous and non- 
aqueous media has attracted much attention 
since Bowen's work on this subject. 2 Many 
authors have used PU foams to preconcentrate, 
separate and recover metals to be determined by 
atomic absorption spectrometry or radiochemi- 
cal analysis. 3-5 Several authors studied physico- 
chemical parameters related to the sorption 
mechanisms of metals on the foams? 9 

The extraction of  gallium from hydrochloric 
acid solution using polyether-type polyurethane 
foams has been reported. ~°'H Carvalho ~2 study- 
ing the same system observed a very high distri- 
bution coefficient for gallium (D /> l04, 6 - 9 M  
HCI), and demonstrated that A1, In, Zn, Ni, and 
Ti(IV) are not extracted (D -%< 4.5); Fe(II) and 
Cu (D ~< 30) are only slightly extracted from the 
same medium. 

The analytical determination of extracted 
species when still absorbed in the PU foam has 
seldom been reported. Radioiodine has been 
extracted from aqueous solutions ~3 and from 
milk ~4 using PU foams, the iodine-131 being 
determined directly by gamma spectrometry. 
Open-cell PU foams, loaded with various 
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organic reagents, have been used to detect metal 
ions directly by comparing the color of  the 
samples thus obtained with standards. ~5 

Cobalt  has been extracted from 3M 
N H 4 C I - I M  NH4SCN solution by PU foam 
discs, and determined by X-ray fluorescence 
spectrometry (XRFS)/6 The XRFS was em- 
ployed to determine directly metal thiocyanate 
complexes of  iron, cobalt, zinc, platinum 
and palladium, extracted on polyether-type 
PU foam discs. 17 Arsenic 18 and phosphate ~9 as 
arsenomolybdate and molybdoantimonylphos-  
phate, respectively, were also extracted on PU 
foam and determined directly by XRFS. 

This paper describes the direct determination 
of gallium on open-cell polyether-type poly- 
urethane foam by XRFS,  after the extraction of 
the metal from 6M hydrochloric acid solution 
was performed. This method has been employed 
to determine gallium in bauxite, alumina, alumi- 
num alloy and residues from the aluminum 
industry. 

EXPERIMENTAL 

Apparatus 

A Rigaku-B3 wavelength dispersive X-ray 
fluorescence spectrometer, with a rhodium tube 
operated at 40 kV and 30 mA, a LiF crystal, and 
a scintillation counter was used. Such system is 
equipped with an automatic unit which drives 
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Fig. 1. XRF intensity measured against mass of PU. 

the goniometer, sets the discrimination, and 
acquires the data. 

Reagents 

A gallium stock solution was prepared from 
its oxide (Johnson Matthey, 99, 99% pure), 
made 6M in hydrochloric acid (Merck, PA), and 
subsequently standardized with EDTA. 2° Dilute 
solutions were prepared by appropriated di- 
lution of  aliquots from the stock solution with 
6M hydrochloric acid. 

Commercial, open-cell, polyether-type poly- 
urethane foams (Vulcan of Brazil-VCON 202, 
42% resilience and 10-12 cells/linear cm) were 
comminuted in a blender with a large quantity 
of  distilled water. The PU foam was filtered in 
a vacuum system, squeezed between clean sheets 
of  paper towels and stored in a desiccator. 

General procedures 

A convenient aliquot of  the stock solution 
containing gallium was transferred to stoppered 
polypropylene flasks. A known amount of  com- 
minuted PU foam (previously treated with 6M 
HCI solution for 30 min) was added, and the 
volume made up to 10.0 ml with 6M HCI 
solution. The system was then shaken mechani- 
cally (VKS-100 Mechanical Shaker, 100 cpm) 
for 1 hr. The PU foam was collected by vacuum 
filtration (filter paper 0 = 2.0 cm), covered with 
a Mylar '~t film and taken to the XRF spec- 
trometer. The determination of  gallium was 
then made by measuring the gallium K~ line for 
40 sec and taking the average of  five measure- 
ments, after subtracting from each value the 
measurement corresponding to the blank 
(CPS net). All experiments were made at 
25 + 2°C. 

R E S U L T S  A N D  D I S C U S S I O N  

Characteristics of the Ga-PU-HCI system 

As already pointed out, ~°-~2 gallium can be 
quantitatively extracted from hydrochloric acid 
solution by polyether-type polyurethane foams. 
The efficiency of  extraction was found to in- 
crease with the hydrochloric acid concentration, 
reaching a maximum value between 6 and 9M 
HCI, where the system exhibits the highest 
distribution coefficient (D >~ 104). The extrac- 
tion is effective after shaking the system for 30 
min. In this work the extraction time was always 
60 min. 

Effect of the mass of PU on the extraction of 
gallium from 6M HCI media 

The adequate amount of  PU foam to be used 
in the extraction of gallium was found by 
treating 10.0 ml of  6M hydrochloric acid, con- 
taining 11.5 /tg of gallium, with masses of  
comminuted PU foam from 10 to 120 mg. The 
extraction time was 60 min. A maximal and 
constant XRF intensity was observed to corre- 
spond to masses of PU foam higher than 30 mg 
(Fig. 1). In this work, 55 ___ 5 mg of PU foam 
was selected as optimal mass for the general 
procedure. 

Analytical characteristics of the method 

For the G a - P U - 6 M  HCi system a linear 
relationship was found between the gallium 
concentration and the XRF signal up to 2.3 
#g/ml Ga. The calibration curve was con- 
structed as described under General Procedures. 
The analytical sensitivity, 2~m the calibration 
sensitivity, the limit of  detection (CL) and of 
quantification (Co), 23 as well as other analytical 
characteristics of  the procedure here described 
are summarized in Table 1. These analytical 
characteristics compare favorably with those 
found on determining gallium by atomic ab- 
sorption spectrometry, polarography and visual 
spectrophotometry.~2 

Table 1. Direct determination of gallium by PU-XRFS, 
analytical characteristics 

Characteristics Data 
Calibration sensitivity (cps ml/#g) 424 
Analytical sensitivity (cps ml/lag) 8480 
Detection limit (CL) (ng/ml) 60 
Quantification limit (Co) (ng/ml) 178 
Linear dynamic range (Izg/ml) 0.10-2.30 
Coefficient of variation (%) 1.51 



X-ray fluorescence of Ga 47 

Table 2. Determination of gallium by PU-XRFS in several samples 

Itg / ml Ga 
Standard and samples N* found Sd tag/ml Ga Sd 

Alloy-Al-base NIST 85B 5 192.2 5.3 190"~ 1 
Alloy-Al-base NIST 87A 5 195.4 8.1 200t 8 

Bauxite B4 5 44.1 1.2 43.1+ + 1.3 
Alumina 1 5 74.5 1.9 72.1+ + 2.1 
Alumina I1 4 97.3 3.4 98.9+ + 3.0 
Residue I 5 399.8 6.1 398.1 ++ 5.2 

*Number of determinations. 
tNIST Certified Values. 
++Fluorimetry. 

Applications 
The procedure investigated was applied for 

the determination of gallium in aluminum base 
alloy standards, a bauxite sample and residues 
from aluminum production plants. The results 
are compared with the classical fluorimetric 
method ~ and are presented in Table 2. 

The samples were prepared using a mixture of 
hydrofluoric acid and hydrochloric acid (3:1). 
For the bauxite sample, sulfuric acid and some 
drops of hydrogen peroxide was also used. In all 
cases, the samples were evaporated to dryness or 
to SO3 fumes, solubilized in 6M hydrochloric 
acid, treated with a small excess of 0.5M ti- 
tanous chloride solution to reduce Fe(III) and 
the volume adjusted as desired with 6M hydro- 
chloric acid. 

The paired t-test 23 and least-square analysis 2t 
were used to compare the two methods, the 
classical fluorimetric method and the procedure 
proposed in this work. It was found that the 
calculated slope (1.001) and the intercept (0.09) 
do not differ significantly from the ideal values 
of 1 and 0, respectively. Thus, there is no 
significant difference between the two methods, 
at the confidence limit of 95% (Table 2). 
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Summury--A method for the precise coulometric titration of platinum(IV) with electrogenerated 
chlorocuprous ion in KCI-Cu-EDTA buffer medium is described. From 2.7 to 18.7 mg of platinum in 
pure platinum and platinum alloy are determined with standard deviations of less than or equal to 0.034% 
using potentiometric end point detection. The method has good accuracy and precision, selectivity and 
rapidity. 

Until now, a direct method for the precise 
determination of platinum purity, its com- 
pounds and alloys has not been reported. For 
the analysis of platinum with 98-99.9% purity, 
the spectrographic method applicable to the 
determination of the total impurity content in 
pure metal is not usable because of the higher 
impurity concentration and difficult preparation 
of the standard sample. For the determination 
of platinum in compounds such as HzPtCI6 and 
PtCI4, the gravimetric method based on the 
precipitation of platinum as ammonium hex- 
achloroplatinate also have insufficient precision 
and accuracy. The establishment of a coulomet- 
ric titration method for platinum provides a 
good approach to precisely and accurately de- 
termining large amounts of platinum in plati- 
num materials. ~ However, methods for the 
coulometric titration of platinum(IV) with elec- 
trogenerated tin(II) were not suited to precise 
analysis owing to the difficulty of obtaining 
100% current efficiency of tin(II) electrogenera- 
tion. 2~. This author 5 has studied coulometric 
titration of high amounts of platinum with 
electrogenerated copper(l) in dilute hydro- 
chloric acid medium and obtained good results. 
However the hydrochloric acid system, the end 
point potential break in the titration curve is not 
very pronounced, so it is difficult to improve 
precision. For this reason, the titration of plati- 
num, in NaOAc-HOAc buffer medium (pH 4), 
with electrogenerated copper(I) using a 
EDTA-Cu(II) complex system was studied. 

The results demonstrate that the system not 
only decreases the reduction potential of the 
Cu(II)/Cu(I) couple, but also improves the reac- 
tion of Pt(IV) with Cu(I), increases the end 
point potential break and enhances the selectiv- 
ity owing to EDTA complexing with impurity. 
The proposed method is suitable for precise 
determination of platinum in pure platinum, 
some platinum alloys and platinum compounds. 
The method has a high selectivity. 

EXPERIMENTAL 

Apparatus 
A Gui-III type precision coulometric analyser 

was used with constant current output of 1, 10 
and 100 mA, the current stability and precision 
for each grade was 5 x 10 -6. The timer was a six 
digit display with a precision of 0.002%. The 
titration assembler was a new type hermetically 
sealed electrolytic cell system. 6 An XWT-164 
desk autobalance recorder (Shanghai, China) 
was used. 

Reagents 
Cupric sulfate, hydrochloric acid and nitric 

acid were of pure grade. Potassium chloride, 
sodium acetate and disodium EDTA were 
of analytical-reagent grade. The anolyte was 
0.5M cadmium chloride in 0.5M potassium 
chloride. The supporting electrolyte was 0.5M 
KCI--0.02M EDTA-0.04M Cu in 0.2M 
(HOAc-NaOAc) buffer medium (pH 4). A 

49 



50 DONG SHOUAN 

standard platinum solution was prepared by 
dissolving pure platinum in aqua regia and 
evaporating several times with hydrochloric 
acid to remove oxides of nitrogen. All distilled 
water used was secondary distilled water (dis- 
tilled with quartz distillator). 

Titration procedure 

On adding the test solution to the titration 
cell and the supporting electrolyte in the pre-ti- 
tration cell, air was removed from both the test 
solution (including anolyte) and the supporting 
electrolyte with pure nitrogen. The supporting 
electrolyte was pre-titrated to the pre-estab- 
lished endpoint potential, then the supporting 
electrolyte was placed in the titration cell in 
which has been added the test solution. Finally, 
the potentiometric endpoint detection, the cou- 
lometric titration was run in the usual manner. 
The results were displayed and printed by the 
coulometric analyser. 

RESULTS AND DISCUSSION 

Choice of supporting electrolyte and current 
efficiency for Cu(l)  generation 

In the HOAc-NaOAc buffer medium (pH 4), 
Cu(II) complexed with EDTA and formed a 
stable complex compound, this is shown when 
the solution becomes deep blue as EDTA is 
added. When this solution is electrolysed with a 
platinum cathode, the complex compound 
Cu(II)Y 2 (Y, EDTA) accepts an electron and 

produces a cuprous ion. It is well known that 
fresh cuprous ion is a very strong reductant and 
will rapidly react with oxidizing substances 
in solution, because the bare cuprous ion is 
thermodynamically unstable. The following 
disproportionation reaction occurs: 2Cu(I)---~ 
Cu + Cu(II), so the platinum cathode will be 
plated with copper metal. Obviously, it is 
difficult to obtain 100% current efficiency if this 
electrolyte system is applied. 

In order to obtain 100% current efficiency of 
Cu(I) electrogeneration, the hydrochloric acid 
medium has always been applied. It is evident 
that C1 is necessary to obtain stable cuprous 
ion. However, the buffer system will be de- 
stroyed if hydrochloric acid is added to above 
mentioned Cu(II)Y 2- solution in HOAc- 
NaOAc buffer medium, and the Cu(II) com- 
plexes of EDTA will also disintegrate. To estab- 
lish an optimal condition in which not only the 
Cu(II)Y 2- complex system is maintained but 
also the cuprous ion electrogeneration was 
stable, KCI-EDTA-Cu(II)  in pH 4 NaOAc- 
HOAc buffer medium was used as supporting 
electrolyte instead of dilute hydrochloric acid 
solution used previously and the titration 
characteristics of platinum studied. Figure 1 
shows voltammetric curves of various media in 
the presence and absence of EDTA or Cu 2÷. It 
is observed that, when the current density is a 
certain value (in the presence of EDTA, I ~< 4 
mA/cm2; no EDTA, I ~< 5 mA/cm2), 100% cur- 
rent efficiency for Cu(I) generation can be ob- 
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Fig. I. Platinum cathode voltammetric curves of various media: (1) 0.25M KCI + 0.2M HOAc-NaOAc, 
(2) 0.25M KCI + 0.02M EDTA + 0.2M HOAc-NaOAc, (3) (1) + 0.04M CuSO4.5H~O, (4) (2) + 0.04M 

CuSO4.4H20. 
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tained in either EDTA-containing medium or 
no EDTA medium. In the presence of EDTA, 
the density of current allowed became smaller 
than with no EDTA, and the potential range of 
curve 4 (electrolyte containing EDTA) in Fig. 1 
is more negative than that of curve 3 (no EDTA 
in the electrolyte), this demonstrates that the 
reduction potential of the Cu(II)/Cu(I) couple 
becomes more negative when the electrolyte 
contains EDTA. 

Mechanism of cuprous chloride generation in the 
platinum cathode-electrolyte interface and the 
reaction in solution 

It is well known that the coulometric titrant 
results from electron transport of ions (or mol- 
ecules) at the electrode-solution interface when 
electrolysing. Electron transport in complex 
systems differs from that in the simple solution, 
the former usually undergo some intermediate 
course. In the KCI-Cu(I I ) -EDTA buffer sys- 
tem, CI is necessary to obtain stable titrant, 
CuCI 2 , so it can be deduced that the mechan- 
ism of charge exchange in the platinum 
cathode--solution interface is based on reactions 
as follows: 

CuY2 ~ Cu2+ + y 4 -  ( l )  

Cu 2+ + e ~ Cu + (2) 

Cu + + nCl-  ~ CuCI~"-0- (3) 

y4 + 2H + ~ H 2 Y  2 . (4) 

If the electrolyte has no CI , above men- 
tioned Cu + disproportionation reaction will oc- 
cur instead of reaction (3). 

When CuCI2 is produced from the platinum 
cathode interface in solution, the reactions will 
occur as follows: 

PtCI6 + 2CUC12 ~ PtC1] + + 2Cu 2+ + 6Ci- (5) 

CU 2+ + H 2 Y  2 =~ C u Y  2-  -k- 2 H  +. (6) 

It is obvious that coulometric titration of 
platinum(IV) is based on equation (5). 

Methods of end point detection 

In the above electrolyte solution, the 
biamperometric method for end point de- 
tection is useless with two polarized indicator 
electrode. However, the potentiometric method 
for end point detection can obtain good 
results. 

Generalpotentiometric method (i = 0). Using a 
platinum or plated-gold platinum electrode as 
an indicator electrode (vs. SCE), the reduction 

titration curves of Pt(IV) in various electrolytes 
were obtained as shown in Fig. 2. 

It can be seen from Fig. 2 that the potential 
break of KCI-Cu2+-HOAc-NaOAc system 
is larger than that of the HCI-Cu 2+ system. 
However, the potential break of the EDTA 
Cu2+-KC1-HOAc-NaOAc system is the largest 
and the potential curve is the most symmetric. 
Obviously, the concentration of oxidizable 
Cu(II) decreased owing to formation of CuY 2 
complex in the electrolyte solution, so the elec- 
trode potential of Cu(lI)/Cu(I) couple decreased 
also, and the electrogenerated Cu(l) increased in 
reducing ability making reaction (5) occur more 
readily. So the sensitivity and precision for end 
point detection is improved. 

Bipotentiometer method with two polarized 
platinum indicator electrodes (i :~ 0). When a 
small constant current (8.5/~A) is applied to two 
identical platinum electrodes (area of either 
electrode immersed in the electrolyte solution is 
about 1 cm 2), a titration curve graph analogous 
to that obtained from the classical potentiomet- 
ric method can be obtained, and the potential 
break is larger than that of general potentiomet- 
ric method, so the end point detection is more 
sensitive. Unfortunately, using this method for 
end point detection always produced a system 
negative error, maybe related to reactions on the 
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Fig. 2. Potential curves for the coulometric titration of 
platinum(IV) (about 1.5 rag) with various solutions. (I) 
0.25M HCI + 0.04M CuSO~. 5H20, (2) 0.25M 
KCI + 0.04M CuSO 4 . 5H20 + 0.2M HOAc-NaOAc,  
(3) 0.25M KCI + 0.02M EDTA + 0.2M 

HOAc-NaOAc + 0.04M CuSO4.5H,O. 
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Table 1. Precise coulometric titration of standard platinum(IV) solution 
(platinum 99.95%, I = 9.9824 mA) 

Platinum found 
Platinum taken Time Relative SD 

No. (mg) (sec) (rag) (%) (%) 

1 5.5016 544.9 5.4992 99.95 
2 2.3760 235.3 2.3746 99.94 
3 9.1812 901.5 9.1789 99.96 
4 7.3214 725.7 7.3238 100.03 
5 17.0834 1692.5 17.0810 99.98 
6 18.7220 1854.1 18.7118 99.94 

0.034 

indicator electrodes. For this reason, the general 
potentiometric method for end point detection 
was still used. 

Experiments for titration of standard platinu- 
m(IV) solution and effect of foreign ions 

In order to improve the precision of titration 
of platinum(IV) with electrogenerated chloro- 
cuprous ions in the KC1-Cu(II)-EDTA buffer 
medium, the participation of error resulting 
from inherent inaccuracy of burette readings 
was minimized by sampling with a precisely (0.1 
mg) weighed platinum(IV) test solution. The 
titration of platinum(IV) standard solution was 
carried out as mentioned above; the results are 
shown in Table 1. 

Table 1 demonstrates that, for determination 
of platinum in the range of 2.7-18.7 mg, accu- 
rate and precise results can be obtained with the 
proposed method. 

The effect of foreign ions is summarized in 
Table 2. Many base metals and considerably 
larger amounts of Fe(III) do not interfere owing 
to complex formation with EDTA, larger quan- 
tities of Ru(III), Ag(I) and Pd(II) do not inter- 
fere either. Ir(IV) and Ru(IV) produce a larger 

positive interference. Au(III) causes a serious 
positive interference owing to conjugated elec- 
trochemical reactions. 7 From the investigation 
for titration of standard platinum(IV) solution 
and effect of foreign ions, it is evident that the 
proposed method is applicable to the precise 
titration of platinum in platinum materials. 

ANALYTICAL APPLICATION 

Platinum of some materials are determined 
using precise coulometric titration with electro- 
generated chlorocuprous in the 0.25M 
KCI-0.2M EDTA-0.04M Cu(II)-0.2M (HOAc- 
NaOAc) medium. For metallic platinum of 98 
to 99.9% purity and platinum alloys, the sample 
solution is prepared by dissolving these ma- 
terials in aqua regia and evaporating several 
times with hydrochloric acid to remove oxides 
of nitrogen. Results are shown in Table 3. The 
results obtained for the titration of platinum 
samples indicated that the proposed method has 
good precision and convenience, and allows a 
precision titration of platinum in some ma- 
terials. The method can be applied to routine 
assay for platinum compounds. 

Table 2. Effect of foreign ions on the titration of platinum (platinum 99.95%, I = 9.9824 mA) 

Platinum found 
Foreign ions added Platinum(IV) added Error 
(rag) (mg) M ~+ : Pt(IV) (rag) ( % ) ( % ) 

Fe(lll) 
2.0 4.3856 
4.0 4.7558 

10.0 5.4479 
Pd(II) 
0.38 4.4728 
0.76 4.2146 
1.53 4.0630 
2.29 4.9996 

Rh(IIl) 
0.93 4.1332 
1.23 4.3442 
1.54 4.0856 

Ag(I) 
2.0 4.2952 
2.0 7.8067 

0.46:1 4,3830 99.94 -0.01 
0.83 : 1 4.7534 99.95 0 
1.83: I 5.5416 101.72 + 1.77 

0.09:1 4.4741 99.97 +0.02 
0.18:1 4.2111 1 0 0 . 0 8  +0.13 
0.38:1 4.0651 1 0 0 . 0 5  +0.10 
0.46:1 5.0157 1 0 0 . 3 2  +0.37 

0.23:1 4.1367 1 0 0 . 0 8  +0.13 
0.28:1 4.3426 99.96 +0.01 
0.38:1 4.0873 1 0 0 . 0 2  +0.07 

0.47:1 4.2992 1 0 0 . 0 8  +0.13 
0.26:1 7.8022 99.94 --0.01 
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Table 3. Application of proposed method to platinum materials (I = 9.9824 mA) 

Platinum found 
Platinum taken Relative SD 

Sample (rag) (mg ) ( % ) ( % ) 

Metallic platinum 5.3939 5.3337 98.88 0.030 
5.2842 5.2277 98.93 
6.8648 6.7900 98.91 
5.9816 5.9190 98.95 
5.3037 5.2479 98.95 

Pt-Rh 6 alloy 6.8005 6.3681 93.64 0.029 
6.1360 5.7485 93.69 
7.2179 6.7577 93.62 
7.0977 6.6487 93.67 
7.2823 6.8202 93.66 
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Summary--Hydrogen atoms form two kinds of adducts with thymine (oxidizing and reducing). Redox 
reactions of these two kinds, popularly known as 5-hydrogenated-6-thyminyl (reducing) and 6-hydrogen- 
ated-5-thyminyl (oxidizing), were investigated where ferric ions (oxidizing) and ferrous ions (reducing) 
were used as the corresponding redox partners. A steady-state gamma radiolytic system was chosen where 
hydroxyl radicals were scavenged using t-butyl alcohol in acidic (pH 1.8) solution. It is inferred that the 
redox potential of oxidizing hydrogenated thyminyl radicals lies between 0.77 and 1.4 V vs. NHE. The 
reducing hydrogenated thyminyl radical has a redox value less than 0.8 V because it efficiently undergoes 
electron transfer reaction with Fe(IIl). A probable range of redox values for hydroxyl adduct of thymine 
is included for comparison. 

Radiolysis of  thymine is important  in the con- 
text of  radiation damage of  D N A )  The radical 
adducts of  thymine as probed by pulse radio- 
lytic study are well known. 2,3 The redox proper- 
ties of  radical adducts of  thymine have 
application for a model study on radiosensitiza- 
tion phenomenon where electron affinity 
(organic compounds) 4 and redox potentials 
(metal compounds)  5 are important  indices of  the 
capability of  the respective compounds using as 
radiosensitizer. The pulse radiolytic study of 
thymine has clearly established the dual nature 
(oxidative and reductive) of  the hydroxyl and 
hydrogen adducts of  thymine. 2 However, the 
electron adduct of  thymine is converted only to 
6-hydrogenated thymine adduct which is oxidiz- 
ing in nature and this has been proven by ESR 
study. 6'7 The 5-hydrogen or hydroxyl adducts of  
thymine are reducing in nature, 2 yet, little work 
has been carried out to determine their range of 
redox potential values. Recently work by 
Steenken et  al. 8 has shown that the redox poten- 
tial of  electron adduct of  thymine, T - ,  is of  the 
order of  - 1 V vs. NHE.  In the present investi- 
gation we indicate the redox potential range of 
hydrogen and hydroxyl adducts of  thymine. 

*Author to whom correspondence should be addressed. 

EXPERIMENTAL 

Thymine (Koch Light) was recrystallized three 
times from triply distilled water before use. Sol- 
utions were prepared in triply distilled water and 
the experiments were carried out at acidic 
pH(1.8) (adjusting by H2SO4). All the reagents 
used were of  analytical reagent grade. Pure argon 
gas was used throughout the investigation. 

- I r rad ia t ion  

The sample were irradiated in a 6°Co 7-source 
following purging with argon gas. The dose rate 
of  the source (9 Gy/min) was determined in a 
Fricke Dosimeter taking G (Fe 3+ ) = 15.5. 

P r o c e d u r e  

Thymine solutions ( 10- 3M ) containing either 
5 × 10-4M Fe(III) alum or 10-4M Fe(III)  alum 
in the presence of 0.4M t-butyl alcohol in acidic 
pH were irradiated at different doses. The 
formation of Fe(II) was followed spectrophoto- 
metrically by its complexation with o-phenan- 
throline and measuring the absorption at 510 
nm. The formation of Fe(III) was followed in a 
spectrophotometer by measuring the absorption 
at 305 nm. In addition to these, some exper- 
iments with dihydrothymine(DHT)(10-3M) 
containing 5 x 10-4M Fe(llI) alum were 
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carried out, where formation of Fe(II) was 
followed spectrophotometrically as above. 
Blank experiments containing only Fe(II) alum 
and 0.4M t-butyl alcohol were done and the 
formation of Fe(III) was similarly followed 
spectrophotometrically at 305 nm. 

RESULTS AND DISCUSSION 

Reactions of  6-hydrogenated 5-yl thymine 

Figure 1 shows the formation of Fe 3+ in the 
presence and in the absence of thymine (10-3M ) 
following irradiation of solutions containing 
10-aM ferrous sulphate and 0.4M t-butyl alco- 
hol in an argon saturated condition. It may be 
noted that the formation of Fe(III) significantly 
increases with dose and then reaches a plateau 
in both cases. The yield of the corresponding 
formation of Fe(III) was calculated from the 
yield dose plot which shows that G (Fe 3+ ) in the 
absence of thymine is much larger than that in 
the presence of thymine. The G(Fe 3+) = 6.0, 
in the absence of thymine, indicates that the 
t-butyl alcohol radical formed also oxidizes 
quantitatively ferrous ion and thus the yield of 
Fe(III) (calculated from the initial slope) 
becomes the sum of the total yield of OH and 
H radicals at the experimental pH, i.e. 
Go. + Gr~ = 2.7 + 3.6 = 6.3; which is close to 
our observed value of 6.0. The corresponding 
reactions are as follows: 

R3COH + H/OH ~ R2(CHE)COH + H2/H20 

(R = CH3 and R3COH = t-butyl alcohol) 

R2 (CH2)COH + Fe 2 ÷ --* R2 (CH2)COH- + Fe 3 ÷. 

But when thymine is present at a concentration 
of 10-3M then because of the higher values of 
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Fig. I. Formation of Fe(lll) at different absorbed doses 
when radiolysis was carried out with 10-4M Fe(lI) alum and 
0.4M t-butanol in presence (/X) and absence (C)) of thymine 

(10-~M) under argon saturation at pH 1.8. 

rate constants of thymine with H atom, most of 
the H will react with thymine forming TH 
radical (kT+H=5.7 X 108M -I s e c - l ) .  9 It has 
been well established that 59.5% of the H atom 
add to the position 6 of the thymine ring, hence 
the yield of C(6)-TH should be 2.14) 0 Hence, 
the initial yield of G(Fe 3÷) in the presence 
of thymine should be 2.14 + 2.7 = 4.84. In fact, 
the experimentally observed value of G(Fe 3÷) 
as obtained from the initial slope was 4.8. It 
should be pointed out that 37% of GH is con- 
verted to the reducing thymine adduct which 
will certainly reduce the accumulated Fe(III) 
formed in the radiolytic system. This is actually 
corroborated by the results shown in Fig. 1. 

It is clear from the above that the 6-hydrogen- 
ated-5-thyminyl adduct oxidizes ferrous ions. 
Hence, its redox potential is more positive than 
the redox potential of the Fe2+/Fe 3+ couple, i.e. 
0.77 V vs. NHE. However, in our earlier studies 
we have shown that this oxidizing adduct can- 
not oxidize Ni 2+, which has a redox potential 
value of 1.4 V (for the couple Ni(II)/Ni(III)). H-~3 
Hence, the redox potential of C(6)-TH'/C(6)- 
TH- should lie between these two values, i.e. 
0.77-1.4 V. 

Reactions of  5-hydrogenated-6-thyminyl adduct 

In order to follow the reactions of reducing 
radicals two kinds of experiments were carried 
out: (i) thymine was radiolysed in the presence 
of Fe 3+ and the formation of Fe 2+ was 
measured spectrophotometrically at 510 nm by 
its complexation with o-phenanthroline. The 
yield of Fe 2÷ formation during the radiolysis of 
thymine in the presence of Fe 3÷ and t-butyl 
alcohol is shown in Table 1. Under the exper- 
imental conditions, the concentrations used are 
such that all the H atoms react with thymine(T) 
forming TH adduct. It has been reported ear- 
lier ~° that only 37% of these TH radicals are 
reducing and hence the expected yield of Fe 2+ 
should be equivalent to the reducing radical 
yield, i.e. 37% of 3.6-- 1.3. This value is very 
close to the experimental value, 1.4 (Table 1). 
This experiment clearly indicates that C(5)-TH 
radical quantitatively reduces Fe 3+. 

C(5)-TH + Fe 3+ --, C(5)-TH + + Fe 2+. 

(ii) The reduction of Fe 3÷ was further evi- 
dent from an experiment using dihy- 
drothymine(DHT) where only reducing 
C(5)-TH" radical is formed. ~4 Under the exper- 
imental concentrations of DHT, Fe 3+ and t-bu- 
tanol, 81% of the H atom will react with 
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Table I. Radiolytic yields of  Fe ~+/Fe 2÷ formed when solutions containing 
10-3M thymine or dihydrothymine were radiolysed (in presence and 
absence of  10-4M FEZ+/5 × 10-4M Fe 3+ ) and 0.4M t-butanol under argon 

saturated condition at acidic pH (1.8) 

Constituents G (Fe 3+ )* G (Fe 2+ )* 

10-4M Fe 2+ 6.0 - -  
10 4M Fe 2+ + 10-3M thymine 4.8 - -  
5 × 10-4M Fe 3+ + 10-3M thymine - -  1.4 
5 x 10-4M Fe 3+ + 10-3M dihydrothymine - -  2.7 

*IG unit = No. of  molecules formed or decomposed/100 eV of  energy 
absorbed = 0.1036/~mol/J. 

thymine forming C(5)-TH'. Hence G(Fe z+) 
should be equivalent, i.e. 8 1 0  of 3 .6=2.9 .  
The experimental yield of G(Fe  2÷) was 2.7 
(Table 1). 

From these two reducing radical experiments 
it can be concluded that the reducing hydrogen 
adduct of  thymine undergoes very efficient elec- 
tron transfer reaction with Fe 3÷. Hence it can 
also be concluded that the reducing T H ' / T H  ÷ 
couple has a redox potential lower than that of 
the Fe2+/Fe 3+ couple, i.e. 0.77 V vs. NHE. 

Reactions of reducing hydroxyl adduct of thymine 

The electron transfer reaction of the reducing 
hydroxyl adduct of thymine has been carried 
out by many workers. The electron transfer 
from the reducing C(5)-TOH" adduct to electron 
attracting compounds has been carried out 
by Kagiya and coworkers) 5 However, the 
maximum redox values used in their experiment 
were for the drug 2-methyl-l,4-naphtho- 
quinone, having a redox potential of -0 .203  V. 
However, in our earlier experiments we have 
shown that the C(5)-TOH adduct can reduce 
Cu(II)(E0 = 0.16 V), 16'17 iron(III)(E0 = 0.77 V), t8 
but cannot reduce Ni(II) [E0 = - 2 . 7  V for 
Ni(II)/Ni(I)]) ~ It has been reported by Busi 
et al) 9 that the lower domain of the redox 
value of  C(5)-TOH adduct is < - 0 . 0 6  V. 
Hence the domain of redox potential of 
this reducing adduct should be - 0 . 6  V < E  ° 
C(5)-TOH+/C(5)-TOH ) < - 0.203 V. 

Reactions of oxidizing hydroxyl adduct of 
thymine 

The C(6)-TOH adduct was found to be oxi- 
dizing as was evident 2 from the oxidation of  
TMP D to TMPD ÷. Nishimoto and other 
coworkers 2° have shown that C(6)-TOH can 
oxidize transition metal ions such as FeSO4 
(E0 = 0.77 V), CuCI (E0 = 0.54 V), K2[Fe(CN)6] 

(E0 = 0.36 V), but cannot oxidize metal ions 
having E0 values > 1 V. Furthermore, we have 
shown I~ that C(6)-TOH" cannot oxidize Ni(II) 
to Ni(III) having E0 = 1.4 V. Hence it can be 
inferred that the C(6)-TOH radical has a redox 
value of <1 V. 
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Summ,~ry--Four tetrols of benzo[a]pyrene-DNA adducts were separated using reversed-phase high 
performance liquid chromatography. Chromatographic fractions containing a given tetrol were readily 
characterized with solid-matrix room temperature luminescence techniques. Solid-matrix fluorescence and 
phosphorescence spectra at picogram amounts of a tetrol were easily obtained. Tetrol fractions collected 
based on retention times, but with no response from the ultraviolet detector, were characterized by 
solid-matrix luminescence spectra at very small quantities. 

Polycyclic aromatic hydrocarbons are dis- 
tributed widely in the environment and are 
known to be associated with the occurrence of 
cancer in humans and animals, t Selkirk et  al. 2 

separated eight metabolites of  benzo[a]pyrene 
(B[a]P) formed by rat liver microsomes via 
high-performance liquid chromatography 
(HPLC), They reported that HPLC is an 
efficient, rapid, and reproducible method for the 
separation of  the metabolites of  B[a]P. Rozbeh 
and Hurtubise 3 reported the reversed-phase 
chromatographic separation of 14 metabolites 
of  B[a]P using mobile-phase optimization 
methods. A fluorometric-HPLC assay to 
quantitate B[a]P metabolites was developed by 
Rahn et  al. 4 In their study, isomeric tetrols of  
B[a]P were liberated by the acid hydrolysis of  
B[a]P-DNA adducts, separated by HPLC,  and 
the fluorescence of the tetrols was detected in 
deoxygenated solutions at room temperature. 
Since the tetrols have high fluorescence 
quantum yields in deoxygenated solution at 
room temperature, they can be detected at low 
levels after separation by HPLC. One B[a]P 
residue per l0  7 nucleic bases could be detected 
as tetrols in 100/~g of DNA.  4 When applied to 
B[a]P-DNA adducts, formed under controlled 
laboratory conditions in the liver and hemo- 
globin of  erythrocyte of  the bluegill sunfish, 126 

*Author to whom correspondence should be addressed. 

pg of tetrol I-! could be detected from 195 #g 
of isolated DNA. 5 Tromberg et  al. 6 developed 
an antibody-based fiber-optic sensor to detect 
the tetrols. The typical limit of  detection for this 
method was 5 × 10-~°M (picomolar range). A 
fiber-optic antibody-based fluoroimmunosensor 
for tetrols from B[a]P-DNA adducts in human 
placenta samples gave a detection limit of  14 
amol. 7 However, the characteristic fluorescence 
spectra of  tetrols were not resolvable from these 
samples at the quantity studied. Tetrols 
obtained from human lung samples 8 and human 
urine samples 9 can be quantitated using a 
combination of immunoaffinity chromatog- 
raphy, HPLC, synchronous fluorescence 
spectroscopy, and second derivative syn- 
chronous fluorescence spectroscopy. 

To increase the sensitivity of  luminescence 
detection, after separation of the tetrols, solid- 
matrices can be used. ~° Solid-matrix room 
temperature fluorescence (SMRTF) and phos- 
phorescence (SMRTP) are very useful analytical 
techniques for trace organic analysis. ~ ~- ~3 In fact, 
solid-matrix luminescence can give greater fluor- 
escence and phosphorescence quantum yields, in 
many cases, at room temperature, than the corre- 
sponding solution quantum yields at low tem- 
perature. ~4 Femtomole quantities of  tetrols can 
be detected using various solid-matrices. ~5 ~9 

Corley and Hurtubise 2° reported that the 
detection limit of a tetrol by SMRTP was 
0.38 femtomole/mg using 1:1:8 ~-cyclodex- 
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tr in:TINO3:NaNO3 as the solid matrix. Tjioe 
and Hurtubise t9 detected 19 femtomoles of  
tetrol I-1 by SMRTP on Whatman No. 1 filter 
paper using thallium acetate as the external 
heavy atom. The SMRTF dectection limit of 
tetrol I-1 was 23 femtomoles without the pres- 
ence of  thallium acetate on Whatman No. 1 
filter paperJ 9 Furthermore, they introduced 
Whatman 1PS filter paper as a new solid matrix 
to obtain SMRTP as an alternative to the use of 
thallium salts which are toxic. The tetrols 
spotted on 1PS filter paper can be detected at 
0.56 and 10.2 femtomoles by SMRTF and 
SMRTP, respectively, t9 These are among the 
lowest detection limits reported for a tetrol. 

In this work, solid-matrix luminescence was 
used for the characterization of  tetrols after 
HPLC separation. Whatman No. 1 filter paper 
was employed for both the SMRTF and the 
thallium acetate-enhanced SMRTP of  tetrol I-1. 
Whatman 1PS filter paper was also employed to 
obtain both the SMRTF and SMRTP data for 
tetrol I-1 without the addition of  a heavy atom. 
There have been very few reports on the use of  
solid-matrix luminescence for the characteriz- 
ation of  HPLC fractions. 

EXPERIMENTAL 

Chemicals and reagents 

The four tetrols were purchased from the 
Midwest Research Institute (Kansas City, MO, 
U.S.A.). Their chemical names and abbrevi- 
ations are B[a]P-r-7,t-8,9,c-10-tetrahydrotetrol 
(I-l), B[a]P-r-7,t-8,9,10-tetrahydrotetrol (I-2), 
B[a]P-r-7, t -8,c-9, t -  10-tetrahydrotetrol (II- 1), 
and B[a]P-r-7,t-8,c-9,10-tetrahydrotetrol (II-2). 
A stock solution for each tetrol was prepared by 
dissolving 2 mg of a tetrol in 10 mi of  absolute 
methanol (HPLC, Baker, Phillipsburg, NJ, 
U.S.A.). A standard solution was prepared for 
each tetrol by adding 100 #1 water (HPLC 
grade, Baker, Phillipsburg, NJ, U.S.A.) to 100 
/~1 of  the stock tetrol solution in a 1 ml volumet- 
ric flask. The contents of  the flask were then 
diluted to 1 ml with methanol:water (55:45, 
HPLC grade, Baker). A solution which 
contained the four tetrols was prepared in a 
similar fashion by adding 250 /zl of each 
standard tetrol solution to a 1 ml volumetric 
flask. The concentration for each standard tetrol 
solution was 20 ng//~l. The concentration for 
each tetrol in the four-component solution was 
5 ng/pl. A 500 pg//zl solution of I-1 was 
prepared in methanol : water (55:45). Thallium 

acetate (99.9% pure, Aldrich) solution was pre- 
pared by adding thallium acetate and 12 N 
glacial acid to HPLC grade methanol:water 
(55:45). This solution was 0.5M in thallium 
acetate and 0.3M in acetic acid. 

Whatman No. 1 and Whatman I PS filter 
paper samples (Whatman Co., Cliffton, N J, 
U.S.A.) were developed three times in absolute 
methanol (Reagent grade, Baker), and dried at 
110°C for 30 min. Small circular discs of filter 
paper were made with a paper punch. 

Instrumentation 

A Water's Model M-45 or 6000A solvent 
system was used in conjunction with a U6K 
universal injector and a Water's Model 440 UV 
absorbance detector (Milford, MA, U.S.A.). 
The stationary phase for the reversed-phase 
chromatographic separation was a Baxter 
(Burdick and Jackson) octadecyl column (25 
cm x 4.6 mm i.d., 5/zm). The column was kept 
at ambient temperature during the chromato- 
graphic experiments. A Linear Model 1201 
(Linear, Reno, NE, U.S.A.) recorder was used 
to record the chromatograms. 

Spectroscopic measurements were performed 
with a Perkin-Elmer LS-5 fluorescence spectro- 
photometer. The source employed was a pulsed 
xenon lamp. The detector was a R777 PMT, and 
the data were processed with a Perkin Elmer 
3600 Data Station. 

Procedures 

Three chromatographic experiments were 
performed: (1) To study the retention time of  
each tetrol, 20 p l aliquots of  each standard 
tetrol solution were injected into the liquid 
chromatograph. (2) To study the separation of 
the four tetrol isomers, 40 p l aliquots of  the 
four-component tetrol solution were injected 
into the liquid chromatograph. (3) To study the 
sensitivity of  the solid-matrix room-temperature 
luminescence techniques, a 1 /~1 aliquot of I-1 
(500 pg/pl) solution was injected into the liquid 
chromatograph and the tetrol fractions were 
collected. 

For the above experiments, injections were 
repeated three times to ensure reproducibility. 
Methanol:water  (55:45) was used as the mobile 
phase. The flow rate of the mobile phase was set 
at 1 ml/min, and the UV detector measured the 
absorbance of  the eluent at 254 nm. 

Each chromatographic fraction correspond- 
ing to a given tetrol was collected in a test tube. 
The mobile phase fractions were evaporated to 
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near dryness by placing the test tubes in a 
Multi-Block Heater (Model No. 2050, Lab-Line 
Instrument Inc., Melrose Park, IL, U.S.A.). The 
temperature at the center of  the block heater 
was set at l l0°C. A commercial hot-air dryer 
was employed to blow a stream of warm air 
across the openings of the test tubes to assist the 
evaporation of the solvent. After evaporation, 
the test tubes were removed from the block 
heater, cooled to ambient temperature, and 
diluted with either methanol : water (55 : 45), or 
the thallium acetate-acetic acid solution to a 
specific volume. 

The amount of tetrol I-1 recovered in 
chromatographic experiment 1 (see above) was 
diluted to 2 ml with methanol:water (55:45), 
and the quantity of I-1 was calculated from a 
solution fluorescence calibration curve of I-1. 
The amount of tetrol I-I recovered in chromato- 
graphic experiment 3 was diluted to 2 ml with 
the same solvent, and the quantity of I-1 was 
estimated via comparison of solution 
fluorescence intensities with a standard solution 
of I-1 (500 pg/#l in methanol:water,  55:45). 
The solution fluorescence of I-1 recovered from 
chromatographic experiment 3 was examined 
after the fraction was diluted to 2 ml with 
methanol:water (55:45). After the solution 
fluorescence data were obtained, the previous 2 
ml solution was evaporated and the residue was 
dissolved in 30 #1 with methanol:water (55:45). 
The methanol:water solutions from chromato- 
graphic experiments 1 (2 ml) and 3 (30 #1) were 
used for SMRTF studies. Samples of I-1 
recovered from chromatographic experiment 1 
and diluted to 2 ml with thallium acetate-acetic 
acid were used for SMRTP studies. 

To study the solid-matrix room temperature 
fluorescence and phosphorescence, 1 #1 of I-1 
solution (200 pg/#l) recovered from chromato- 
graphic experiment 1 was deposited onto the 
surface of a Whatman No. 1 filter paper disc 
which was fitted on top of 4 other pieces of filter 
paper in a circular depression of a custom-made 
delrin sample holder. Five microliters of I-1 
solution from chromatographic experiment 3 
was transferred to the surface of a Whatman 
I PS filter paper disc in a separate experiment. 
The Whatman No. 1 or IPS filter paper samples 
in these experiments were dried in the sample 
holder at 110°C for 30 min and then cooled to 
room temperature inside the sample compart- 
ment of the fluorescence spectrophotometer. A 
constant stream of dry nitrogen gas was directed 
into the sample compartment to minimize 

oxygen and moisture quenching. The sample 
holder was protected from light during the 
cooling period which generally required 10 min. 
The luminescence intensities of tetrol on filter 
paper were measured by setting the excitation 
and emission monochromator  at the appropri- 
ate excitation and emission wavelengths. ~9 To 
measure SMRTF,  the excitation and emission 
wavelengths were set at 346 and 398 nm, 
respectively. To measure SMRTP, the 
monochromators were set at 346 and 606 nm, 
respectively. The SMRTF and SMRTP spectra 
were obtained in the usual fashion. The limit of 
detection was obtained as discussed pre- 
viously. 2t 

RESULTS AND DISCUSSION 

Retention times of four tetrols 

The four tetrols are stereoisomers and differ 
from each other in the orientation of the 
hydroxyl groups covalently bonded to the car- 
bon atoms at the 7, 8, 9, 10 positions, t9 In this 
work, they gave very good baseline resolution 
with the HPLC experimental conditions. The 
separation profile resembled the ones reported 
in literature/'5 The average retention times for 
the tetrols were: I-l, 11.53 +0.058 min; II-I, 
13.78 ± 0.058 rain; I-2, 15.97 _+ 0.13 min; and 
II-2, 22.37_+0.029 min. Figure 1 shows a 
chromatogram for a solution of the four tetrols. 
Tetrol I-1 and II-1 eluted earlier than I-2 and 
II-2, indicating less hydrophobic interaction of  
these two tetrols with the stationary phase. This 
implied that tetrol I-I and II-1 are somewhat 
more polar than I-2. Because tetrol II-2 eluted 
last, it would be the least polar of the four 
tetrols. Each peak in Fig. i represents an equal 
quantity of tetrol. Since the peak heights under 
each chromatographic band were different, the 
molar absorptivities of the tetrol isomer at 254 
nm were not the same. However, the shapes of 
the chromatographic bands would also contrib- 
ute to the differences in peak heights. With the 
experimental conditions presented in Fig. l, the 
four tetrol isomers could be completely 
separated within 24 min. 

Recover)' of I-1 

Fractions of I-1 were collected from the 
HPLC system with either a M-45 or 6000A 
pump in the system. The fractions were evapor- 
ated to dryness, and then diluted to 2 mi in 
methanol:water (55:45) as described in the 
experimental section. The quantity recovered 
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Fig. 1. Chromatogram for the four tetrols. Retention times: I-1 = 11.7 min; II-1 = 13.9 min; 1-2 = 16.1 
min; II-2 = 22.4 min. 

from the liquid chromatograph was calculated 
using data from a fluorescence calibration curve 
of  I- 1. Ninety-one percent of  I- 1 was recovered. 
It is assumed that the other tetrols recovered 
would have similar percent recoveries because 
identical instrumental conditions were used. 
The quantity of  I-1 recovered from a 20 #1 
injection of  20 ng//zl solution (chromatographic 
experiment 1) was equal to 0.91 x 400 ng, or 364 
ng. The quantity of  I-1 recovered from a 1 /~1 
injection of  500 pg//~l solution (chromato- 
graphic experiment 3) was estimated by compar- 
ing the fluorescence intensity of the collected 
fractions with a standard solution of  I-1. 
Because of  the small quantity injected, only 
64%, or 0 . 6 4 x 5 0 0  p g = 3 2 0  pg of  I-1 was 
recovered. The solid-matrix luminescence spec- 
tra in Figs 2 and 3 were obtained from I-1 (182 

pg) recovered from the 20 #1 injections of a 1 ml 
standard I-1 solution. These figures illustrate 
that both SMRTF and SMRTP spectra can be 
obtained easily from picogram levels of I-l 
isolated in HPLC fractions. 

Detection limits and smallest quantity for solid- 
matrix spectra 

The lowest quantity of  I-1 detectable by ultra- 
violet absorbance with the liquid chromato- 
graph was 172 pg. A detection limit of 2.3 pg for 
I-I has been reported using a fluorescence 
detector in conjunction with HPLC. n However, 
the detection limit can be lowered to 0.18 pg, or 
0.56 femtomoles, using solid-matrix lumines- 
cence techniques reported earlier.~9 This implies 
that the characterization of tetrols is possible 
even though no signal would be detected from 
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Fig. 2. SMRTF spectra of I-l. One microliter (182 pg) of I- 1 spotted on a Whatman IPS filter paper disc. 
This solution was recovered from an injection of a 20 gl aliquot of standard I-l solution, evaporated, 

and diluted to l ml with methanol:water (55:45). 
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Fig. 3. S M R T P  spectra of  I-1. One microliter (182 pg) of  I-1 spotted on a Wha tman  No. 1 filter paper 
disc. This solution was recovered from an injection of  a 20/~1 aliquot of  standard I-1 solution, evaporated, 

and diluted to I ml with thallium acetate-acetic acid solution. 

conventional UV or fluorescence detector. For 
example, it would be feasible to isolate a tetrol 
fraction based on the retention time of  the tetrol 
even though the detector did not respond to the 
tetrol. The isolated fraction could then be 
characterized by solid-matrix luminescence 
techniques. In this work, a fraction of I-I  was 
collected based on its retention time. The 
fraction gave no response from the UV detector. 
Poor solution excitation and fluorescence 
emission spectra of  the isolated HPLC fraction 
were obtained (Fig. 4). However, when the 
fraction was evaporated and then diluted to 30 
~tl (0.16 pg//~l) in methanol :water  (55:45), I-l  
could be readily identified by its SMRTF 
excitation and emission spectra from 53 pg of 
I-1 adsorbed onto the surface of  1PS filter paper 

(Fig. 5). As mentioned in reference 19, I-1 
deposited on filter paper with thallium acetate 
solution gave analytically useful SMRTP spec- 
tra with only 100 pg on the paper. However, 
S M R T F  gives the lowest limits of  detection 
when lPS filter paper is used as a solid matrix. ~9 
For example, SMRTF spectra of  I-1 can be 
obtained with as little as 5 pg on Whatman l PS 
filter paper. 

C O N C L U S I O N S  

It was shown that tetrols that were separated 
by reversed-phase HPLC can be characterized 
at very low levels by solid-matrix luminescence 
with Whatman No. 1 or I PS filter paper. For 
example, the S M R T F  spectra from 53 pg of a 
recovered tetrol fraction was readily obtained. 
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Fig. 4. Solution fluorescence spectra of  I-1 (0.16 ng/ml). This solution was recovered from an injection 
of a l #l aliquot containing 500 pg of I-I. 
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Fig. 5. SMRTF spectra of I-1. The solution in Fig. 4 was evaporated to near dryness. The contents were 
diluted to 30/tl with methanol:water (55:45). Five microliters (53 pg) was spotted on a Whatman I PS 

filter paper disc. 

Solid-matrix luminescence with Whatman I PS 
filter paper as the solid matrix was shown to be a 
very sensitive and convenient method in the trace 
analysis o f  tetrol fractions separated by HPLC. 
The SMRTP of  the tetrols on Whatman No.  1 
filter paper was also an extremely sensitive ap- 
proach for the trace characterization o f  I-1 (and 
other tetrols) when thallium acetate was used as 
an external heavy atom. Fractions containing a 
tetrol can be detected and characterized using 
solid-matrix room-temperature techniques at a 
level where conventional solution methods fail. 
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Summary--A highly selective, sensitive and rapid differential pulse polarographic method (DPP) has been 
developed for the simultaneous estimation of trace amounts of lead and cadmium in standard alloys, 
biological and environmental samples. The morpholine-4-carbodithioates of the samples were absorbed 
on microcrystalline naphthalene in the pH range of 5-10 for lead and 3.4 11 for cadmium. The metal 
complexes were desorbed with l0 ml of IM HCl and determined simultaneously with a differential pulse 
polarograph. These metals can alternatively be quantitatively adsorbed on morpholine-4-dithiocarbamate- 
cetyltrimethylammonium bromide-naphthalene adsorbent packed in a column and determined similarly. 
The detection limits are 0.14 ppm for Pb and 0.014 ppm for Cd at minimum instrumental settings 
(signal-to-noise ratio = 2). The linearity is maintained in the concentration ranges of Pb, 0.7-15 ppm and 
Cd, 0.07-10 ppm with a correlation factor of 0.9997 and relative standard deviations of 0.95 and 0.81%, 
respectively. Various parameters such as the effect of pH, volume of aqueous phase, and interference of 
a number of metal ions on the estimation of lead and cadmium have been studied in detail to optimize 
the conditions for their simultaneous estimation in various biological and environmental samples. 

A survey of the literature reveals that lead 
may be determined in environmental samples 
using graphite furnace atomic absorption 
spectrometry; ~'2 however, chloride, copper and 
nickel interfere seriously and the method has 
limited applications in a few environmental 
and biological samples owing to matrix effect. 
Differential pulse anodic stripping voltammetry 
(DPASV) is another technique which may be 
employed for the determination of metal ions. 
This technique is sensitive, but less selective 
for complex materials such as biological and 
environmental samples having complicated 
matrix. 3 The anodic stripping voltammetric 
(ASV) method developed by Aualiitia and 
Pickering 4 is satisfactory for the simultaneous 
determination of lead and cadmium, but it 
involves rigid control of conditions like the 

*Author to whom correspondence should be addressed. 

constant surface area of the hanging mercury 
drop electrode (HMDE). 

Earlier, much attention was given to the 
direct polarographic estimation of metals after 
extraction of their metal complexes into organic 
solvents. 5-9 Unfortunately, electrochemical 
methods for the direct determination of reducible 
substances require that the solvent should have 
a fairly high dielectric constant so a well defined 
polarogram can be obtained. In this regard, 
various workers have mixed the organic phase 
after extraction with a solvent of high dielectric 
constant to obtain well defined polarograms/°'~ 
The main disadvantages of these methods are 
that the sensitivity and preconcentration factor 
are considerably lowered. Thus the aim of the 
preconcentration and direct determination of 
a metal is not achieved. A similar situation 
is observed in the determination of a metal ion 
after extraction of its metal complex into molten 
naphthalene. ~2 
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In the present communication, we have devel- 
oped a simple, rapid, sensitive and economical 
method for the direct differential pulse polaro- 
graphic determination of lead and cadmium 
simultaneously after adsorption of their mor- 
pholine-4-carbodithioates on microcrystalline 
naphthalene. The preconcentration of these 
metal ions is also possible by passing their 
aqueous solutions over morpholine-4-dithio- 
carbamate-cetyltrimethylammonium bromide- 
naphthalene adsorbent taken in a column. The 
microcrystalline naphthalene method is rapid 
but the column method gives a better pre- 
concentration factor (8-10 times). Diethyldithio- 
carbamates and xanthates normally give anodic 
wave at ~ - 0 . 2 V  vs. SCE on the DME) 3 
However, these are decomposed in the mineral 
acids below pH 4. Therefore, they do not give 
any wave under these conditions in the range of 
0.0 to -1 .7  V vs. SCE. Thus, a wide range of 
potential is available. Various parameters such 
as pH, volume of aqueous phase, reagent con- 
centration, amount of naphthalene and inter- 
ference of several metal ions on the estimation 
for lead and cadmium have been evaluated. 
The procedure developed has been successfully 
employed for the simultaneous estimation of 
trace and ultratrace amounts of lead and cad- 
mium in various standard alloys, biological and 
environmental samples. 

EXPERIMENTAL 

Apparatus 

Polarograms were recorded with a three- 
electrode Elico Model CL-90 polarographic 
analyser outfitted with an X-Y recorder (model 
LR-108). The glass column used for the pre- 
concentration (Fig. 1) was 60 mm long and had 
an i.d. of 7 ram. All atomic absorption measure- 
ments were made with an atomic absorption 
spectrometer (Varian AA model 475). An Elico 
Model Ll-120 pH meter was used for pH 
measurements. 

Reagents 

Lead and cadmium nitrate solutions were 
prepared by dissolving analytical grade samples 
in double-distilled water. These metals were 
standardized complexometrically using Xylenol 
Orange as an indicator 14 and were further 
standardized by the AAS method using AAS 
standard solutions. Potassium morpholine-4- 
dithiocarbamate (MCDT) was prepared by the 

Chro matographic Pr¢concentration 
of Cadmium and lead 

j ~Tronsfcr sample 
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Fig. 1. Separatory column for preconcentration of trace 
metals. 

method of Macrotrigiano 15 and a 0.2% solution 
in distilled water was used. A 10% solution 
of potassium sodium tartrate in distilled water 
was used to prevent the hydrolysis of lead. 
Naphthalene and cetyltrimethylammonium 
bromide (CTMAB) were of analytical grade. 
Solutions of alkali metal salts (1%) and various 
metal salts (0.1%) were used to study the 
interference of anions and cations, respectively. 
A 4% solution of NaBH4 (Ubichem. Ltd, 
Analytical grade) was prepared in 0.2M 
NaOH solution. Sodium acetate-acetic acid 
(0.2M) and aqueous ammonia-ammonium ion 
(0.1M) buffers were used for pH adjustment. 
Twice-distilled water was used wherever 
required. 

Preparation of MCDT-CTMAB-naphthalene 
adsorbent 

A naphthalene solution was prepared by dis- 
solving a 10-g sample in 100 ml of acetone 
followed by 1 1. of distilled water containing 
0.050 g cetyltrimethyl ammonium bromide. It 
was stirred at 25-30°C on a hot plate/stirrer, 
followed by 100 ml of 0.2% MCDT solution in 
distilled water. The mixture was stirred for 3 hr 
and kept for 5 hr at room temperature. The 
supernatant ligand was aspirated with a siphon 
and the residue was washed twice with double- 
distilled water. The final adsorbent was a slurry 
of MCDT-CTMAB-naphthalene and stored in 
a bottle for subsequent use. 
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Pre-treatment of standard alloys, environmental 
and biological samples 

The solution of standard alloys was prepared 
as described in the literature. ~6 A 0.01-g sample 
of each of the standard alloy was dissolved in 
50-60 ml of 6M HCI by heating on a hot plate, 
then 3-5 ml of 30% hydrogen peroxide was 
added. The excess of the peroxide was de- 
composed by heating. The solution was cooled, 
filtered if needed, and diluted to 100 ml with 
distilled water in a calibrated volumetric flask. 

Solid environmental samples were dried in 
an oven at 200°C for 2 hr. A 1.0-g sample of 
each was decomposed with 50-60 ml of 6M 
HCI, ~7 then 3-5 ml of 30% hydrogen peroxide 
was added. The mixture was heated on a hot 
plate almost to dryness. The residue was then 
dissolved in 10 ml of IM HC1 and diluted with 
10 ml of distilled water and filtered if needed. 
Finally the solution was made up to 100 ml with 
distilled water in a calibrated volumetric flask. 

A 100-ml sample of each liquid environ- 
mental sample was taken and to it added 5 ml 
of conc HNOa. The solution was heated almost 
to dryness on a hot plate. The residue was 
dissolved in 5 ml of 1M HC1 and finally the 
solution was made up to 100 ml with distilled 
water in a calibrated volumetric flask/8 

A 0.1-g sample of each of the biological 
samples was dissolved by heating with concen- 
trated nitric and perchloric acids. The solution 
was cooled and diluted up to a volume of 100 ml 
with distilled water in a calibrated volumetric 
flask. ~8 In the case of samples of unknown 
composition cadmium and lead were determined 
by the AAS method after preconcentration by 
the proposed method. In this case the naph- 
thalene has to be removed by filtration before 
aspirating the sample in a flame. In addition, 
the metals in the unknown samples were also 
estimated by standard methods reported in the 
literature. J9 

General procedures 

An aliquot of lead or cadmium solution 
(0.5-140/~g for Cd and 5-200 #g for Pb) was 
taken in a 100-ml Erlenmeyer flask with a tightly 
fitting stopper. To this solution, 2 ml of 10% 
potassium sodium tartrate and 2 ml of 0.2% 
reagent solution were added and the mixture 
diluted to 30-40 ml. The pH of this solution 
was adjusted by 2 ml of aqueous ammonia- 
ammonium ion buffer of pH 8.0. The solution 
was mixed well and allowed to stand for a 

few seconds. Then, 2 ml of a 20% solution of 
naphthalene in acetone was added to it with 
continuous shaking. The solid mass so formed 
consisting of naphthalene and metal complex 
was separated by filtration on a Whatman filter 
paper (No. 1041). The residue was shaken 
vigorously with 10 ml of 1M hydrochloric acid 
and transferred to the polarographic cell. In the 
column method, the adsorbent was conditioned 
to pH 8.0 by passing 5-7 ml of buffer through 
the column, before the test solution was passed 
through it at a flow rate of 1-2 ml/min. The 
column was finally washed with water. Desorp- 
tion of metal was carried out by passing 10 ml 
of 1M of HCi at flow rate of 1-2 ml/min and the 
solution was transferred to the polarographic 
cell. After the addition of 3 ml of 4% NaBH4 
solution, the differential pulse polarogram was 
recorded. 

RESULTS AND DISCUSSION 

Preliminary observations indicated that 
NaBH4 is quite effective for the removal of 
dissolved oxygen from the solution in a few 
seconds. Highly purified N: in contrast takes 
5-10 min for the complete removal of Oz. 
Another advantage of using NaBH4 is that it 
provides OH- ions and brings the pH in the 
desired range. Thus, it is helpful for adjusting 
the pH of a solution (the solution is prepared in 
0.2M NaOH). There is no need to add extra 
NaCI as the supporting electrolyte because 
sufficient quantity is formed in the reaction. 
Many other supporting electrolytes were also 
tried without any effect. 

Effect of pH on differential pulse polarograms 

We studied the effect of pH by adding 4% 
NaBH4 solution, while keeping other variables 
constant. The shape of the differential pulse 
polarograms and peak heights were found to be 
almost constant over the pH range of 0.6-5.0 
for both metals (the pH may also be adjusted 
using NaOH solution). The peak potential (Ep) 
shifted towards more negative values as the pH 
increased in the range of 5-8, but a plot of Ep 
vs. pH was not linear, indicating that proton- 
ation is not taking part in the overall electrode 
process. The peak heights were considerably 
decreased above pH 8 in both cases, probably 
owing to hydroxides formation. Therefore, all 
studies were carried out at pH ,~ 2 since it was 
conveniently achieved simply by mixing the 
solutions. 
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Fig. 2. Effect ofpH on adsorption/retention of lead and cadmium complex: lead, 103.5/Jg; cadmium, 112 
,ug; reagent, 2.0 ml; (0.2%) naphthalene, 2.0 ml (20%); reference, reagent blank. Instrumental settings: 

(a) scan rate = 12 mV/sec; (b) modulation amplitude = 50 mV; (c) drop time = 0.5 sec. 

Effect of pH and buffer on adsorption 

We carried out adsorptions at different pH 
values, keeping other variables constant. It was 
found that lead- and cadmium-morpholine-4-  
carbodithioates were quantitatively retained 
on naphthalene in the pH ranges of  5-10 and 
3.4-11, respectively but in case of  column 
method, lead and cadmium were quantitatively 
retained on M C D T - C T M A B - n a p h t h a l e n e  in 
the pH ranges of  5.2-9.5 and 4-10.8, respect- 
ively (Fig. 2). Addition of 1-5 ml of  buffer for 
adsorption of  the complex on microcrystalline 
naphthalene and 5-15 ml of  buffer in the case of  
the column method did not cause any effect on 
the adsorption. Therefore, 2.0 ml and 7.0 ml of  
the aqueous ammon ia - ammon ium ion buffer 
were employed in the subsequent determinations 
in both the cases, respectively. 

Retention characteristics of MCDT 

The chelating agent has the functional group 

S __C// 
\s 

of  the dithiocarbamate molecule which is co- 
ordinated with the metal. Hence, both the 
cadmium and lead form the chelate with 2 moles 
of  dithiocarbamate molecule on the surface of 
microcrystalline naphthalene after passing 
through the column. 

Retention capacity of MCDT supported on 
naphthalene 

The retention capacity of  morpholine-4- 
dithiocarbamate supported on naphthalene was 
determined by the batch method. This exper- 
iment was carried out by taking 3 mg of metal 
ion, 2.0 ml of  buffer and a suitable amount  of  
the absorbent in a 100 ml separatory funnel. 
This mixture was diluted to 30 ml, shaken with 
a mechanical shaker for 15 min and then filtered 
through a filter paper. The amount  of  metal ion 
in the filtrate was determined by AAS. The 
naphthalene chelating agent material was dried 
on a filter paper and the solid mass weighed on 
a balance. The retention capacity of  both the 
metal ions for this adsorbent depends on the 
amount  of  adsorbent. The maximum amount  of  
retention was 4.5 mg for cadmium and 4.1 mg 
for lead per g of  the adsorbent. 

Reaction conditions 

Reaction conditions were established using 
103.5/~g of lead and 112/~g of cadmium taken 
individually. 

Preliminary observations indicated that lead 
and cadmium complexes could be desorbed 
completely with I 0 ml of  0.1-5.0M hydrochloric 
acid, but 1M of hydrochloric acid was used 
instead. The reagent concentration was varied 
over a range of 0.1-7 ml. It was found that 
adsorptions were quantitative for 0.5-4.0 ml 
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of 0.2% reagent of lead and cadmium. Conse- 
quently, 2.0 ml of the reagent was used in 
subsequent studies (2 ml of 0.2% reagent corre- 
sponds to ~ 0.02raM, while the metal cadmium 
112 #g and lead 103.5 /~g correspond to 0.001 
and 0.0005mM, roughly more than l0 and 20 
times, respectively. The stoichiometric ratio of 
the metal:ligand is 1:2. Therefore, the cali- 
bration curve can be safely constructed as 
Cd, 0.9-130 #g; Pb, 9.1-195 #g in 13 ml of the 
final solution.) We added various amounts of 
naphthalene to sample solutions, keeping other 
variables constant. It was observed that the 
peak height remained constant with the addition 
of 0.4-4.5 ml of 20% naphthalene solution. 
Therefore, 2 ml of 20% naphthalene was used 
in subsequent studies. The effect of shaking time 
on the adsorption indicated that the peak height 
remained constant over a range of 0.5-7 min. 
Therefore, l min of shaking time was main- 
tained in the present work. While in the case of 
column method, the flow rate was varied from 
0.5 to 8 ml/min. It was found that a flow rate 
of 0.5-5.0 ml/min did not affect adsorption. A 
flow rate of 1-2 ml/min was recommended in all 
experiments. The volume of the aqueous phase 
was varied in the range of 10-800 ml under the 

optimum conditions. It was observed that the 
peak height was almost constant up to 100 ml 
of the aqueous phase (preconcentration factor 
of  ,,, 6) in case of  lead and up to 300 ml of the 
aqueous phase (preconcentration factor of ~ 20) 
in the case of cadmium and then decreased 
gradually in both the cases. Whereas, in the case 
of column method, peak height was almost 
constant up to an aqueous phase volume of 
600 ml, for both the metals. Therefore, a pre- 
concentration factor ~ 40 can be achieved by the 
column method. However, in all the experiments, 
40 ml of the aqueous phase was maintained for 
convenience. 

Calibration 

A calibration curve (Fig. 3) for the deter- 
mination of lead and cadmium was prepared 
according to the general procedure for the 
optimum conditions developed above. The 
detection limits were 0.14 ppm for lead and 
0.014 ppm for cadmium, at the minimum 
instrumental settings (signal-to-noise ratio = 2). 
The linearities were maintained in the con- 
centration ranges of Pb, 0.7-15 ppm and Cd, 
0.07-10 ppm (9.1-195 #g for Pb and 0.91-130 
/~g for Cd in 13 ml of the final solution) with a 

~C 
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Apptied vo!.tage~V (versus SCE) 

Fig. 3. Typical differential pulse polarograms for a series of lead and cadmium concentrations; conditions 
as Fig. 2. 
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Table 1. Determination of lead and cadmium in standard alloys 

Lead found by Cadmium found by 
Pb/Cd Certified composition present method* present method* 
sample (%) (%) (%) 

N.B.S., Cu: 1.50, Mg: 0.094 0.0063 + 0.0002# 0.0022 + 0.0003J~ 
SRM-629 Fe: 0.017, Sn: 0.012 
Zn-base Cr: 0.0008, Mn: 0.0017 
die-casting Ni: 0.0075, AI: 5.15 
alloy E Si: 0.078, Pb: 0.006 

Cd: 0.002 

N.B.S., Sn: 0.006, Ni: 0.006 0.0137 _ 0.0005:~ 0.0160 + 0.0004:~ 
SRM-94C Mn: 0.014, Fe: 0.018 
Zn alloy Mg: 0.042, Cu: 1.01 

AI: 4.13, Pb: 0.0135 
Cd: 0.0155 

*Average of 10 determinations, __+SD. 
tColumn method. 
SMicrocrystalline naphthalene method. 

correlation factor of 0.9997 and relative standard 
deviations of __+0.95 and 0.81%, respectively. 

Effect of  diverse ions 

The effect of various salts of anions and 
cations on the adsorption and subsequently on 
the differential pulse polarographic determin- 
ation of 103.5 #g of lead or 112 #g of cadmium 

were studied individually. The following anions 
and cations (the amount shown in parentheses) 
did not interfere: tartrate, citrate, oxalate, mono- 
hydrogen phosphate, carbonate, and nitrate 
(I00 mg each), sulphate, acetate, bromide, and 
iodide (100 mg of each) in the case of cadmium, 
but in the case of lead (5 mg of each) could 
be tolerated. U(VI), Se(VI), Mo(VI), Ti(IV), 

Table 2. Determination of lead and cadmium in biological samples 

Pb determined by Cd determined by 
Certified composition present method* present method* 

Sample (lag/g ) (lag/g ) (lag/g ) 

NIES No. 5 A1, 240; Sb, 0.07; 5.876 _+ 0.005~ 0.214 + 0.003~ 
Human hair Ba, 3.2; Ca, 728; 

NIES No. 3 
Chlorella 

NIES No. 7 
Tea leaves 

Cr, 1.4; Co, 0.10; 
Cu, 16.3; Fe, 225; 
Mg, 208; Hg, 4.4; 
Ni, 1.8; K, 34; 
Rb, 0.19; Sc, 0.05; 
Se, 1.4; Na, 26; 
Sr, 2.3; Ti, 22. 
Mn, 5.2; Zn, 169 
Pb, 6.0; Cd, 0.20 

Ca, 4900; Mn, 69; 
Co, 0.87; Cu, 3.5; 
Fe, 1850; Zn, 20.5; 
Mg, 3300; K, 12,400; 
Sc, 0.013; Sr, 40. 
Pb, 0.60; Cd, 0.026 

AI, 775; Sb, 0.014; 
Ba, 5.7; Mn, 700; 
Ca, 3200; Cs, 0.022; 
Cr, 0.15; Co, 0.12; 
Cu, 7.0; Zn; 33; 
Mg, 1530; Ni, 6.5; 
K, 18,600; Sc, 0.011; 
Na, 15.5; Sr, 3.7. 
Pb, 0.80; Cd, 0.030 

0.621 + 0.004t 0.024 + 0.002t 

0.786 + 0.003:~ 0.034 __+ 0.005t 

*Average of five determinations, +SD. 
tColumn method. 
:~Microcrystalline naphthalene method. 
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Table 3. Determination of  lead and cadmium in environmental  samples 

71 

Pb/Cd found by 
Pb/Cd found by AAS*t  present method* 

Sample ( #g /g ) ( #g /g ) 

Fly ash near IP power station, New Delhi, India Cd = 35 _+ 4 Cd = 35 + 2§ 
Pb = 60 + 5 Pb = 60 + 3:[: 

Soil near Wazirpur industrial area, New Delhi, India Cd = 0.121 + 0.003:~ 
Pb = 24.71 + 0 .0~  

Sediment of  Yamuna  river, near Wazirpur waste disposal point, Cd = 100 + 
New Delhi, India Pb = 50 _ 4:~ 

Tapwater from the laboratory of  Institute of  Technology, Cd = 0.725 + 0.002:~ 
New Delhi, India Pb = 0.968 + 0.005§ 

Cd = 0.120 +_ 0.005 
Pb = 24.70 _ 0.07 

Cd = 100 + 2 
Pb = 50 _+ 5 

Cd = 0.720 +_ 0.005 
Pb = 0.971 + 0.004 

*Average of  five determinations, +SD.  
rAfter  preconcentration by the present method. 
~Column method. 
§Microcrystalline naphthalene method. 

Cr(III), Zn(II), Mn(II), Ni(II) (50 mg each), 
V(V), Te(IV), Bi(III), AI(III), As(III), Sn(II), 
Co(II) and Cu(II) (10 mg each), Os(VIII), 
Cr(VI), Sb(III), Rh(III), Ru(III) and Pd(II) 
(5 mg each). Fifteen milligrammes of lead in 
the case of cadmium and 10 mg of cadmium in 
the case of lead did not interfere. Only Fe(III), 
Ir(III) and TI(I) interfered in both the cases, 
however, 5 mg of Fe(III) could be tolerated after 
Fe(III) was masked with triethanolamine while 
in case of Ir(III), the adsorption was carried out 
at pH 9.0 since Ir(III) did not absorb above pH 
9.0. In addition, EDTA interfered seriously in 
both cases. Adsorption was almost nil in the 
presence of EDTA (< 1 mg) undoubtedly owing 
to the high stability of the lead- and cadmium- 
EDTA complexes. 

Application to the analysis of alloys, biological 
and environmental samples 

The accuracy and applicability of the pro- 
posed method was evaluated by its application 
on various alloys, biological and environmental 
samples. An aliquot of the pretreated standard 
alloys, biological and environmental sample 
solution was analyzed by the general procedure 
after iron was masked with triethanolamine. 
Tap water from the Department of Chemistry, 
I.I.T. Delhi, was analysed directly by the general 
procedure after iron was masked with tri- 
ethanolamine. The results were also compared 
with atomic absorption spectrophotometrically 
after the general procedure had been applied. 
The data are given in Tables 1, 2 and 3. In 
the case of samples of unknown composition 
(Table 3), these metals were also estimated by 
standard methods reported in the literature. 19 

C O N C L U S I O N S  

It is difficult to obtain a well defined polaro- 
gram in traditional analysis of metals after 
extraction of their complexes into an organic 
solvent owing to the low dielectric constant of 
the organic phase. Sensitivity is lost if it is 
mixed with another solvent of high dielectric 
constant. Sometimes a maximum suppressor 
is also required. Another major disadvantage 
is the removal of dissolved oxygen which is a 
tedious and time consuming process and affects 
the reproducibility of the method owing to 
partial evaporation of the organic solvent. 
The reported method has solved most of 
these problems and tested successfully for the 
simultaneous estimation of lead and cadmium 
contents in real samples, viz., biological and 
environmental samples. Although adsorption 
onto microcrystalline naphthalene is more rapid, 
the preconcentration factor is comparatively 
lower than the column method. 
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Summary - -The  use of 4-aminoantipyrine for the colorimetric determination of propoxur in pesticide 
formulations and water samples is described. The method is based on the alkaline hydrolysis of  the 
pesticide and the resultant phenol is reacted with 4-aminoantipyrine in the presence of  an oxidizing agent. 
The resultant colored dye is extracted into chloroform and the absorbance measured at 472 nm. 

Propoxur (isopropoxyphenyl methyl carba- 
mate) is a carbamate insecticide which has wide 
applications in controlling numerous species 
of household and public health pests. It pro- 
vides control of insects which are resistant to 
chlorinated hydrocarbons and organophos- 
phates. In view of its wide application there 
is a need for the development of sensitive 
and reliable methods for the assessment of 
quality of insecticide formulations and to 
quantify the insecticide residues in water. 
There are spectrophotometric and chromato- 
graphic methods for the determination of 
propoxur. The spectrophotometric methods 
are based on the alkaline hydrolysis of the 
insecticide followed by coupling the resultant 
phenol with reagents such as diazotized 3- 
nitroaniline-4-sulphonic acid, 1.2 sulphanilic 
acid, 3 4-aminoantipyrine, 4 3,5-dibromo-p-ben- 
zoquinon chlorimine, 5 4,4-diaminodiphenyl sul- 
phone, 6 p-dimethylamino benzaldehyde and 
p-dimethylamino cinnamaldehyde, 7 3-methyl-2- 
benzothia zolinone hydrozone hydrochloride, 8 
p-dimethylphenylenediamine dihydrochloride 9 
and 2-aminobenzophenone) ° In the above spec- 
trophotometric methods hydrolysed phonolic 
product is diazotized in aqueous solution as 
shown in Fig. 1, and the color of the aqueous 
solution measured. Hence, the sensitivity was 
less and also there was a possibility of the 
colored product reacting with other reagents 
present in the aqueous phase which leads to 
instability of the compound. We now report a 

*Author  to whom correspondence should be addressed. 

spectrophotometric method based on the reac- 
tion of hydrolysed phonolic product with 4- 
aminoantipyrine in the presence of an oxidizing 
agent to produce an orange colored dye as 
shown in Fig. 2. The dye is extracted into 
organic solvent. Extraction of the dye from 
aqueous solution into small quantity of organic 
solvent increased the sensitivity of the method 
by several-fold compared with the reported 
methods and also the stability of the colored dye 
in organic solvents is more when compared with 
the aqueous phase. The method is extended to 
the determination of propoxur in commercial 
formulations and water samples. 
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EXPERIMENTAL 

Reagents 

All chemicals used were of analytical grade. 

Propoxur stock solution (1000 /~g/ml) 

Insecticide (0.10 g) was dissolved in 100 ml of 
carbonyl free methanol. The stock solution was 
progressively diluted with the solvent to obtain 
standard solution of desired concentration (0.1 
/zg/ml). 

4-Aminoantipyrine (2%) 

4-Aminoantipyrine (2 g) was dissolved in 
distilled water and diluted to 100 ml. 

Sodium hydroxide (2%) 

Sodium hydroxide (2 g) was dissolved in 100 
ml of distilled water. 
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OH ~ OCH(CH3) 2 
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OCONHCH 3 ~ OCH (CH3)2 alkaline ~ 

hydrolysis- 

OH {~OCH (CH3) 2 

propoxur 

+ CH3-N/N~c= O 
I I + - 

CH3-C : C--N 2cl 

4- aminoa ntipyrine 

C H3_N/N"C=O 
" I I 

CH3--C C - - N = N - ~ O H  

Azodye OCH(CH3) 2 

Fig. I. Coupling reaction of 4-aminoantipyrine with propoxur. 

OCONH CH 3 OH ~] /OCH (CH3) 2 NaOH ~ OCH(CH3)2 
hydrolysis == 

propoxur 

OH ~ OCH 
~6 H5 C6H5 

I 
(CH3) 2 / N ~  K3[Fe(CN ~ Jr" H3C-r ~ ~=O H3C-cN/N~c=o 

, , @ H3C_C C_NH 2 alkaline CH3-C C-N = O 

4 - aminoantipyrin¢ antipyrin¢ dye OCH(CH3)2 

Fig. 2. Reaction mechanism of the antipyrine dye formed with propoxur. 

Buffer solution 

Dipotassium hydrogen phosphate (10.5 g) 
and 7.3 g of potassium dihydrogen phosphate 
were dissolved in distilled water and diluted to 
100 ml. 

Potassium ferricyanide solution 

Potassium ferricyanide (8 g) was dissolved in 
distilled water and diluted to 100 ml. 

A Shimadzu UV-240 recording spectropho- 
tometer was employed in the studies. 

Procedure 

Insecticide solution (20 ml) was taken in 
a clean dry 100 ml beaker. Two per cent 
sodium hydroxide solution (5 ml) was added 
and allowed to stand for 5 min for com- 
plete hydrolysis, the pH of the solution is 
adjusted to 9.5 by adding 5 ml buffer solu- 
tion and the requisite amount of HC1 and 
ammonia solution. The solution was transfer- 
red to a 50 ml separating funnel and allowed 
to stand for 2 min and then 3 ml of 4- 
aminoantipyrine and 3 ml of potassium 
ferricyanide added and mixed well. The 
orange colored dye formed was extracted 
into 10 ml chloroform. The absorbance of 

the chloroform solution was measured at 472 
nm, against a reagent blank. 

Formulations 

Well mixed formulation (equivalent to about 
100/t g of the active insecticide) was shaken with 
25 ml of methanol for 5-10 min. The super- 
natant solution was filtered by decantation into 
a 100 ml standard flask. The residue was washed 
twice with 10 ml portions of methanol. The 
filtrate and washings were diluted to 100 ml with 
methanol. Analysis was carried out using the 
above procedure. 

Water samples (100 ml) spiked with 2.0, 3.0, 
4.0, 5.0 and 6.0 #g of insecticide were taken, the 
pH of these samples adjusted to 3-4 with 2% 
sulphuric acid and 2 g of anhydrous sodium 
sulphate. The mixture was transferred into a 
separating funnel and insecticide extracted using 
approximately 15 ml of chloroform for each 
extraction by shaking 5-10 min. Combined ex- 
tracts were washed with 2 ml of 0.1M potassium 
carbonate to break any emulsion formed during 
the extraction, then dried over anhydrous 
sodium sulphate. Finally, chloroform was evap- 
orated and residue dissolved in methanol. De- 
termination was carried out by developing color 
using the above procedure. 
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RESULTS AND DISCUSSION 

Propoxur pesticide was hydrolysed and the 
resultant phenol converted into orange colored 
dye by reacting with 4-aminoantipyrine in the 
presence of an alkaline oxidizing agent, potass- 
ium ferricyanide. 

Effect of p H on the formation of colored dye 

The reaction of the phenolic product with 
antipyrine was carried out in the pH range 6-11. 
The results are shown in Fig. 3. The absorbance 
of the colored dye was greater in the pH range 
8.5-10. Hence, pH 9.5 was selected for the 
extraction of dye into organic layer. 

Effect of solvent 

Extraction of colored dye was carried out in 

2o I 

1-0 

o 

~ C6H 6 

CHCN 3 

IF  MIBN 

0.8 

benzene, chloroform, methyl isobutyl ketone 
and carbon tetrachioride and their absorption 
spectra are shown in Fig. 4. Absorbance for the 
benzene extractant was more than the other 
solvents. The extraction with carbon tetrachlo- 
ride was less efficient. Though absorbance with 
the chloroform extraction was slightly less than 
benzene, chloroform was selected for further 
extractions because of convenience of extrac- 
tion. 

Stability of colored dye 

The stability of the colored dye was studied in 
different solvents. It was stable for more than 12 
hr in chloroform, benzene and methyl isobutyl 
ketone, but faded quickly in carbon tetrachlo- 
ride. 

Beer's law was obeyed over the concentration 
range of 0.1 to 1.0 #g/ml of propoxur and the 
respective calibration plot is shown in Fig. 5. 
The molar absorption coefficient of the colored 
dye was 3.09 x 105 cm ~. The method was ap- 
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Fig. 3. Effect o f  pH on co lo r  fo rmat ion .  
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Fig. 4. Extraction of colored dye in different solvents. 

plied for the determination of propoxur in 
commercial formulations, 1% oil-based spray 
(Baygon spray) and 2% bait (Baygon) and 
spiked water samples. Results are shown in 
Table 1. The results indicate that the active 
insecticide obtained in formulations was in good 
agreement with the reported results by the man- 
ufacturers and the recovery of propoxur from 
spiked water samples was quite satisfactory. The 
results further demonstrate that the method is 
suitable for the analysis of formulations and 
field water samples. 

0-2 

0.8 

7 "  

w m 0.6 
0 
m 
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F 

0.2 0"a 0"6 0 "8 1 "0 

CONCENTRATION ( ~ g / ml) 
Fig. 5. Verification of Beer's law. 

Colorimetric determination of pesticide 
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Table 1. Analysis of commercial formulations and spiked water samples 

Baygon spray Baygon 
(1% oil-based spray) (2% bait) 

Taken Found Taken Found 
S. No. (pg) (pg) RSD (#g) (#g) RSD 

I. 20.0 19.6 0.51 20.0 19.4 0.48 
2. 30.0 29.4 0.48 30.0 29.2 0.53 
3. 40.0 39.2 0.50 40.0 39.1 0.49 
4. 50.0 49.2 0.51 50.0 48.7 0.47 
5. 60.0 58.9 0.57 60.0 58.3 0.51 
6. 70.0 69.0 0.45 70.0 68.3 0.50 

Spiked water 

Added Found 
(ppb) (ppb) % Recovery RSD 

I. 20.0 19.7 98.5 0.62 
2. 30.0 29.3 97.6 0.57 
3. 40.0 38.9 97.2 0.53 
4. 50.0 48.7 97.4 0.56 
5. 60.0 59.2 98.6 0.52 

% Recovery and RSD are for five independent determinations. 

Acknowledgement--The authors are grateful to Bayer (In- 
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Summary--Spectrophotometr ic  determinations of benzoylperoxide (BPO) and copper(II) were, respect- 
ively, investigated by using the colour reaction for N-ethyl-2-naphthylamine (NENA), BPO and copper(ll) 
as a metal ion in various concentrations of  acetonitrile-water mixed solution as acidic media. The 
calibration graphs were linear in the range of 0-200 #g  BPO with apparent molecular coefficient (e) of  
8.5 × 103M -f cm -t  at 530 nm, and 0-2.4 #g  per 10 ml copper(lI) with e = 1.72 x 105M i cm-~ at 533 
nm, respectively. Additionally, the FIA method for copper(If) was proposed with N E N A  BPO. The 
calibration graph for FIA was linear in the range of 0-7.9 ng copper(II) per 5 # 1 at 533 nm. These proposed 
methods were selective and simple in comparison with previous methods such as cuproin kinetic reactions, 
especially the spectrophotometry for copper(II) with N E N A - B P O  was very specific, and the effect of  
foreign ions was negligible. 

Generally, benzoylperoxide (BPO) has been 
used as a polymerization agent, flour improver, 
oxidizing and bleaching agent for fats and oils, 
an organic compound starting material or 
confirmation agent for hydroxypropylmethyl 
cellulose, and epispostic pharmaceuticals, etc. 
Various methods for the assay of BPO have 
been reported; gas chromatography, ~ liquid 
chromatography, 2 chemiluminescence 3 and 
spectrophotometry. 4'5 Additionally, many kin- 
etic spectrophotometries of copper(II) with 
various organic agents such as rhodamine B, 
eosine and hydrogen peroxide have been re- 
ported. 6-9 However, these methods for the assay 
of copper(II) or BPO lack sensitivity and selec- 
tivity. In this paper, with a view to obtaining a 
more selective and sensitive spectrophotometric 
method for BPO and copper(II), we have 
investigated the systematical colour reaction of 
N-ethyl-2-naphthylamine (NENA), BPO and 
copper(II) in the test tube. The sensitive and 
selective spectrophotometric determinations for 
BPO and copper(II) with NENA-BPO in the 
test tube, and the FIA method for copper(II) 
were proposed, respectively. 

*The application of aromatic amines in analytical chemistry. 
Part 2. 

tTo whom correspondence should be addressed. 

EXPERIMENTAL 

Apparatus and reagents 

The absorption spectrum was recorded on 
a Shimadzu UV 3100 spectrophotometer with 
1.0-cm quartz cells, Hitachi-Horiba Model F-8 
and F-11 pHmeters were used. A Shimadzu 
Model LC-6AD and LC-6A HPLC, and Hitachi 
056 recorder were used for the recording of FIA. 
FIA detection was carried out by a Shimadzu 
Model SPD-6AV detector. ~H NMR spectra 
were determined with a Varian X1-300 spec- 
trometer in acetone-d6, and mass spectra with a 
Hitachi M-80 instrument. 

All materials and reagents were of analyti- 
cal grade and were used without further 
purification. Solutions of 1.0 x 10-~M NENA 
and 1.0 x 10 3M (NENA-BPO) were pre- 
pared by dissolving NENA or (NENA-BPO) 
in acetonitrile previously synthesized by the 
Edward methodJ °'~r Copper(lI) solution was 
prepared by dissolving copper sulphate in water, 
and corrected by EDTA titration. Deionized 
water was used throughout. 

Standard procedures 

Determination of BPO. To a sample solution 
(0.3 ml) containing 0-200 #g (0-8.0 × 10-SM) 

T A L  42!1--F 77 
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BPO in a 10-ml calibrated flask, 2.0 ml o f p H  5.0 
buffer solution (Walpole buffer, acetic acid- 
sodium acetate mixture) and 0.5 ml of 
1.0 × 10-2M copper(II) solution were added. 
The mixture was diluted to the mark with 
acetonitrile (final 75% acetonitrile solution) 
kept at 40°C for 40 rain together with a refer- 
ence solution, and cooled to room temperature 
or 10-30°C for 5 min. The total amount  of  BPO 
was calculated by measuring the absorbance of 
NENA-BPO-copper( I I )  solution at 530 nm 
against a blank [NENA-copper(II)  solution] 
prepared without BPO. 

Determination of copper(II). (1) Manual 
method (in test tube). To a solution containing 
2.4 pg copper(II) in a 10-ml calibrated flask, 2.0 
ml of  pH 5.0 buffer solution and 4.0 ml of  
1.0 x 10-3M NENA-BPO acetonitrile solution 
were added. The mixture was diluted to the 
mark with water and kept at 25°C for 3 min. 
The absorbance at 533 nm was measured 
against water. (2) FIA method. The reaction coil 
(0.3 mm × 2 m) and the flow rate (1.6 ml/min of  
5.0 × 10-4M NENA-BPO acetonitrile solution 
(carrier 1), and 0.8 ml/min of pH 5.0 acetic 
acid-sodium acetate buffer solution (carrier 2) 
were used. The sample solution of 5 #1 contain- 
ing 0-7.9 ng copper(II) was injected into two 
mixed carrier streams (carriers 1 and 2), the 
absorbance at 533 nm monitered, and the out- 
put (peak height and area) of  the spectropho- 
tometer registered on the chart recorder for the 
calculation. The amount of  copper(II) was 
found from the calibration graph. 

RESULTS AND DISCUSSION 

Colouring reaction between naphthylamine 
derivatives and BPO 

The colour reaction between a secondary 
naphthylamine such as NENA and BPO as an 
oxidizing agent were systematically investigated 
in acetonitrile as weakly acidic media in the 
presence of copper(II) as a metal ion. As shown 
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Fig. 1. Absorption spectra of (NENA-BPO-copper(II)) 
(NENA--copper (II)) and NENA solutions in 75% aceto- 
nitrile at pH 5.0. NENA 5.0× 10-3M; copper(I1) 
2.0 x 10 -4  M ;  reference, water - - . ,  NENA-BPO- 
copper(II) solution, BPO (180 #g); - - O - -  NENA-BPO-- 
copper(II) solution, BPO (90 #g); . . . . .  , NENA- 

copper(lI), NENA solutions. 

in Fig. 1, by heating NENA-BPO and NENA 
solutions, the difference of  absorbances at 530 
nm between N EN A -BP O  and NENA solutions 
in 75% acetonitrile was proportional to BPO 
concentration, and its value was stable for 30 
min. On the other hand, the reaction products 
between NENA and BPO, or NENA alone in 
the absence of copper(II) did not give a coloured 
product under the conditions investigated. 

Determination of BPO 

Effects of solvent and concentration. The 
colour reaction among NENA, BPO and 
copper(II) in acetic acid-sodium acetate 
medium (apparent pH 5) proceeded readily 
in acetonitrile, methylalcohol, propylalcohol, 
dimethylsulphoxide (DMSO), etc., as solvent 
(mixable solvent with water). Acetonitrile was 
found to be the optimum solvent for the reac- 
tion. In this case, the NENA-BPO colour reac- 
tion in large amounts of  water was unstable, and 

Table 1. Colour reactions among naphthylamine derivatives, BPO and copper(ll) in 
75% acetonitrile solution 

Naphthylamines (NA) 

Absorbance (2~x) 

NA-Cu(II) NA-BPO NA-BPO-Cu(II) 

N-Ethyl- l-naphthylamine None None None 
NENA None 0.267 (530) 1.56 (530) 
N-Phenyl-2-naphtbylamine None 0.065 (463) 0.154 (486) 
N-Ethylaniline None 0.021 (502) 0.021 (502) 

Naphthylamines and BPO, 5.0 x 10-4M; copper(ll), 2.0 x 10-4M; reaction time and 
temperature, at 40°C for 40 min; reference, water. 
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its absorbance decreased with increasing water 
concentrations in acetonitrile. Accordingly, the 
water-acetonitrile (1:3, 75% acetonitrile-water 
mixture) was used in this colour reaction by 
considering the amounts of  sample (contain 
water in sample) and reproducibility of ab- 
sorbance. 

Effects of temperature, heating time and pH. 
The colour reaction for NENA, BPO and cop- 
per(II) at 50°C for 5--60 min resulted in small 
absorbance. On the other hand, the colour reac- 
tion at 25°C for 120 min exhibited maximum 
absorbance, but it lacked stability and reproduci- 
bility. From these results, the reaction from 
standing at 40°C for 40 min was used because of 
the stable and reproducible colour obtained. The 
absorbance at 530 nm on NENA-BPO in 75% 
acetonitrile was almost constant at apparent pH 
4.5-5.5. In this case, the ionic strength and 
species of buffer solution did not affect the 
intensity and stability of the colour reaction. 

Effects of concentration of NENA and 
copper(II). From the effect of N E N A  concen- 
tration in the assay of 4.0 or 8.0 x 10-SM BPO, 
the recommended final concentration of N E N A  
was more than 5.0 × 10 3M. In the subsequent 
procedure, 5,0 x 10-3M N E N A  was used for 
the assay of BPO. As the colour reaction 
between N E N A  and BPO was catalysed by the 
coexistence of copper(II) as a metal ion, the 
coexisting effect of metal ion such as copper(lI) 
was systematically investigated. As shown in 
Table 2, the coexisting effect of copper(II) as a 
metal ion was most striking and specific. The 
optimum copper(II) concentration was 2.0 x 
10-4M for the assay of 4.0-8.0 x 10-SM BPO. 

Calibration graph and reproducibility for BPO. 
The calibration graph was linear over the wide 
range from 0 to 200 #g (0-8.0 x 10-SM) BPO 
per 10 ml, and the relative standard deviation 
(RSD, n = 6) was 0.6% for 40 #g BPO in 75% 

Table 2. Effect of metal ions in the colour 
reaction between NENA and BPO in 75% 

acetonitrile solution 

Metal i o n s  Absorbance at 530 nm 

None 0.160 
Cu(II) 1.065 
Zn(ll) 0.165 
Co(ll) 0.205 
Ni(ll) 0.145 
Pd(II) 0.003 
Fe(llI) 0.131 
Mn(II) 0.163 

NENA, 5.0 x 10-3M; BPO, 400 /ag; pH, 
5.0; reference, water. 

Table 3. Colour reaction among NENA, BPO and various 
organic compounds in 75% aeetonitrile solution 

Organic substances Max (nm) Absorbance 

BPO 530 0.418 
ra-Chloroperbenzoic acid 397 0.045 
Lauroyl peroxide 505 0.041 
t-Butylperbenzoic acid None None 
Cumenhydroperoxide None None 
Hydrogen peroxide None None 
Chloramine B None None 
Potassium bromate None None 
Benzoic acid None None 
Benzoyl chloride None None 

Organic substances, 5.0 x 10-SM; NENA, 5.0 × 10-3M; 
copper(ll), 2.0 x 10-4M; pH, 5.0; reaction time and 
temperature, at 40°C for 40 min; reference, water. 

acetonitrile. 
Colour reaction between NENA and other 

BPO analogues, and effect of foreign substances. 
As shown in Table 3, although the colour 
reaction between NENA,  lauroylperoxide and 
m-chloroperbenzoic acid as an oxidizing agent 
were also recognized, this colour reaction was 
only one-tenth that of NENA-BPO.  On the 
other hand, other oxidizing agents such as 
hydrogen peroxide and chloramine B gave no 
colour reaction. 

In this method, the coexistence of various 
other organic substances scarcely affected the 
BPO assay. 

Application. Although further investigation is 
necessary for the applications for flour samples, 
etc., the proposed method was applied to a 
recovery test of BPO in flour; the results were 
satisfactory, 96.8-98.4% (n = 3). 

3 min. 

A 

E 

Fig. 2. Calibration peak signal for determination of 
copper(ll) on FIA. Conditions, (NENA-BPO), 5 x 10 -4 M; 
flow rate of (NENA-BPO) solution 1.6 ml/min; flow rate 
of buffer solution (pH 5.0) 0.8 ml/min; copper(lI) 
concentrations, A, 0 ng; B, 0.50 ng; C, 0.99 ng; D, 1.99 ng; 

E, 3.97 ng. 
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Reaction between NENA and BPO, and 
estimation of  NENA-BPO 

In previous reports, t°-12 the colour reaction 
between NENA and BPO was presumed to 
be N°benzolylation and O-hydroxylation of 
NENA; the reaction product (NENA-BPO) 
was assumed to be 2-N-ethylbenzamide- 1-naph- 
thol, by the oxidation process shown in Scheme 
1. This chemical formula was supported by I 
mass and ~H NMR spectra: 6 1.17 (3H, t, 
J = 7.081 Hz, --CH2--CH3), 3.49 and 4.26 (2H, 
dq, J = 13.3, 7.08 Hz, --CH2--CH3), 7.88-8.27 
( l lH,  m, arom.H), 8.99 (IH, br s, OH). 

Determination of copper(II) 

(1) Test tube method. As mentioned above, in 
the formation of colour reaction product 
between NENA and BPO in the presence of 
copper(II), the use of NENA-BPO for measure- 
ment was most effective. Accordingly, for the 
assay of copper(II), NENA-BPO was used. 

Effects of  coil length and flow rate. The 
peak height lowered and broadened with coil 
length. Almost constant and reproducible 
results were obtained with a coil length of 
1.5-2.0 m (0.3 mm diameter) and an optimum 
flow rate of 1.6 ml/min of 5.0× 10-4M 

R 
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+ (PhCO--)2 

N-Ethyl-l-napthylamine (R= Et) 

-PhCO2H 

R O 
I~-OC-Ph 

N-R O 
I1 
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- 11 
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Scheme 1. Reaction between N-ethyl-l-naphthylamine and BPO, and mass fragment ions of 
(NENA-BPO) and (2-N-ethylbenzamido-l-naphthol). 
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Table 4. Effect of foreign ions 

Foreign Recovery 
ions Added as Molar ratio (%) 

None None None 100.0 
Fe(IIl) Sulphate 15 100.0 
Co(II) Nitrate 120 100.0 
Ni(lI) Nitrate 150 100.0 
Zn(II) Chloride 300 100.0 
Pb(II) Nitrate 1000 100.0 
Hg(lI) Nitrate 200 100.0 
AI(III) Chloride 1500 100.0 
$20 ~- Sodium 10 100.0 

100 98.0 
F-  Sodium 20,000 100.0 
NO~- Potassium 20,000 100.0 

Copper(II) taken, 0.79 #g; NENA-BPO, 4.0 x 10-4M; 
pH, 5.0; reaction time and temperature, at 45°C for 
40 min; reference, water. 

NENA-BPO acetonitrile solution (carrier 1), 
and 0.8 ml/min of acetic acid-sodium acetate 
buffer solution (pH 5.0). 

Effects of reaction temperature and concen- 
tration of NENA-BPO. Referring to the above 
method, the FIA conditions were investigated 
by changing the flow rate or heating tempera- 
ture. Optimum and effective temperature and 
concentration of NENA-BPO solution were 
respectively 30°C and 5.0 x 10-4M NENA- 
BPO solution. 

Calibration graph and reproducibility for 
copper(II) by FIA. The calibration graph in FIA 
system showed a good linear relationship over 
the range 0.5-7.9 ng/5 #1 copper(II) gave a RSD 
of 1.8% (n = 5) (Fig. 2). 

Effect of foreign ions. The effect of foreign 
ions was investigated in comparison with the 
above method. The results were approximately 
similar to that of the above method. 

CONCLUSIONS 

The colour reactions among naphthylamines 
such as NENA,  BPO and various metal ions 

such as copper(II) were systematically investi- 
gated, and a procedure for the assay of BPO was 
established. By using the selective catalytic 
action of copper(II) in the colour reaction 
between NENA and BPO, the selective and 
sensitive spectrophotometric determination of 
copper(II) was proposed in 75% acetonitrile. 
Moreover, the chemical reaction between 
NENA and BPO (colour reaction) was esti- 
mated by ~H NMR and mass spectra. The FIA 
method for the assay of copper(II) was estab- 
lished using the colour reaction of NENA- 
BPO-copper(II) in 40% acetonitrile solution. 
The proposed FIA method has the advantages 
of simplicity, sensitivity and reproducibility; the 
analytical requirement time was 3 rain, and it 
was little affected by other metal ions. 
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Summary--An extraction procedure based on cloud point phase separation of nonionic surfactants was 
used to remove oil contamination from soils. The detergent employed was Triton X-114, and its clouding 
behavior was monitored by means of a fluorescence probe. Changes in the I t/13 ratio of pyrene indicated 
gradual dehydration of the detergent micelles upon heating. The rate of phase separation, and the volume 
and water content of the micellar phase were determined. In the practical clean-up, 85-98% of the oil 
present in the soil was found to enter the micellar phase of the separated washing liquid. A 15-min washing 
time with 3-5% detergent was found to be sufficient for this degree of contaminant removal from soil 
containing 0.009-0.017% oil, using a liquid:solid ratio of 5:2. The extraction efficiency decreased with 
increasing carbon content of the soil. The process holds promise for large-scale treatment of oil-polluted 
soils. 

The solubility of  most solutes in water increases 
with temperature. Aqueous solutions of  non- 
ionic surfactants, however, have a lower 
consolute temperature and become turbid when 
heated to their characteristic cloud point. At 
this and higher temperatures, phase separation 
takes place-- the  smaller detergent phase 
contains most of  the surfactant and usually 
sinks to the bot tom, while the more voluminous 
aqueous supernatant has a surfactant content 
approximately equal to the critical miceUe 
concentration (CMC). Cloud points vary widely 
among detergents, generally in the range 
20°C-90°C. 

Clouding is believed to be due to an increase 
in micellar size and intermicellar attraction. ~-7 It 
can be explained by the dehydration of the 
"wet"  outer layer of  the micelles of  nonionic 
detergents with increasing temperature)  The 
dielectric constant of  water decreases rapidly 
with increasing temperature, making it a poorer 
solvent for the hydrophilic portion of the 
detergent molecule. 2 Clouding can be affected 
by the addition of other substances to the 
solution of  nonionic surfactants. Small amounts 
of  hydrophobic compounds lower the cloud 
point of  detergents by penetrating the micellar 
interior and thus swelling the miceile. Excessive 
addition, however, may increase the cloud 

*Author to whom correspondence should be addressed. 

point. 6'9 Salts can promote  or inhibit the dehy- 
dration process and therefore either decrease or 
increase the cloud point. This behavior is 
believed to be related to the salting-in and 
salting-out phenomena encountered in protein 
denaturation.~°'L~ 

Surfactant clouding has seen limited use in 
analytical separations. 5`t2-t9 In most instances, 
detergents with a polyoxyethylene hydrophilic 
group, such as the members of  the PEO, Brij, 
and Triton series, were employed. Mostly 
extractions from aqueous solutions were investi- 
gated, but some attempts were made to extract 
PAHs from solid matrices) 8't9 The goal of  the 
present investigation was to use the extraction 
capability of nonionic surfactant solutions to 
clean oil-contaminated soil, and to survey the 
possibility for large-scale treatment. The 
impetus for this work was provided by the 
widely recognized pollution problems presented 
by leaking underground fuel storage tanks. 2° 
Hazards and expense associated with large- 
scale organic solvent extraction, has provided 
the rationale for exploring this alternative 
procedure. 

Surfactants suitable for decontamination of 
natural systems should be soluble in water; have 
a low cloud point (to reduce heating require- 
ment and keep fuel costs low); solubilize 
pollutants (especially oil); form an easily 
separable phase; be readily disposable; be 
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inexpensive; have low toxicity; and be 
biodegradable. So far no single detergent has 
met all these requirements. However, we have 
found that Triton X-114 (TX-114), a poly- 
oxyethylene isooctyl-phenyl ether with an 
average polyoxyethylene chain of eight units, is 
a promising candidate. It is relatively inexpen- 
sive, has low toxicity, and its solutions have a 
cloud point around 20°C) 3-~6 These features and 
its low volatility make it an attractive extraction 
medium. 

The work described here addresses both the 
nature of the clouding process and its 
application to soil decontamination. Pyrene was 
used as a fluorescent probe to monitor the 
kinetics and extent of micellar dehydration as 
the temperature of detergent solutions was 
slowly increased. For decontamination trials, 
characterized soil was amended with old engine 
oil and then washed in a detergent solution. 
After draining the washing liquid from the soil, 
cloud point separation was carried out to isolate 
the contaminant in the detergent phase. 

EXPERIMENTAL 

Pyrene (98%) was purchased from Sigma (St 
Louis, MO, U.S.A.), recrystaUized twice from 
absolute ethanol, and sublimed onto a cold 
finger. Triton X-114 (Sigma) was used as re- 
ceived. Deionized water, treated with a 0.22-/~m 
Millipore filter system to 13 Mf~ cm resistivity, 
was used in all solutions. Pyrene solutions were 
made by adding an appropriate aliqot of a 
5.0 × 10-3M ethanolic solution to a dry 100-ml 
volumetric flask. The solvent was evaporated, 
and the residue redissolved in 0.01M TX-114. 
After sonicating for 3 hr, the flask was filled to 
the mark, making a 2.0 × 10-6M pyrene sol- 
ution. It was left to stand overnight before use. 

The water content of the micellar phase 
produced after clouding was determined by 
drying a known amount to constant weight at 
85_+ 2°C. Fluorescence measurements were 
taken with a Perkin-Eimer MPF-66 fluor- 
escence spectrophotometer equipped with a 
thermostated cell housing. The instrument pro- 
duces corrected excitation and emission spectra. 
The solutions were equilibrated at each new 
temperature level for 10-15 min before measur- 
ing the fluorescence intensity. Each data point is 
the average of three parallel measurements. 

Polarity changes in the micellar phase were 
monitored by means of a fluorescent probe. The 

variation of the ratio of the first and third 
emission peaks of the pyrene (Itl13) with the 
polarity of its surroundings is well estab- 
lished, v'22 It is large (> 1.4) in polar, and small 
(<1.2) in nonpolar environments. The hydro- 
phobic pyrene molecule is located inside the 
Triton X micelle, but in close proximity to the 
phase boundary with the hydrophilic por- 
tion? 3-25 We can, therefore, expect that the 
dehydration of the micelles will change the It/I3 
ratio of the fluorescent probe. 

Two soils, surface collected (0-15 cm), air- 
dried, and sieved (2 mm), were used in the study: 
(i) Latahco silt loam, subgroup Argiaquic Xeric 
Argialboll, pH 6.1, with the following compo- 
sition (g/kg): organic carbon 41.0; total carbon 
41.0; total nitrogen 3.9; clay 159; sand 122; (ii) 
Portneuf silt loam, subgroup Durixerollic 
Calciorthid, pH 7.3, with the following compo- 
sition (g/kg): total carbon 15.6; total nitrogen 
1.7; clay 157; sand 48. Soils (10-g samples) were 
amended with old engine oil by diluting 0.20, 
0.40, 1.00 ml aliquots of a stock solution 
(0.44111 g/ml oil in CH2C12) to 10 ml with 
methylene chloride, introducing the soil into this 
solution of the oil, and evaporating the solvent. 
In the washing procedure, the contaminated soil 
was agitated for 15 min with the detergent 
solution by means of a mechanical shaker. The 
washing liquid was then separated from the soil 
by centrifugation at 5000 rpm for 20 min, and 
the volume of the supernatant was adjusted to 
25.0 ml with surfactant solution. Phase 
separation was carried out above the cloud 
point (at 50 _+ I°C), and the solution was kept 
at this temperature for 2 hr. The separated 
micellar phase was run off using a separatory 
funnel and adjusted to 5.0 or 10.0 ml. Standards 
were made from the stock solution by evaporat- 
ing the solvent and redissolving the oil in the 
surfactant solution. 

The oil contents of the washing liquid and the 
micellar phase were determined by thin-layer 
chromatography using silica plates and a 
Programmed Multiple Development instrument 
(Regis Chemical Company). In a typical 
separation run, eight to 10 development/heating 
cycles were used, operating in the linear mode. 
The usual procedure involved an initial develop- 
ment time of 90 sec, extending to 2.5 rain in the 
last cycle, with each elution followed by a 30-sec 
drying period. The eluent was a 5:3 mixture of 
hexanes (Fisher Scientific, Class 1B) and absol- 
ute ethanol (Midwest Grain Products Co.). The 
separated oil spots of samples and standards 
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Fig. 1. 11/13 ratio of 2.0 × l O-t'M pyrene vs. temperature in 0.01M Triton X-114. Excitation wavelength 
336 rim. 

were quantified using a polychromatic TLC 
densitometer (Hoefer Scientific Laboratory).  
This method was found to give results superior 
to those obtained with other chromatographic 
methods, since soil components such as humic 
materials and mineral colloids did not interfere. 
All measurements were carried out in duplicate. 

RESULTS AND DISCUSSION 

Dong and Winnik 22 have published the Py 
scale of  solvent polarities, based on the ratio of  
the first and third vibronic band ratio of  the 
pyrene emission ( I , / I3 ) .  In our present work 
with 2.0 x 10-6M pyrene in 0.01M TX-114, this 
parameter  showed the polarity of  the probe 
environment at 5°C to be equal to that of  
1,2-dichloroethane (1.46). An increase of  the 

temperature to 25°C decreased this polarity to 
the value of 1,5-pentanediol (1.36). This indi- 
cates that the probe molecule, which is known 
to be located near the hydrated outer layer of  
the micelle, 23-25 experienced decreasing polarity 
with increasing temperature. As shown in Fig. 1, 
the I , /13 decrease with temperature was 
relatively smooth and lacked abrupt changes, 
suggesting a gradual dehydration process lead- 
ing up to the cloud point. A similar I,/13 change 
was found when the system was cooled down, 
indicating that the dehydration and hydration 
of the polyoxyethylene chains is completely 
reversible and does not suffer a hysteresis effect. 

After the cloud point had been reached, the 
rate of  formation of a separate detergent phase 
(lower layer) was found to depend on the 
temperature and the detergent concentration in 

I__00 || I 5% delergem at 350 C 
9O 
t --~. -- 5% detergent at 500 C 

80 ""0"" 2% detergent at 35o C 
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Fig. 2. Rate of formation of the detergent phase of Triton X-114. 
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Fig. 3. Relative volume and water content of the detergent phase of  5% Triton X-114 separated at different 
temperatures. Separation time: 4 hr. 

the original aqueous solution. Figure 2 shows 
the progression of  this phase separation. When 
the detergent-rich layer first became distinct, it 
had a relatively large volume and water content. 
As it matured, it shrank through dehydration, 
reaching a final volume after about 20 min. This 
was observed by other authors, ~3 and seems to 
be a general trend. The volume decreased with 
increasing temperature in an exponential 
fashion (Fig. 3), while the decrease in water 
content was linear. The water content of  the 
detergent phase was found to be 64% when the 
phase separation was carried out at 60°C. For 
practical applications, a small detergent phase 
would be preferable (vide infra), since this 
minimizes disposal problems. It could be 
obtained by using low detergent concentrations 
and high temperatures. At this juncture, both 
the minimum detergent concentration and the 
maximum temperature need to be established 
empirically, depending on the oil concentration 
in the polluted soil and the admissible energy 
cost, respectively. 

Treatment of polluted soil 

The effect of  agitation time on extraction 
efficiency of oil from soil is shown in Table 1. 
With samples of  the size indicated, a washing 
time of approximately 15 min was required. 
Extending the washing time to 30 min did not 
significantly improve the extraction efficiency. 

The extraction efficiency was found to depend 
on detergent concentration, washing liquid 

volume, and oil concentration in the soil 
(Table 2). As this concentration was increased, 
the efficiencies of both the extraction into the 
washing liquid, and the oil migration from the 
aqueous phase to the detergent phase, de- 
creased. This effect can be ascribed to the 
detergency of  the washing solution--sufficient 
micelles must be present to solubilize all the oil. 
To treat soil with high oil concentrations, higher 
detergent concentrations and/or washing 
solution volumes must be used (Table 2). With 
8900 ppm oil, a 3% Triton X-114 concentration 
was found to be effective, but at higher oil 
contamination 5% Triton X-114 was required. 
With all oil concentrations used (8900-44,300 
ppm), a 25 ml volume of  washing liquid 
extracted significantly more oil from 10 g of  soil 
than a 15 ml volume. This suggests that a 
liquid: solid ratio of 5: 2 (w/w) is called for. The 
organic carbon content of polluted soil did not 
significantly affect the extraction of  oil, but it 
did have a slightly detrimental effect on the 
migration of  pollutant to the detergent phase 
(Table 3). Although it is known that surfactant 

Table 1. Effect of washing time on extraction efficiency. 
Latahco soil (10 g) contaminated with 17.7 ppt old engine 

oil, washed with 25 ml of  3% Triton X-114 

Agitation time Oil extracted into washing liquid 
(rain) (%) 

5 73 
15 82 
30 84 



Decontamination of oil-polluted soil 

Table 2. Extraction efficiency of oil. Portneuf soil (I0 g) contaminated with old engine oil, washed 
with Triton X-II4 for 15 min 
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Volume of Triton X-114 Oil extracted into Oil extracted into 
washing liquid concentration Oil in soil washing liquid detergent phase 
(ml) (%) (ppt) (%) (%) 

25 3 8.9 104 105 
17.7 86 106 
44.3 66 86 

5 8.9 91 100 
17.7 91 95 
44.3 74 76 

15 3 8.9 89 50 
17.7 80 42 

5 8.9 79 88 

Table 3. Effect of organic carbon content on extraction efficiency of oil. Soil (10 g) contaminated 
with old engine oil, washed for 15 min with Triton X-II4 

TX-114 Oil extracted into Oil extracted into 
Organic carbon concentration Oil in soil washing liquid detergent phase 
(g/kg) (%) (ppt) (%) (%) 

_< 15.6 3 8.9 104 105 
17.7 86 106 

5 8.9 91 100 
17.7 91 95 

41.0 3 8.9 102 104 
17.7 82 77 

5 8.9 93 82 

will be lost due to adsorption to the soil, ~9 no 
attempt was made to quantify this factor in our 
extraction. 

A qualitative study was carried out with 
uncharacterized soil from a local tanker transfer 
site which had been subjected to oil spillage for 
about 40 years. The soil contained approxi- 
mately 5% (w/w) of weathered oil and showed 
evidence of extensive pollution by polymerized 
and oxidized breakdown products. It appeared 
dark in color, heavily clumped, and of charac- 
teristic odor. Treatment with 5% detergent as 
described above removed these symptoms. The 
resulting soil was free-flowing, light in colour, 
and without odor. The age and complexity of 
the samples precluded quantitative determi- 
nation of the decontamination efficiency. 

CONCLUSIONS 

Cloud point extraction offers an interesting 
possibility for decontamination of oil-polluted 
soil. The process is not, as may be expected, 
unduly impeded by co-extraction of organic 
matter present in the soil. Likewise, colloidal 

materials do not appear to constitute a serious 
problem. The possibility for upscaling to bulk 
dimensions in which tons of soil can be treated 
is, therefore, promising. Under no circum- 
stances can a process of this nature be 
"cheap", but the aqueous character of the 
washing liquid should make it considerably less 
expensive than a comparable organic extrac- 
tion. The low volatility, toxicity, and high 
biodegradability 26 of the materials are also 
noted advantages. The detergent phase separ- 
ated in the clouding process is combustible, 
despite its relatively high water content. This 
makes disposal by incineration possible, a pro- 
cess that can be facilitated by the addition of 
small amounts of low grade ethanol or 
acetone, t2 The aqueous bulk left after phase 
separation lends itself to re-use after addition 
of more detergent. The application of the 
procedure to other soils and to large-scale 
pollution remediation is presently under inves- 
tigation in this laboratory. 
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Summary--The optimum chromatographic separation conditions for Co(IlL Ni(II), and Fe(llI) chelates 
with 2-(2-thiazolylazo)-5-dimethylaminophenol (TAM) were investigated. The compositions of chelates 
were also determined by the HPLC method and thus the possible structure of chelates was given. A 
precolumn derivatization method was used, followed by separation on an octyl-bonded silica stationary 
phase with a methanol-tetrahydrofuran water (40:9:51, v/v/v) mobile phase containing pH 5.8 acetate 
buffer and 1 × 10-4M TAM. The detection limits of Co(If), Ni(II), and Fe(III) at 560 nm are 0.03, 0.02 
and 0.1 ng (S/N = 2), respectively. They can be determined by means of the proposed method without 
interference from other common metal ions and have been determined in five standard alloys with 
satisfactory results. 

The development of  HPLC for inorganic 
compounds has increased rapidly in recent 
years, because it is not only a sensitive but 
also a selective and rapid method for separation 
and determination of metal ions. Many organic 
chelating reagents have been used widely in 
HPLC,  such as PAN, ~ PAR, 2 dithiocarbamate, 3 
fl-diketones, 4 dithizone, 5 8-hydroxy quinoline, 6 
porphyrin, 7 etc. However, the use of  thiazo- 
lylazo reagents is seldom reported in HPLC 
separat ions)  

2 - ( 2 - thiazolylazo) - 5 - Dimethylaminophenal 
(TAM) is one of the sensitive reagents used in 
the spectrophotometric determination of metal 
ions,9 12 but its selectivity is very poor. I f  its 
chelates can be separated and detected spectro- 
photometrically by means of  HPLC,  the reagent 
would give a highly sensitive and selective 
HPLC method for the simultaneous determin- 
ation of some metal ions. We described here 
the first use of  TAM as the chelating reagent 
in HPLC,  and successfully separate the TAM 
chelates of  Co(IlL Ni(II), and Fe(III). Among 
foreign metal ions, only Cu(II) interferes with 
the determination of Ni(II). By passing H2S in 
0.3M HCi to precipitate Cu(II) as CuS, the 
interference can be avoided. 

*Author to whom correspondence should be addressed. 

This method compares to other reverse-phase 
HPLC by precolum chelating with the similar 
reagent PAR 2 or 5-Br-PADAP 14 for the separ- 
ation and determination of heavy metals. This 
approach has the advantages of  high sensitivity 
(i.e. low detection limits), good resolution in 
a short analytical time and good column 
efficiency. 

EXPERIMENTAL 

Appara tus  

LC-4A HPLC equipment (Shimadzu, Japan) 
was used with a Zorbax-C8 column (5 /~m 
particle, 150 × 4.6 ram) and an SPD-I UV-VIS 
detector. A R-112M registor, C-RIB data 
processing system, UV-240 type UV-VIS 
spectrophotometer (Shimadzu, Japan) were used. 
Stock solutions of  Co(II),  Ni(II) and Fe(III) in 
1M HNO3 were prepared from their pure metals 
(99.99%). A l x 10-3M TAM (ICN Pharma- 
ceuticals, U.S.A.) solution was prepared in 
absolute methanol. The mobile phase was a 
40: 9: 51 (v/v/v methanol-tetrahydrofuran-water 
( C H 3 O H - T H F - H 2 0 )  mixture containing 1 x 
10-4M TAM and 0.05M acetate buffer (pH 
5.8). All reagents used were of  A.R. grade. 
Double-distilled water was used for all solution 
preparation. 

89 
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Procedure 

A 3.0 mi portion of  0.05M acetate buffer (pH 
5.8) and 3.0 ml of  1 x 10-aM TAM solution 
were mixed with a known volume of  the sample 
solution containing Co0I) ,  Ni(II) and Fe(III), 
and the mixture was diluted to 10.0 ml with 
absolute methanol, allowed to stand for 20 min 
and filtered through a 0.45-/zm filter membrane. 
For  the HPLC analysis, the Zorbax-C8 column 
was first equilibrated with the mobile phase. 
A 20-#1 aliquot of  the prepared test solution 
was injected onto the column and the com- 
plexes were eluted at a flow-rate of  1.0 ml/min. 
The peak areas were measured at the detection 
wavelength of  560 nm. 

RESULTS AND DISCUSSION 

Precolumn derivatization conditions and detection 
wavelength 

We found by experiment that Co(II), Ni(II) 
and Fe(III) can be complexed with TAM at pH 
4.8-6.1 in 0.05M acetate buffer. AT room tem- 
perature, all three complexes form rapidly and 
are stable for 24 hr. The concentration of TAM 
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Fig. 1. Absorption spectra: (1) 5.9 #g/10 ml Co(II) with 
3 x 10-4M TAM; (2) 5.8 /~g/10 ml Ni(II) with 3 x 10-4M 
TAM; (3) 5.6 /~g/10 ml Fe(Ill) with 3 x 10-4M TAM; 
(4) 3 x 10-*M TAM. Spectra 1-3 measured vs. reagent 

blank, spectrum 4 measured vs. water blank. 
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Fig. 2. Effect of  the ratio of  methanol  to water on K '  (THF 
was fixed at 9%). (1) C o - T A M ,  (2) N i -TAM,  (3) Fe -TAM,  
pH 5.8 buffer, 1 x 10-4M TAM,  concentration of  Co01), 

Ni(I |)  and Fe(llI) = 10 ~g/10 ml. 

should be greater than 4.5 × 10-4M for a solu- 
tion containing 10/zg/10 ml of each of  Co(II), 
Ni(II) and Fe(III). The wavelengths of the 
absorption maxma of  the CO, Ni and Fe 
complexes range from 558 to 570 nm (Co 570, 
Ni 558 and Fe 560 nm). A wavelength of  560 nm 
was chosen for the determination. 

Selection of mobile phase 

The effects of methanol-water, tetrahydro- 
furan-water and acetonitrile-water used as the 
mobile phase on the separation of  Co, Ni and 
Fe were investigated. It was found that CH 3 0 H -  
T H F - H 2 0  was the most suitable mobile phase. 
To prevent the three complexes from decompos- 
ing on the column, the mobile phase had to 
contain 0.05M acetate buffer (pH 5.8) and at 
least 1 x 10-4M TAM (1-2 × 10 a M  w a s  suit- 
able), otherwise no peak emerged. If there was 
no excess of TAM in the mobile phase during 
the elution process, the complex formation equi- 
librium would shift to the left, and complexes 
with low stability would decompose. In order 
to determine the optimum ratio of  the three 
components in the elution for separation, the 
composition of  T H F  was fixed at 9% and the 
ratio of methanol to water was varied as shown 
in Fig. 2. When the ratio of methanol to water 
was 40: 5 i, i.e. the ratio of  C H  3 OH : T H F  : H2 O 
was 40:9: 51, Co, Ni and Fe complexes were 
well separated in the least time. 
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Fig. 3. Separation of Co, Ni and Fe T A M  complexes by 
HPLC. C H 3 O H : T H F : H 2 0  = 40:9:51 (v/v/v), 0.05M pH 
5.8 buffer, 1 × 10-4M TAM,  concentration of  Co, Ni and 
Fe = 10/~g/10 ml. (1) C o - T A M ,  (2) N i - T A M ,  (3) F e -T AM,  

(4) TAM.  

Separation of the Co, Ni and Fe complexes 

This procedure gave excellent resolution with 
sharp and symmetrical peaks of  the Co, Ni and 
Fe complexes as shown in Fig. 3. The retention 
times (tR) were 3.3, 7.3, 8.5, and 22.5 rain for 
TAM,  respectively. Linear calibration plots 
were obtained for Co, Ni and Fe in the ranges 
of  0-2.0, 0-2.0 and 0-4.0 /~g/ml, respectively. 
Their linear regression equations were as follows: 

Yco = 0.0946x - 0.004 

YNi = 0.1180X -- 0.0038 

YW = 0.0320X -- 0.0007. 

Their regression coefficients were 0.9989, 0.9990 
and 0.9995, respectively. The detection limits 
were 0.03, 0.02 and 0.1 ng (SIN = 2) for Co(II),  
Ni(II) Fe(III),  respectively. 
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Table 1. Effect of  foreign ions 

Amount  of  foreign 
Foreign ions added ions tolerated (/~g) 

AI(III), Ca(II), Cd(lI), Cr(Vl), 
Ga(III), Hg(II), Mn(II), Pb(lI), V(V), 
W(VI), TiflV), Zn(II) 

Fe(II), Pd(I1) 

Cu(II) 

200 

I00 

100 [for Co(ll)] 
20 [for Ni(lI)] 

100 [for Fe(lll)] 

The effective column efficiency expressed by 
the number of theoretical plates N was calculated 
for each complex. Using an unretained KNO3 
solution, we found that to--- 1.32 rain. Accord- 
ing to the formula N = 5.54 × ((tR -- to)/W~2) 2 
and the chart rate = 2  mm/min,  we obtained: 

Ne~ = 1595 for C o - T A M  

Ne~ = 17576 for N i - T A M  

N~fr = 21309 for Fe-TAM. 

Effect of foreign ions 

The potential interference of numerous ions 
was examined by the determination of 10/~g of 
Co, Ni or Fe in the presence of each foreign ion. 
The amounts (/~g) found to be tolerable ( + 5 %  
error) as given in Table i. In fact, all of the 
foreign ions in Table 1 except Cu(II) did not 
give a peak at 560 nm, but they consumed the 
TAM reagent. Their interference can thus be 
prevented by using excess TAM. Cu(II) inter- 
ference can be eliminated by passing H2S into 
the test solution in advance. Thus only one 
ion actually interferes with the separation, i.e. 
Cu(II). The t R of  the Cu( I I ) -TAM complex was 
5.6 min, so that the peak of the Cu complex 
overlaps the peak of  the Ni complex. 

The use of  HPLC to determine the compos- 
ition of metal complexes has been reported. ~3 
First, the different TAM peak areas were 
obtained from different concentrations of  TAM 

Table 2. Determination of  composit ions of Co, Ni, and Fe TAM complexes 

Moles of  metal Moles of  TAM Mole ratio of  Average of 
Metal ions ions consumed metal ion to TAM mole ratio 

Co(lI) 3.4 × 10 -8 6.8 × 10 -8 1:2.0 1:2 
3.4 × 10 -8 6.8 × 10 -8 1 : 2.0 

Ni(ll) 3.4 x 10 -s  6.8 x 10 -8 1:2.0 1:2 
3.4 x 10 -s  6.8 x 10 -8 1:2.0 

Fe(lI1) 4.0 x 10 -s  7.9 x 10 -8 1:1.98 1:2 
4.0 x 10 -8 8.0 x 10 -8 1:2.0 
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Table 3. Results of alloy sample analyses 

Alloy ( ?tg /ml ) 

Samples Co Ni Fe 

Added (#g/ml) Found (/~g), n = 3 Total recovery( % ) 

Co Ni Fe Co Ni Fe Co Ni Fe 

4J32 0.10 1.00 1.85 
224 - -  0.07 1.00 
167-2 - -  - -  1.00 
BH1311-1A - -  - -  1.00 
BYI912-1 - -  1.00 0.17 

1.00 - -  - -  1.09 1.00 1.86 99.1 I00.0 100.5 
1.00 1.00 - -  1.01 1.08 1.02 I01.0 100.9 102.0 
1.00 1.00 - -  1.00 0.99 0.98 100.0 99.0 98.0 
1.00 1.00 - -  1.01 1.01 1.00 101.0 101.0 100.0 
1.00 - -  1.00 1.00 0.98 1.16 100.0 98.0 99.1 

reagent  under  c h r o m a t o g r a p h i c  cond i t ions  and 
a p lo t  o f  T A M  peak  a rea  vs. the concen t ra t ion  
o f  T A M  was made.  Then a fixed a m o u n t  o f  
Co(I I )  or  Ni ( I I )  or  Fe( I I I )  was mixed with 
excess a m o u n t s  o f  T A M  solut ion,  the peak  area  
o f  the T A M  which d id  not  react  with Co(I I )  was 
measured ,  and  conver ted  to its co r r e spond ing  
concen t ra t ion  f rom the ca l ib ra t ion  plot .  F r o m  
these measurements  the number  o f  moles  o f  
T A M  consumed  by Co(I I )  and  the mole  ra t io  
o f  Co( I I )  to T A M  could  be ca lcula ted  as shown 
in Table  2. 

The  mole  ra t ios  o f  metal  ions to T A M  in the 
three complexes  were de te rmina ted  spectro-  
photometr ica l ly  by the Job  method  and the mole  
ra t io  method .  Resul ts  were ent i rely coincident  
with those  f rom the above  H P L C  method .  

Acco rd ing  to the mole  ra t ios  o f  Co, Ni  and 
Fe  to T A M ,  Co( I I )  and  Ni( I I )  combine  T A M  
to form a neut ra l  complex,  and  Fe ( I I I )  forms a 
ca t ion  complex  first, which then associates  with 
A c -  to form a neutra l  assoc ia t ion  complex.  The  
s t ructures  o f  the three complexes  were assumed 
as follows: 

Iv 
- S , .  . N - ' N .  ~ /CH3 

, , .  / / ,=:  c., 
..L M .~,--- O 
2 

M = Co, Ni 

Analyses  o f  some  s tandard samples  

All  the a l loy samples  used have s t anda rd  
values.  They  were p repa red  by the Ch ina  Steel 
and  I ron  Research Inst i tute.  

Al loy  steel 4j32 (3.32% Co, 33.66% Ni,  
0 .39% Cu, 62.40% Fe, etc.), C r - N i - M n  steel 
224 (0.031% Cu, 4 .86% Ni,  71.40% Fe,  etc,), 
a l loy steel 167-2 (0.077% Ni,  0 .035% Cu, 
99.74% Fe,  etc.), and low al loy steel BHI311-  
1A (0.045% Ni,  0 .14% Cu, 97.3% Fe, etc.) were 
separa te ly  dissolved in 5% H2SO4, oxidized 
with 37.5% HNO3 and the excess o f  H N O  3 re- 
moved  by heat ing.  The  so lu t ion  was t ransfer red  

to a 100 ml volumetr ic  flask and di lu ted  to the 
m a r k  with water .  

A I - C u  a l loy BYI912-1 (57.66% Cu, 3.46% 
A1, 2.50% Ni,  0 .43% Fe,  etc.) was dissolved in 
aqua  regia, and  H N O  3 removed  by evapora t ion .  
The  solut ion was t ransferred to a 250 ml volu- 
metr ic  flask and di luted to the m a r k  with water.  
An  a l iquot  o f  so lu t ion  was taken to remove 
Cu(I I )  by prec ip i ta t ing  with H2 S in 0 .3M HCi,  
and  the prec ip i ta te  was filtered. 

The  test so lut ion prepared ,  fol lowing the 
exper imenta l  procedure ,  were used to de te rmine  
Co(II ) ,  Ni( I I ) ,  and  Fe(I I I ) ,  respectively.  Results  
are shown in Table  3. 
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Summary--The equilibrium extraction behaviour of Gd(Ill) using a chloroform/kerosine solution 
containing di(2-ethylhexyl)phosphoric acid (HDEHP), either alone or combined with one of three 
adductants, 1,10-phenanthroline monohydrate (phen), ~t,ct'-dipyridyl(2,2'-bipyridine) (bipy) or trioctyl- 
phosphine oxide (TOPO) is described. The enhancement of the extraction by addition of such neutral 
adductants is explained in terms of adduct formation of the metal chelate in the organic phase. Among 
the three synergistic mixtures, 1,10-phenanthroline is the most promising for the extraction of the last 
member of light lanthanoids, gadolinium. Gadolinium ions are found to be extracted in the absence of 
phen, bipy or TOPO; the species was M(HA2) 3 but M(HA2)3(phen)2 was found when phen was added 
and M(HA2)3(bipy), M(HA2)3(bipy)2 was found when bipy was added and M(HA2)3(TOPO ) was found 
when TOPO was added. The compositions of the extracted species are obtained from the slope analysis 
method, phi/2 values were also obtained. The stoichiometry, extraction constants and stability constants 
of these systems were determined. Synergistic extraction can be carried out at lower pH. 

Solvent extraction undoubtedly represents the 
best of all the various separation techniques 
because of its simplicity, rapidity, applicability 
to various concentration ranges and purity of 
products. ~ Moreover, in synergistic system the 
extracting power of the mixture exceeds the sum 
of the extracting powers of its components. This 
phenomenon of greatly enhanced extraction or 
synergism owing to a mixture of extractants has 
attracted considerable attention in recent years. 
HDEHP is well-known as a powerful extrac- 
tant, particularly for the 'hard' metal ions such 
as lanthanides and alkaline earth metals. 
Numerous studies of its extractant properties 
with various metal ions are reported in the 
literature. 2-4 

Handley examined HDEHPDT [di-(2-ethyl- 
hexyl)phosphorodithioic acid] as a metal extrac- 
tant. According to his results, americium and 
europium could be extracted into dodecane 
fairly well with HDEHPDT. 5'6 That a 'hard' 
metal such as Eu 3÷ can be extracted with a 'soft' 
ligand such as (DEHPDT), was reminiscent of 

*Author to whom correspondence should be addressed. 

our findings that a nitrogen ligand such as phen 
seemed to bond with lanthanide chelates at least 
as readily as with the hydrated lanthanide ions. 
TOPO is a monodentate phosphine oxide ligand 
whose basicity is strong enough to form stable 
adducts with metal chelates, v Recently, 
Komatsu and Freiser have reported extensive 
investigations on solvent extraction of tervalent 
lanthanide (Ln) metal ions with mixed ligands. 
They described the adduct formation of 
La(III), Pr(III), Eu(III), Ho(III) and Yb(III) 
with bis(2,4,4-trimethylpentyl) phosphinic acid 
(HBTMPP) and TOPO, octyl(phenyl)-N,N-di- 
isosbutylcarbamoylmethyl phosphine oxide 
(CMPO) or methylenebis(diphenylphosphine) 
oxide (MBDPO) into chloroform) The solvent 
extraction o f  several divalent metal ions with 
benzoyltrifluoroacetone into chloroform in the 
presence of tetrabutylammonium and 2- 
thenoyltrifluoroacetone ions has been studied in 
detail? In this paper it was observed that the 
number of the auxiliary reagent molecules (n) 
that attach to the extracted species in time of 
adduct formation could be evaluated by 
a log D/Do vs. log[adductant] plot analysis. 

. . . . . . . .  ~ 93 
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Suzuki et al. j° also examined the number of the 
auxiliary reagent molecules (n) by the above 
slope analysis. 

In the present work it was observed that the 
synergic effect in extraction increases with in- 
creasing basicity of the adduct formation, i.e. in 
the order phen > bipy > TOPO. Oxygen bases 
such as TOPO, a monodentate phosphine oxide 
ligand are not strongly effective adductants for 
metal chelates extracted at the low pH ranges, 
being characteristic of the cation extractants. 
Instead, the nitrogen bases 1,10-phenanthroline, 
which have high proton affinity, are appropriate 
auxiliary ligands. At low pH ranges one mol- 
ecule of bipy is included in the extracted species. 
This work gives fundamental information about 
the adduct formation affinity and enhancement 
of extraction rate. The role of diluent was also 
observed for the evaluation of the association 
constant. 

E X P E R I M E N T A L  

Apparatus 

Extraction was done in a Taiyo M incubator 
at 25 + 0.1 °C. Ultraviolet and visible absorption 
spectra were measured with a Shimadzu self- 
recording spectrophotometer (model 240-UV- 
Vis) with 10 mm optical path glass cells. The pH 
of an aqueous phase was measured with a 
Hitachi Horiba M-7II pH-meter. A Kokusan 
H-200 centrifuge was used for rapid and com- 
plete separation of the phases. 

Materials 

A standard solution of gadolinium nitrate 
1 x 10-2M was prepared by dissolution of a 
suitable amount of the pure oxide (99.99%) 
(Santoku Chemicals Ltd) in a small volume of 
concentrated nitric acid, followed by dilution 
with distilled water. The solution was then 
heated in order to remove any excess acid. The 
solution was diluted to 100 ml with distilled 
water and the concentration, determined as 
1 x 10-3M. The solution was standardized 
complexometrically at pH 5.1-5.6 with Xylenol 
Orange as the indicator. ~ The prepared solution 
was then stored in a polyethylene bottle. 

Preparation of  di(2-ethylhexyl)phosphoric acid 
stock solution 

For the preparation of the stock solution of 
HDEHP, 348 cm 3 of chemically pure HDEHP 
(DP-8R Daihachi Chemicals Ltd) was taken in 
a clean 1 dm 3 volumetric flask and was made up 

to the mark with chloroform/kerosine so that 
the solution was IM. This solution was washed 
three times with 500 cm 3 of 6M HCI and three 
times with 500 cm 3 distilled water, after which 
the solution was left overnight. Since water is 
slightly soluble in HDEHP, the final HDEHP 
contains a small amount (1-2%) of water which 
may be removed using a rotating evaporator at 
50°C and 15 mm Hg pressure. A 0.01M phen, 
bipy, TOPO solution was prepared by dissolv- 
ing 1.9823 g 1,10-phenanthroline monohydrate, 
0.3867 g trioctyl phosphin oxide and 0.156 g 
2,2'-bipyridine (Nakarai Chemicals Ltd) in 
chloroform and diluting it to 100 ml with the 
same solvent. A 0.001M arsenazolII solution 
was prepared by dissolving 0.0776 g of the 
reagent (Dojin Chemicals Ltd) in 100 ml of 
distilled water. This solution was freshly pre- 
pared each week. Chloroform was used after 
distillation. All other chemicals used were of 
analytical grade. 

p H determination 

The pH was adjusted with hydrochloric acid 
or sodium hydroxide solution. After equili- 
bration of the two phases the pH was measured 
precisely in the aqueous solution with a glass 
electrode pH-meter. Before taking each reading, 
the pH-meter was standardized by using stan- 
dard buffers having pH nearly equal to the test 
solutions. After standardization of the pH- 
meter, the electrodes were rinsed with distilled 
water, the residual water present on the surfaces 
of the electrode was removed by a filter paper. 
It was then placed in the test solution and kept 
in such a way for at least 2 rain before taking 
the reading. Higher pH values could not be 
used as the equilibration led to turbid aqueous 
solutions probably owing to microemulsion for- 
mation that did not clear up even after centrifu- 
gation or on prolonged standing. The pH of the 
aqueous phase was adjusted by the addition of 
succinic buffer (2 x 10-3M) in conjunction with 
HCI for lower pH values. 

RESULTS AND DISCUSSION 

Dependence of  extraction on shaking time to 
reach equilibrium 

The variation of extraction with shaking time 
was studied at pH 3.5. The data obtained from 
the shaking time study of gadolinium(III) is 
plotted in Fig. 1. Figure 1 shows that more than 
7 min is required to reach the equilibrium for the 
Gd(III) under the experimental conditions 



Synergic solvent extraction studies of  gadolinium 95 

×10 -5 M 

50 

. . . . . . . . .  "r , T , , T , 
0 10 

Shaking time (rain) 
Fig. I. Determination of  the time required to reach equi- 
librium. Aqueous phase: [Gd 3+ ] = 1 x 10-4M; succinic acid 
2 x 10-~M. Organic phase: [(HX)2 ] = 2 x 10-3M and 
2 x 10 3M phen into CHCI 3. Concentration of  metal ions 
in the aqueous phase after extraction as ordinates have been 

plotted graphically. 

stated, at which the CM vs. time plot becomes 
horizontal, indicating there will be no transfer 
of Gd(II I )  from the aqueous phase to organic 
phase on further shaking. 

Liquid-liquid extraction of metal ions 

The distribution experiments were done at 
room temperature. An aliquot (10 ml) of  the 
aqueous solution containing the metal ion 
l × 10 a M  w a s  taken in a stoppered 50 ml glass 
tube and that of  succinic acid as buffer was 
2.00 × 10 3M. The ionic strength of the 
aqueous phase was controlled at 0.1M with 
sodium perchlorate and the extraction was 
made with H D E H P  in the absence of adduc- 
tants. The extraction of gado l in ium-HDEHP 
alone and with adductants was done in the 
absence of perchlorate. After the addition of  10 
ml of  synergistic mixture containing the extrac- 
tant solution 2 x 10 3 M  and neutral adductant 
solution 2 x 10 3M the mixture was shaken for 
|0 rain at 200 strokes/min at 25 ___ 0.1°C, which 
was sufficient for equilibration. The mixture was 
then centrifuged at 2000 r.p.m, for 5 min, the 
pH of the aqueous phase was measured. The 
metal content in the aqueous phase was deter- 
mined spectrophotometrically by the arsenazo 
III method ~2 as was the concentration of 
gadolinium in the organic phase following back 
extraction into hydrochloric acid. The concen- 
tration of metal ion in the organic phase was 
determined after back extraction into 6M hy- 
drochloric acid for 30 min, 5 ml of  strip liquor 

thus obtained was transferred to a separatory 
funnel and washed once with 5 ml of  pure 
chloroform to remove the free ligand com- 
pletely, then the strip liquor was allowed to 
evaporate. The residue was decomposed and 
diluted after that the pH was adjusted with 2.5. 
The solution was transferred into a 10 ml volu- 
metric flask, 0.5 ml of  the arsenazo III  solution 
was added and made up to the mark with 
distilled water. The absorbance was measured at 
650 rim. Neither the extractant nor it's com- 
plexes in chloroform showed appreciable ab- 
sorption in the visible region and hence 
arsenazo III  was used in the dual role of  calori- 
metric reagent and scavenger for gadolinium. 

Stripping test 

Stripping tests were carried out with various 
mineral acids, viz. hydrochloric acid, sulphuric 
acid and nitric acid. The relations between acid 
concentration and recovery(%) of metal ion are 
listed in Table 1. These results show that hydro- 
chloric acid with concentrations higher than 4M 
was found to be effective for stripping, while 
sulphuric acid did not appear to be suitable. 
Hydrochloric acid was suitable for almost 
complete stripping. 

Effect of HDEHP concentration 

The effect of  H D E H P  concentration on the 
absorbance was studied. This experiment was 
done in the presence of TOPO, bipy or phen 
2 × 10 3M, respectively. The effect of  neutral 
adductant concentration on the extraction was 
also studied. The recommended amount  is 
2 × 10-3M as shown in Fig. 2. 

Effect of pH on gadolinium(Ill) extraction 
systems containing HDEHP and adductant into 
chloroform/kerosine 

The effective extraction of gadolinium with 
H D E H P  in the presence of  phen, bipy or TOPO 
occurs at the pH of the aqueous phase ranging 

Table 1. Relation between the acid concentration and 
recovery percentage of metal 

Concentration, 
Acid M Recovery percentage 

HCI 2 90 
3 93 
5 98.99 

HNO 3 2 85 
3 92 
5 96 

H,SO4 2 81 
3 88 
5 90 
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from 2.77 to 3.00, 3.45 to 3.79 and 3.45 to 3.70 
respectively. Each extraction was kept constant 
at the l ogD value of  1.84 for HDEHP(phen) ,  
1.60 for HDEHP(bipy)  and 1.30 for H D E H P -  
(TOPO) synergic extraction systems, respect- 
ively, in the pH range from 3.5 to 4.0. It 
is interesting that the extractability of  the 
gadolinium(III) with HDEHP(phen)  synergic 
extraction process is higher than those of  
HDEHP(bipy)  and HDEHP(TOPO) .  The opti- 
mum pH value to obtain 98% extractability was 
2.60 to 3.70 in the case of  HDEHP(phen) ,  97% 
extraction in the case of  HDEHP(bipy)  and 
95% in the case of  H D E H P ( T O P O )  synergic 
extraction process, respectively. 

The logarithmic distribution coefficients 
diminished monotonically with increasing 
aqueous acidities (in the region of pH >6.0), 
implying that the extractions were dominated by 
the ion-exchange reaction in which hydrogen is 
liberated. Gaikwad and Damodaran  '3 studied 
the extraction behaviour of  Ho(II I )  with 
EHPNA(2-ethylhexyl phosphoric acid mono-2- 
ethylhexyl ester) and they concluded that there 
is no clear cut separation of phases at higher pH 
values. The extraction percentage of  Gd 3÷ 
reached a maximum in the case of  phen, bipy 
and TOPO adduct formation at pH 3.00, 3.79 
and 3.70, respectively. 

Slope analysis 

A traditional and effective means of  obtaining 
both stoichiometric and equilibrium constant 
information about  extraction processes, called 
'slope analysis', is based on an examination of  
the logarithmic variation of  D, the distribution 
ratio, with relevant experimental variables. The 
log-log plots of  the extraction in the form of  
D vs. a concentration variable indicate the 
stoichiometry of  the formation of  the ex- 
tractable complex and thus lead to the deri- 
vation of  a suitable equilibrium expression and 
then to the calculation of  equilibrium constants. 

Extraction with H D E H P  alone 

The extraction percentage of  Gd 3+ reached a 
maximum in the case of  kerosine and chloro- 
form diluent when extractants were alone at pH 
1.95 and 3.00, respectively. Beyond these values 
the extraction percentage decreased gradually. 
The plots of  log D vs. variables such as the pH 
of the aqueous phase and the logarithm of  
the concentration of  [(HX):] were constructed 
(Figs 3 and 4). Straight lines with a slope of 3 
for gadolinium were obtained at the lower levels 
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Concentration of neutral adductant 
Fig. 2. The effect of HDEHP concentration on extraction in 
the presence of TOPO, bipy or phen. Organic phase: 
chloroform containing 1 x 10 -2 ~ 1 x 10-4M of di(2-ethyl- 
hexyl)phosphoric acid and constant [neutral additive], • 
TOPO(kerosine), • TOPO(chloroform), • bipy, • phen. 
The aqueous solution containing gadolinium(Ill) ion 
1 x 10-4M, succinic buffer 2 x 10-3M; perchlorate absent. 

of  metal extracted. Thus, the extraction reaction 
can be written as: 

M a q  + --]- m ( H X ) 2 ( o )  ~ M ( H X 2 ) m ( O )  --~ rnHa~ (1) 

Gd 3+ + 3(HX)2(o) ~- Gd(HX2)3(o) + 3H ÷. (2) 

Examination of  equation (2) leads to the 
conclusion that the slope of a log D vs. pH plot 
should be 3, indicating that three hydrogen ions 
are released in the extraction of  the metal ion. 
As seen in Fig. 4, the behaviour of  all of  the 

1 

2 3 pH 

Fig. 3. Distribution ratio for Gd 3+ between chloroform and 
aqueous phase as a function of pH in the aqueous phase. 
Aqueous phase: [Gd 3+]= 1 × 10-4M; succinic acid 
2 x 10-3M. Organic phase: • chloroform containing 
2 x 10-3M HDEHP. • kerosine containing 2 × 10-3M 

HDEHP; perchlorate absent. 
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log E (HX) 2] 
Fig. 4. Distribution ratio of Gd ~÷ as a function of di(2- 
ethylhexyl)phosphoric acid concentration. Aqueous phase: 
1 × 10-4M gadolinium containing no adductants, succinic 
acid 2 × 10-~M. Organic phase as shown in HDEHP into 

• chloroform, • kerosine. 

Gd 3+ conformed to this simple formulation. In 
equations (1) and (2) (HX)2 represents the 
HDEHP dimer. (The subscript O designates 
concentration in the organic phase.) For the 
extraction constant, Ko~, for this reaction refer 
to equation (3): 

Kex = [Gd3+(HX2)3][H + ]3/[Gd3+ ][(HX)2] 3 (3) 

o r  

log K,~ = log Do - 3pH - 3log [(HX)2]. (4) 

Plots of (log D o -  3pH) vs. log[(HX)2]o are 
also linear with slopes of  almost +3  in the 
higher HDEHP concentration range (Fig. 3). 
+3  indicates the number of molecules of 
HDEHP combined in the extracted species. 

For the kerosine system, the slopes of log Do 
vs. pH plots decreased gradually with increasing 
pH. This type of behaviour was also encoun- 
tered in the case of the chloroform system, then 
it was realised that the dependence of HDEHP 
may be obtained at lower pH values of the 
aqueous phase. 

Thus, from the HDEHP dependence, it can 
be anticipated that the equation for the extrac- 
tion reaction for both the chloroform and 
kerosine systems may be represented by 
equation (2) at higher acidities or by equation 
(6) at lower acidities, or by the combination of 
the two equations 

Gd 3+ + 3(HX)(o) ~ [GdX3](o) + 3H +. (6) 

The applicability of the equations (2) and (6) 
depends on the assumption that the suppression 

of ionization of dimeric acid is less than that of 
the monomeric acid on increasing acidity. 
Equations (2) and (6) indicate the pH depen- 
dence to be + 3, but the value obtained were 
somewhat lower in the case of the kerosine 
system. The value of log K~x with chloroform 
was, unfortunately, smaller than that with 
kerosine, and this probably reflects the greater 
HDEHP extractability into chloroform than 
into kerosine. 

Extraction with a mixture o f  H D E H P  and phen, 
bipy or T O P O  

As mentioned above the adduct formation of 
tris-DEHP complexes of Gd 3+ with oxygen 
containing monodentate ligand TOPO and 
bidentate ligand nitrogen containing the chelat- 
ing agent phen or bipy as representatives of 
P--O, 

donor groups, respectively, was studied. It was 
found that HDEHP complexes showed an 
exceptionally large tendency to form adducts 
with nitrogen containing the chelating agent 
1,10-phenanthroline. When an auxiliary 
reagent, such as phen, bipy or TOPO (B), 
was added to the extraction system, enhanced 
extraction resulted because of the adduct for- 
mation. A per cent extraction (%E) pattern of 
98.99%(phen) > 97%(bipy) > 95%(TOPO) was 
obtained into chloroform solvent. 

The overall extraction equilibrium and the 
extraction constant, Kex~B~, can be expressed as 

Gd 3+ + 3(HX)2~o~ + nB(o~ 

~-- Gd(HX2)3B,~o)+ 3H +. (7) 

By subtracting equation (2) from equation 
(7), the adduct formation in the organic phase 
can be isolated: 

Gd(HX2)3~o)+ nB(o) -¢-- Gd(HX2)3B,,Io I. (8) 

The effect of adduct formation is to increase 
the extraction equilibrium constant, K~B~ by a 
factor given by the adduct formation constants 

g A D ( B ) "  
The adduct formation reaction in the organic 

phase and the complex stability constant, fl,, are 
given by 

fl,, = Kex~B)/Kex. (9) 

In equation (8), n denotes the number of the 
auxiliary reagent molecules that attach to the 
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Fig. 5. Distribution ratio for Gd 3+ as a function of  di(2- 
ethylhexyl) phosphoric acid concentration in the presence of  
constant  adductants  (2 × 10-3M) in the organic phase. • 
Phen, • bipy, • TOPO. Log D vs. log[(HX)2 ] has been 
plotted graphically according to the condition of Fig. 3. 

extracted species. In this paper n was evaluated 
by the following equation l°'~j 

log D/Do = log K~s~/Kex + n log[B]o, (10) 

where D represents the distribution ratio in time 
of adduct formation, whereas Do represents the 
distribution ratio when HDEHP is alone. 

In Figs 5 and 6 the plots of log D vs. 
log[(HX)2]o exhibits a slope of + 3 and the plots 
of log D vs. pH also have a slope of + 3 in the 
case of the three kinds of synergistic mixture. 
The results of the extraction of gadolinium 
using a mixture of HDEHP and phen, bipy or 
TOPO are shown in Table 2, where it is seen 

1 

0 

3 4 5 
pH 

Fig, 6. Distribution ratio for Gd 3+ as a function of  pH in 
the aqueous phase in presence of  • phen, • bipy, • TOPO 

adductants  (2 x 10-3M) in the organic phase. 

Table 2. Summary  of  the results on the extraction of  
gadolinium with HDEPH and phen, bipy or TOPO 

No Equation[log D (y)] vs. pH(x)  pilL2 

1" y = (3.00 +__ 0.31 )x - (6.30 + 0.84) 2.1 
1 p y = (2.06 4- 0.09)x - (2.06 4- 0.20) 1.9 
2" y = (2.99 __+ 0.23)x - (1.03 + 0.71) 3.4 
20 y = (1.99 + 0.21)x - (2.01 + 0.71) 2.0 
3" y = (3.08 + 0.04)x - (9.77 + 0.13) 3. I 
3 ° y = (2.10 + 0.01)x - (8.55 + 0.20) 1.9 
4P y = (3.20 __+ 0.08)x - (8.10 + 0.19) 3.0 
4" y = (2.13 4- 0.24)x - (10.64 ___ 0.84) 2.1 
50 y = (2.10 _ 0.17)x - (4.58 + 0.33) 1.7 
5" y = (2.62 + 0.24)x - (7.28 _ 0.I0) 2.2 

I = H D E H P  (0.002M dimer) with phen, 2 =  HDEPH 
(0.002M dimer) with bipy, 3 = HDEPH (0.002M dimer) 
with TOPO, 4 = HDEPH (0.002M dimer) alone into 
CHCI 3, 5 = H D E P H  (0.002M dimer) alone into 
kerosine, " =  (CIO~ absent), P = (CIO~ present). 

All experiments were carried out three times. 

from the lower pHi/2 (pH of 50% extraction) 
values that highly enhanced extractions were 
achieved in the presence of as little as 10-3M 
auxiliary reagent. 

Figure 5 shows the distribution ratio of the 
metal ions as a function of HDEHP concen- 
tration when 2 × 10-3M phen, bipy or TOPO 
was added into the organic phase. In the pres- 
ence of TOPO the plot is almost similar to that 
of HDEHP alone in chloroform at the above 
concentration. As can be seen from Figs 4 and 
5, the extraction was enhanced by the addition 
of phen or bipy. The data in Figs 4 and 5 were 
calculated on the basis of equations (4) and (8), 
respectively, by a successive approximation 
method using a least square computer program. 
It is very interesting that the values of log Ke~<B) 
with HDEHP are very large compared to those 
with HDEHP alone into chloroform. This is 
because the steric hindrance of the synergistic 
mixture is low. We can easily understand that 
the effect of phen is much larger in the HDEHP 
system by comparing values of log(Ke~/Kex~B)). 
In Table 2, values of pH~/2 show that gadolinium 
can be extracted at slightly lower pH in the 
HDEHP alone system than in the mixed system 
under the same extraction conditions, it may be 
influenced by the distribution constant of the 
Gd(HX2)3 complex, and the adduct formation 
constant KAD<B). In order to clarify the compo- 
sition of the extracted species, the dependencies 
of log "D/Do on [B]o were examined. The plot of 
log D/Do vs. log(phen)o (Fig. 7) is linear with a 
slope of 2, indicating that two molecules of phen 
are included in the extracted species. 

In the case of HDEHP and bipy mixture, the 
corresponding plot is also linear with a slope of 
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Fig. 7. Plots of  log D I D  o vs. concentrat ion of  the adduc- 
tants. F r o m  equat ion (7), l o g K A D = l o g D  - 3 p H -  
3 log(HX2) 3 - n log B. By subtracting log K,~ (equation 4) 
f rom Iog KAD the following equat ion was obtained, 
log D / D  o = log KAIg/Iog K,, + n log[B]o. The slope of  the 
plot of  log D I D  o vs.  [B]o at constant  [(HX)2 ] and pH gives 
n. The effect of  neutral  additive concentrat ion to H D E H P  
on the extraction of  Gd  3+ was observed. Aqueous  phase: 
[Gd 3+] = 1 x 10-4M, succinic acid 2 x 10-3M. Organic 
phase: [ ( H X ) 2 ] = 2 x  10 3M, B = 2 x  10-3M. • Phen, 

• bipy, • TOPO.  

+ 2 at the higher bipy concentration region, but 
deviates from the straight line at low bipy 
concentrations (Fig. 7). This deviation can be 
explained by considering the extraction of 
M(HX2)3 B, which takes place in the lower bipy 
concentration range (dotted lines in Fig. 7). The 
extraction constant and the stability constant/3, 
are obtained from the linear position of the plot 
of log D / D o  vs. log[phen]o using equations (8) 
and (9). 

Our data supports the conclusion that TOPO 
forms a mono adduct extractable species, 
Gd(HX2)3(TOPO), include the finding that the 

plot of log D / D o  vs. log[TOPO]o have slopes of 
+ 1. Thus, it would seem that TOPO reacts as 
a monodentate ligand. 

Generally, in the mixed ligand extraction 
system of the lanthanides, the decrease of the 
adduct formation constant may be explained by 
a diminution of the coordinating power of the 
lanthanide ion resulting from a stable chelate 
formation, with a consequently lower stable 
adduct formation. In addition, the lanthanide 
ion, to which three molecules of chelating re- 
agent have already coordinated, allows space 
for the adduct forming reagent, so that steric 
hindrance for adduct formation increases with 
atomic number. 

For extraction with a mixture of HPMTFP 
[l-phenyl-3-methyl-4-(trifluoroacetyl)-5-pyra- 
zolone] and MBDPO[methylenebis(diphenyl- 
phosphineoxide)], the perchlorate ion was found 
to have a significant influence] In the absence of 
the perchlorate ion the slope of the log D vs. pH 
lines were found to be 2.97 but when the 
perchlorate ion was present the slope of the 
log D vs. pH lines was found to be 1.98 for the 
case of La ion extraction] Table 3 shows the 
values of the extraction parameters (log K~) of 
gadolinium metal ions with HDEHP either 
alone or combined with phen, bipy or TOPO. 
Thus the following reaction can be written on 
the basis of the above findings. In the presence 
of phen, bipy or TOPO the following extraction 
may occur: 

Gd 3+ + 3(HX)2~o~ + 2phen 

~- Gd(HX2)3(ol(phen)_, + 3H + (11) 

G d  3+ + 3 ( H X ) 2 1 o  ) + 2bipy 

Gd(HX2)3~o)(bipy)2 + 3H ÷ (12) 

Table 3. Table of  equilibrium constants  and stability constants  at 2YC determined by UV 
spect rophotometer  

Extractant  Organic phase log Ke~ log Kexim log fl,, 

H D E H P  alone p CHC13 - 0 . 0 3  _+ 0.10 - -  - -  
H D E H P  alone a CHCI 3 0.10 _ 0.05 - -  - -  
H D E H P  alone p Kerosine 2.70 +_ 0.03 - -  - -  
H D E H P  alone" Kerosine 3.05 + 0.03 - -  - -  
H D E H P  with phen" CHCI 3 - -  6.22 + 0.01 6.25 + 0.10 (n = 2) 
H D E H P  with phenP CHCI 3 - -  6.09 + 0.05 6.12 + 0.11 (n = 2) 
H D E H P  with bipy ~ CHCI 3 - -  5.75 + 0.01 5.78 4- 0.02 (n = 2) 
H D E H P  with bipy p CHCI~ - -  5.00 + 0.06 5.03 + 0.03 (n = 2) 
H D E H P  with TOPO ~ CHCI 3 - -  3.31 4- 0.03 3.34 __+ 0.02 (n = 1) 
H D E H P  with T O P O  ° CHCI 3 - -  2.894-0.02 2 . 9 2 _ 0 . 0 5  (n = 1) 

o = [(C10~) present]. " = [(CIO2) absent]. Equation:  log K,~ = log 
H D E H P  alone; Gd  3+ + 3(HX)2~o ~ + n Bio ~ ~-  G d ( H X  2)3 B,,iol + 3H ÷ 
fl,, = Koxla,/ 'K~ for log ft,. 

D o -  3pH - 3 log[(HXh] for 
for H D E H P  with adductants.  



100 Y. MASUDA and MD. H. ZAHIR 

Gd 3+ + 3(HX)2to) + bipy 

Gd(HX2)3to)(bipy) + 3H + (13) 

Gd 3+ + 3(HX)2to) + TOPO 

~,~ Gd(HX2)3to)(TOPO) + 3H ÷. (14) 

Equations (11)-(14) represent the reactions in 
the absence of sodium perchlorate. 

The values were obtained for log Kextphen)= 
6.22 + 0.01 and log Kextbipy) = 5.75 _ 0.01, re- 
spectively. These results indicate that the ligand 
1,10-phen forms complexes that are more stable 
than those formed by bipy with the same metal 
ion, as was assumed. It seems reasonable to 
suggest that this effect is because of phen is more 
effectively pre-organized for coordination rela- 
tive to bipy. Bipy is highly strained in the 
conformer with the nitrogens cis  to each other, 
as required for coordination of metal ions, '4 
because of the steric hinderance between the 
hydrogens in the 3- and 3'- positions. However, 
in phen this problem is overcome by fusing the 
two rings and forcing the ligand to remain in the 
correct conformation for coordination to a 
metal ion. 

When sodium perchlorate is present, how- 
ever, a different extractable species is found. 

Gd 3+ + 2(HX)2 + C102 + 2(phen) 

~-- Gd(HX2)2 (CIO4)(phen)2 + 2H + (15) 

Gd 3+ + 2(HX)2 + C102 + 2(bipy) 

-~ Gd(HX2)2(CIOi)(bipy)2 + 2H + (16) 

Gd 3+ + 2(HX)2 + C104 + (bipy) 

.--~ Gd(HX2)2 (ClOi)(bipy) + 2H + (17) 

Gd 3+ + 2(HX)2 + C102 + (TOPO) 

Gd(HX2)2 (CIOi)(TOPO) + 2H +. (18) 

When these metals are extracted under in- 
creasing concentrations of NaC104 and adduc- 
tants, a slope of 2 could be obtained in a plot 
of log D vs. pH, when [adductants]~o) and 
[C10/] were 5 x 10 -3 and 0.2M, respectively 
(Tables 2 and 3). As seen in Table 3, the 
enhancement was much greater when phen was 
used than with TOPO or bipy. Thus it would 

seem than phen forms a diadduct extractable 
species. In the case of bipy a monoadduct was 
observed when the concentration range was 
<0.1M. Bipy also formed a biadduct in its 
higher concentration range. 

CONCLUSIONS 

In the mixed complex system containing 
HDEHP, the donating ability of (HX)2 is insuffi- 
cient to form an adduct. The effect of three 
adductants on the extraction of Gd(III) with 
HDEHP mixtures was examined. From these 
results, it would appear that the formation of 
mixed complexes with a mixture of two chelat- 
ing extractants and adduct formation to mixed 
complexes like quaternary compound formation 
successfully enhanced the metal chelate extrac- 
tion. This is, to some extent, similar to the 
enhancement of 
adduct formation 
dimer extractant. 
appear that the 
complexes may 
capability in the 

metal chelate extraction by 
in the organic phase through 
From these results, it would 
adduct formation to mixed 
further enhance separation 

lanthanide series. 
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Summary--Copper(III) solutions are found to give an instantaneous stable pink-coloured product with 
0.2% aqueous p-anisidine in the presence of 0.03N acetic acid. The wavelength of maximum absorption 
is 533 nm and obeys Beer's law up to 0.89408 g copper(Ill). It is also recommended as a spot test for 
copper(IlI). 

During the course of experiments in search of 
specific colour reagents for copper(III), we no- 
ticed that solutions of  copper(III) give an in- 
stantaneous stable pink-coloured product with 
0.2% aqueous p-anisidine in the presence of 
0.03N acetic acid. The addition of copper(III) 
solution in 2M KOH contributes alkalinity and 
the effective pH was found to be more than 7, 
when a stable pink colour was observed. A 
study of  the spectrum of the pink-coloured 
product and comparison revealed that the pink- 
coloured product is the oxidized form of  p- 
anisidine. I Copper(I) and copper(II) and other 
reagents used did not respond similarly and a 
survey of  the literature indicated that this 
specific colour reaction between copper(III) and 
p-anisidine has not been previously reported. In 
view of  the importance of  the micro determi- 
nation of  copper(III) in non-stoichiometric and 
super-conducting substances, the above method 
which is rapid, accurate, simple and specific, will 
find a wide range of  application. 

EXPERIMENTAL 

Reagents 

Copper(III) solution (O.02M). The solution 
was prepared from an AnalaR BDH sample of 
cupric sulphate pentahydrate, by oxidation with 
potassium persuiphate in 2M potassium hy- 
droxide media and standardized. 2 

p-Anisidine (0.2% aqueous). Prepared by dis- 
solving an adequate amount of an AnalaR 
BDH sample, in double distilled water, stan- 
dardized against cerium (IV) 3 and stored in 

amber coloured bottles. All other reagents used 
were of AnalaR grade only. 

Apparatus 

A Shimadzu-UV-260 double beam spectro- 
photometer with recording unit was used for 
recording the spectra. An ELICO photoelectric 
colorimeter with filter No.625 (green filter, 
range 510-590 nm, peak at 540 nm) was used for 
other experiments. 

Preliminary experiments carried out in vari- 
ous acid and alkali media revealed that the pink 
coloured product obtained by the reaction be- 
tween copper(III) and p-anisidine was instan- 
taneous and stable in the presence of 0.03N 
acetic acid. In view of such experiments the 
following procedures are recommended. 

Recommended procedure for the detection of 
copper(III) with p-anisidine 

Copper(III) solution (0.05 ml) was mixed with 
0.05 ml of 0.1N acetic acid and 0.05 ml of 0.2% 
aqueous p-anisidine in the cavity of a white 
porcelain spot plate, to give an instantaneous 
pale pink colour. By a systematic quantitative 
dilution procedure, we found the limits of detec- 
tion of copper(III) with aqueous p-anisidine 
in the presence of 0.03N acetic acid: limit of 
identification: 0.2 x i 0  -6  g or 0.2 pg of  copper 
as copper(III); limit of dilution: 1:0.75 × 10 6. 

Spectrophotometric estimation of copper(III) 
with 0.2% p-anisidine 

Copper(III) solution (l.0 mi) was mixed with 
8 ml of 0.1N acetic acid and 0.5 ml of 0.2% 
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aqueous p-anisidine to give a stable instan- 
taneous pink-coloured product. The mixture 
was made up to 25 ml in a volumetric flask and 

the spectra taken for an aliquot of the solution 
showed :.,~x at  533 nm (Fig. !). Solutions of 
copper(liD and p-anisidine have '~max as  416 nm 

1.00 1.00 

A 0.50(3 

01 
4OO 

{ 
500 

Wavelength, nm 

Fig. 2. 

I 
6OO 

0.500 

O~ 

.o 
O 

0 
700 



Determination of Cu(ll~i) with p-anisidine 103 

O 

0.8 

0.5 

O 

I 2 3 4 5 6 

0.0128M COPPER(III), ml 

Fig. 3. 

(Fig. 2) and 533 nm, respectively, and thus 
found to have no overlapping. 

For the estimation of copper(Ill), an aliquot 
volume of copper(III) was mixed with 8 ml of 
0.1N acetic acid and 2 ml reagent in a 25 
volumetric flask to give a stable instantaneous 
pink-coloured product and the mixture made up 
to the mark. The solution was taken in an 
optically matched test tube of an ELICO col- 
orimeter and the optical density measured using 
filter No. 625 (green filter). The optical density 
was compared with a standard curve (Fig. 3) 
and the estimation carried out, Beer's law was 
found to be obeyed up to 0.89408 g of cop- 
per(Ill). 

DISCUSSION 

The specific colour reaction between cop- 
per(III) and p-anisidine was studied in various 
acid and alkali media. Copper(III) oxidizes p- 
anisidine to the pink-coloured product [while it 
is being reduced to copper(II)]. In very low acid 
concentrations such as 0.1N H2SO4, 0.05N HCI, 
0.05N H3PO4, an instantaneous pale pink 
colour was produced, slowly fading away in 
5-10 min. It was found that the colour of the 
product was stable for carrying out further 
experiments in 0.03N acetic acid media. How- 
ever, even when the concentration of acetic acid 
was increased over and above 0.06N, the inten- 
sity of  the pink colour and the corresponding 
optical density were found to decrease. Hence, 
we used 0.03N acetic acid as the optimum 
condition for the production of  oxidized 
product of  p-anisidine with copper(III) sol- 
ution. The )'max for the pink-coloured product 
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was 533 nm (Fig. 1) with molar absorptivity, 
e = 4 1 5 M  -~ cm -~ at 533 nm. There was no 
overlapping of the spectra of the pink coloured 
product of  p-anisidine with other species pre- 
sent in the solution. Beer's law was found to 
be obeyed up to 0.89408 mg of copper as 
copper(Ill). 

CONCLUSION 

Copper(Ill)  solutions gave an instantaneous 
stable pink-coloured product with 0.2% 
aqueous p-anisidine in 0.03N acetic acid. The 
2~ax was 533 nm for the pink-coloured product 
with molar absorptivity e = 4 1 5 M  - t c m  -I at 
533 nm. Beer's law was obeyed up to 0.89408 
mg of copper and copper(III). This can be used 
as a spot test for copper(III) with an identifi- 
cation limit of 0.2 × 10 -6 g and dilution limit of 
1:0.75 x 106. The test and estimation are rapid, 
easy and accurate. 
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Summary--A sensitive spectrophotometric method was established for the determination of Diclofenac 
sodium (DS) with Methylene Blue (MB) as analytical reagent. It was found that DS reacts with an excess 
of MB in the pH range 9.2-9.4, to form a chloroform-extractable blue ion-association complex. Good 
agreement with Beer's law was found in the range of DS concentrations of 0.8~.4/ag/ml with a detection 
limit of 0.37 pg/ml. The method was applied for the determination of DS in various tableted forms with 
a good precision. 

2-(2,6-dichloroanilino)Phenyl acetate (Diclofe- 
nac sodium) (Fig. la) is a nonsteroidal anti- 
inflammatory agent with potent activity and 
outstanding tolerability in the treatment 
of  rheumatic diseases.L2 It  has been measured 
by a variety of  analytical techniques such 
as ultraviolet 3 and visible spectrophoto- 
metry, 4"5 gas 6-8 and liquid chromatography 9-12 
and nuclear magnetic resonance spectros- 
copy. 13 

Spectrophotometric methods provide sensi- 
tive, precise and accurate measurements of  suit- 
able analytes and they offer practical and 
economical advantages over other methods. Di- 
clofenac sodium (DS) has been analyzed by 
spectrophotometric methods using complexa- 
tion with copper acetate 4 or Methylene Violet 5 
followed by extraction, the latter being a more 
sensitive method than the former. The aim of 
the present work was to establish an improved 
extraction and spectrophotometric method with 
greater sensitivity for the determination of DS 
using Methylene Blue (MB) (Fig. lb) in different 
tableted dosage. 

Research pH-meter,  calibrated with buffer 
solution (pH 10 + 0.05). 

Reagents 

DS (standard drug), 99.46% purity, Voltaren 
Retard and Flenaken tablets containing 100 mg 
DS, and Voltaren tablets containing 50 mg DS 
were analyzed. All other chemicals used were 
analytical-reagent grade. Deionized water was 
used to prepare all solutions and in all 
experiments. 

Solutions 

A freshly prepared aqueous solution of the 
pure drug (40 mcg/ml; 1.2573 x 10-4M) was 
used as the standard solution for analytical 
purposes. A 0.032% w/v (!.04 x 10-3M) 
aqueous Methylene Blue solution was prepared 
for these experiments. Ammonium/ammonia  
buffer solutions covering the pH range from 8 to 
11 were made by mixing equal volumes of 1.0M 
ammonia  and 1.0M ammonium chloride sol- 
utions and adjusting the pH with sodium 
hydroxide or hydrochloric acid. 

EXPERIMENTAL 

Apparatus 

A Beckman DU-65 single beam spectropho- 
tometer with 10 m m  glass cells was used for the 
absorbance measurements. The pH measure- 
ments were made with a Corning Model 12 

*Author to whom the correspondence should be addressed. 

Procedure 

Aliquots of  DS solution were transferred into 
a series of  125 ml separating funnels; then 5 ml 
of  MB solution and 1 ml of  buffer (pH 9.4) was 
added. The total volume of  the aqueous phase 
was adjusted to 10 ml with water. Chloroform 
(10 ml) was added and the contents shook for 
exactly 5 min, the separated chloroform layer 
was collected in a 25 ml volumetric flask. A new 
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<•CHzCOONa C l ~  N H  

C 

(a) 

(CH3)aN 

N< 

+ 

Cl- 
N(CH3)= 

(b) 
Fig. 1. Structure of (a) Diclofenac sodium and (b) Methyl- 

ene Blue. 

10 ml volume of  chloroform volume was added 
and shook for 5 min, this second extract was 
combined with the first and this solution diluted 
to the mark  with chloroform. The absorbance of  
the organic phase was measured against a re- 
agent blank. The reagent blank was prepared 
exactly like the procedure described above, but 
in absence of  DS. 

Procedure of the assay of tab&ted dosage 

An amount  of  tablet powder equivalent to 80 
mg of  anti-inflammatory agent was weighed 
accurately and dissolved in water by magnetic 
stirring. Filtration through a filter paper 
(Whatman 40) was performed to remove insolu- 
ble matter  remaining. The solution was diluted 

to 50 ml with deionized water and treated as 
described above for the standard drug solution. 

R E S U L T S  A N D  D I S C U S S I O N  

Absorption spectra 

Diclofenac sodium reacted with MB in 
aqueous solution in alkaline medium to form a 
blue ion-association complex which was ex- 
tracted into chloroform. Figure 2 shows the 
absorption spectra of  this complex and the 
reagent blank. This complex has an absorption 
maximum at 653 nm against reagent blank, 
hence this wavelength was used for all sub- 
sequent measurements. Under the same exper- 
imental conditions the reagent blank gave a 
maximum absorption at 642 nm. 

Optimum conditions for complex formation 

In order to establish the opt imum pH range, 
DS was mixed with MB in aqueous solution 
from pH 8 to 11, and the ion-associated com- 
plex absorbance measured. Figure 3 shows that 
the absorbance increases and reaches a maxi- 
mum and constant value at 9.2-9.5 pH range. 
At pH values above 9.5 the absorbance decrease 
was probably due to the formation of a new 
ion-associated complex between MB and hy- 
droxyl anion in alkaline medium since exper- 
imentally, the reagent blank absorbance 
increases. Hence, a pH of 9.4 was used in all the 
subsequent experimental work. The shape of the 
spectra and maximum position did not vary 
with pH, so it was concluded that only one 
complex was formed at this pH range. 
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Fig. 2. The absorption spectra of the blank reagent (---), and DS-MB ( ) complex formed in the 

aqueous 0.05M NH+/NH3 buffer containing 5 x 10-4M MB and extracted with chloroform. 
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Fig. 3. Variation in absorbance of the DS-MB complex, fonned in aqueous 0.05M NH+/NH3 buffer 
containing 5 x 10-4M MB at different pH values (aborbances were obtained at 2653 nm)" 

The extent of  the extraction of the ion-associ- 
ated complex was found to be affected by the 
MB concentration. To establish the opt imum 
MB concentration the solution absorbances 
were plotted as a function of  MB concentration 
(Fig. 4). The absorbance of  the system increased 
in the range of  1-3.5 x 10-4M MB and the 
absorbance was practically constant in a range 
of 4-6 x 10-4M MB, hence a concentration of 
5.0 x 10-4M MB was used as the opt imum 
concentration. The excess of  MB in this system 
was 25-200 times the concentration of  DS. 

Two extractions were necessary to achieve a 
quantitative recovery of the complex. Ab- 
sorbances of  the separated extracts were stable 
for at least 1 hr. A shaking time of  5 min 

produced a constant absorbance. An ionic 
strength of  0.025M was produced by the buffer. 

Linearity 

A calibration curve was obtained under opti- 
mum conditions (pH 9.4; 5 x 10-4M MB; ionic 
strength 0.025M), absorbance responses were 
linear in relation to the calculated concentration 
of  DS over the range 0.8-6.4 mcg/mi 
(2.5 x 10-6-2.5 x 10-SM). The equation for 
one representative calibration curve is: 

A = ( -0 .0191  + 0.0423) + (0.1789 + 0.0105)C, 

where A and C correspond to absorbance 
and DS calculated concentration (pg/mi), 

1.3. 
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Fig. 4. Variation in absorbance of the DS-MB complex, formed in aqueous 0.05M NH~/NH~ buffer 
containing different concentrations of MB (absorbances were obtained at 2653,m). 
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Table 1. Comparison of sensitivity parameters of the differ- 
ent spectrophotometric methods for the determination of 

Diclofenac sodium 

Sandell Detection 
Analytical sensitivity limit 
reagent (rag/cm 2) (mcg /ml) 

Copper acetate 0.01026 1.00 
Methylene Violet - -  72.00 
Methylene Blue 0.006 0.37 

Table 2. Determination of Diclofenac sodium in different 
tableted dosage 

Labeled amount Amount found 
Drug (mg ) (rag) 

Flenaken 100.00 101.45 + 0.42 
Voltaren Retard 100.00 101.35 _+ 0.13 
Voltaren 50.00 49.97 _+ 0.15 

Each drug was analyzed eight times. 

respectively.  The  cor re la t ion  coefficient 
(r)  = 0.998 (n = 8), indica t ing  excellent  l inear-  
ity. T h e  mola r  absorp t iv i ty  coefficient was 
5.7 x 10aM - l  cm -~, and  the Sandel l  sensit ivity 
0.006 mg/cm 2 with a de tec t ion  l imit  o f  0.37 
mcg/ml  (1.2 x 10-6M) .  Table  1 shows tha t  the 
Table  1 shows tha t  the m e t h o d  repor ted  here 
has h igher  sensi t ivi ty than  o ther  s imilar  
methods ,  in which copper  acetate  4 and Methy l -  
ene Violet  5 are  employed  as analy t ica l  reagents.  

Appl icat ion  

The appl icab i l i ty  o f  the me thod  to the assay 
o f  s imple dosage  forms was examined  by analyz-  
ing F lenaken ,  Vol ta ren  and  Vol ta ren  Re ta rd  
tablets .  Tab le  2 shows the quant i t ies  ob ta ined  
by p r o p o s e d  m e t h o d  and  labeled amoun t .  The  
relat ive s t anda rd  devia t ions  are  lower than  1% 
indica t ing  good  precis ion and  the independence  

o f  the mat r ix  effect over  the absorbances  
measurements .  

CONCLUSIONS 

The p roposed  me thod  is economical ,  simple,  
rapid,  precise and sensitive. The use o f  M B  as 
analy t ica l  reagent  provides  a fair ly higher  sensi- 
t ivity c o m p a r e d  with o ther  s imilar  reagents  such 
as Methylene  Violet.  
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Summary--ln a novel approach to the use of macrocycles in separation systems, we report the use of 
macrocyclic ligands as electroosmotic flow modifiers for the separation of inorganic anions by capillary 
electrophoresis (CE). Inorganic anions were successfully separated through the use of 18-crown-6 or 
cryptand 2.2.2. as electroosmotic flow modifiers. We found that for our CE system, use of a macrocycle 
as the modifier resulted in better baseline stability and better efficiency than the commonly used modifier 
DETA. In our system, the separation efficiency and electroosmotic flow varied according to the pH of 
the buffer and the affinity of the macrocycle for the buffer metal cation. Results for sodium- and 
potassium-based buffers show that for the cryptand, pH plays a role in determining the amount of 
macrocycle-metal complex formed. Separations of a 12 anion standard illustrate these results. In addition, 
we report the effect of concentration of both macrocycle and metal ion on complex formation and resultant 
electroosmotic flow modification. Relationships between the macrocycle-metal complex, the buffer 
medium, the efficiency of separation, and the migration times of the analytes are discussed, and theoretical 
interpretations presented. 

Traditionally, ion chromatography (IC) has 
been used for the analysis of inorganic ions. 
However, in recent years capillary electrophor- 
esis (CE) has been explored as an alternate 
method of  inorganic anion and cation separ- 
ations because it provides several advantages 
with regard to sample size and separation 
efficiency. CE separations have resulted in 
theoretical plate numbers a hundred times 
greater than those achieved by IC separations/ 

CE separations are performed by introducing 
a sample into a buffer-filled capillary by gravity/ 
siphoning or electromigration, then allowing 
sample ions to migrate based on their respective 
charge-to-mass ratios in the presence of an 
electric field. Various separation systems have 
been developed that take advantage of the high 
efficiency of CE.: Normally buffer flows toward 
the negative electrode (cathode). This net flow 
of liquid towards the cathode, called the elec- 
troosmotic flow (EOF), is caused by a dielectric 
layer which forms between the negatively 
charged silanol groups on the surface of the 
capillary and the highly mobile cations in the 
buffer. The motion of the mobile cations results 

*Author to whom correspondence should be addressed. 

in a net flow of liquid toward the cathode as the 
buffer solvent is dragged along by the solvated 
cations. 

The migration order, resolution and mi- 
gration times of sample ions are optimized by 
the addition of EOF modifiers in the case of 
anion separations, or complexing agents in the 
case of cation separations. EOF modifiers are 
additives that influence the flow of buffer by 
modifying the dielectric layer at the surface of 
the capillary wall, slowing or reversing the 
direction of the bulk flow of liquid in the 
capillary. This reversal or slowing of the EOF 
results in shorter anion analysis times and an 
increase in peak efficiencies over conventional 
IC separations. 2 

The focus of the research reported herein is 
the use of crown ethers or cryptands as EOF 
modifiers in inorganic anion separations by CE. 
Many applications of macrocyclic molecules 
have been explored with excellent results. 3 s 
Previous articles have described the incorpor- 
ation of macrocycles as complexing agents, 
rather than as EOF modifiers, in CE buffer 
systems for separating cations. 9-t3 The well un- 
derstood ability of macrocyclic ligands to bind 
alkali metal cations catalyzed our interest in 

1-,,, ~ , L - - H  109 
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C a t i o n  50 c m  Detector  , 
Fig. 1. Equilibrium binding constants (in methanol) of alkali 
metal cations with various macrocyclic ligands explored in Fig. 2. Direction of electroosmotic flow in (A) an un- 

modified system and (B) a system in which the flow has been this study. [] cryptand 2.2.2; [] 18-crown-6;/X 15-crown-5; 
~) 12-crown-4. modified by the addition of a macrocycle. 

their potential for use in EOF modification. ~4'~5 
High binding constants between alkali metals 
and macrocycles ~4 (Fig. 1) promote the for- 
mation in the buffer of cationic complexes, 
which can act as EOF modifiers by forming a 
dielectric layer coupled to the negatively 
charged silanol groups on the wall of  the capil- 
lary (Fig. 2). Because of the weakly hydro- 
phobic, cationic nature of the macrocycle-metal 
complex, the bulk flow of solution is slowed to 
permit the detection of anions at the anode. The 
binding strength of a particular buffer metal ion 
with the macrocycle is a determining factor in 
the rate of EOF. 

E X P E R I M E N T A L  

Apparatus 

Analyses were performed on a Dionex capil- 
lary electrophoresis system (CES-1). The CES 
has five main components: an autosampler for 
sample selection as well as for injection; a fused 
silica capillary in which sample separations take 
place; positive and negative polarity high 
voltage power supplies capable of 30,000 V; a 
detector where the anion signal can be measured 
by direct or indirect UV/Vis detection; and a 

computer which controls voltage, injection 
method, injection time, number of samples run, 
the autosampler, time of analysis and rinses of 
the capillary. All samples in our analysis were 
introduced from the autosampler by gravity/ 
siphoning injection into the capillary. 

Materials  

Reagent-grade macrocycles 12-crown-4, 15- 
crown-5, 18-crown-6 and kryptofix (cryptand) 
2.2.2. were obtained from Aldrich Chemicals 
(Milwaukee, WI) and reagent grade chemicals 
were used in preparing all buffers and standards. 
The structures of these ligands are shown in 
diagram 1. Water used in the preparation of all 
buffers and standards was purified to 18 Mf~ 
resistivity using a Millipore Milli-Q water purifi- 
cation system (Waters, Bedford, MA, U.S.A.). 
Buffers were filtered using 0.45 /~m filters, to 
remove any particulate matter in the solution, 
and then degassed by sonication and evacua- 
tion. 

An ion exchange column packed with cation 
exchange resin (Dowex MSC-1, 20-50 mesh, 
Sigma Chemical, St. Louis, MO, U.S.A.) was 
used to prepare buffers containing different 
cations. The column was packed in water to 

el~ixand X2~ ~ 1 2 ~  
Diagram 1 
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avoid channeling, and solutions containing the 
replacement cation were prepared using the 
nitrate salts of the alkali metals. 

The mobility and peak efliciencies of inor- 
ganic anions are controlled by matching the 
background analyte with the species being ana- 
lyzed. Chromate ion was found to be the most 
useful in our system, as most of the anions in 
our standards had high electrophoretic mobili- 
ties. ~7 

RESULTS AND DISCUSSION 

Theoretical 

The relationship between the cation and 
macrocycle in a chromatographic separation 

where the new [M~] term is defined as the 
original metal ion concentration. Since the 
binding of metal ions by the macrocycle occurs 
in competition with the protonation reaction, 
we consider the degree to which protonation 
occurs by incorporating equations (4) and (6) 
into our overall expression for metal-ligand 
complex formation. The first expression de- 
notes the protonation of the macrocyclic nitro- 
gens: 

H + + LF ~-~ HL + , (4) 

which when combined with expression (1) be- 
comes: 

[HL + ] 
K I  - -  _ _  

[H + ][LF] 

[HL + ] 

([Lo] - [ML + ] - [HL + ] - [H2 L2+ ])([H + ])" 
(5) 

system has been described by Lamb and 
Smith. 16 The concept behind macrocycle-metal 
complex formation in a CE system is similar to 
that described for such an IC system. However, 
differences arise because the macrocycle incor- 
porated in a CE system is not adsorbed onto a 
stationary phase, but rather exists in dynamic 
equilibrium with the metal cation as a solute 
component of the buffer phase. In an effort to 
effectively describe the relationships that exist 
between the various macrocyclic ligands and the 
metal ions in the buffer system, theoretical 
calculations were performed for cryptand 2.2.2. 
and 18-crown-6. 

Cryptand 2.2.2. The concentration of 
metal-macrocycle complex in the CE buffer 
system can be determined for the cryptand 2.2.2. 
ligand by the following: 

[LF] = [L0] - [ML] - [HL + ] - [H2L2+], (1) 

where [LF] is the concentration of  free ligand in 
the system, [L0] is the original concentration of 
ligand, [ML] is the amount of metal-ligand 
complex formed, and the terms [HL] + and 
[H2L] 2+ correspond to the first and second 
protonation steps of the cryptand ligand. As- 
suming 1:1 stoichiometry, the equilibrium 
constant for the macrocycle-metal ion com- 
plexation is given by the following: 

L + M ÷ ~,~ ML ÷. (2) 

A combination of equations (1) and (2) yields 
the equilibrium constant expression: 

[ML + ] 
Kin= 

[LF][M + ] 

The second protonation constant expression is 
given by: 

HL + + H + ,~ H2L 2+, (6) 

which yields the following expression: 

[H 2 L 2 + ] 
K2 = (7) 

[HL + ][H ÷ ] 

The value of [H + ] was determined by measure- 
ment of the pH at equilibrium. The final theor- 
etical solution for [ML+], the amount of 
metai-ligand complex in the buffer, is given by 
a quadratic equation which was used to deter- 
mine the effect of cation identity, ligand concen- 
tration, metal concentration, and pH on the 
ability of cryptand 2.2.2. to form the metal- 
ligand complex which would regulate the elec- 
troosmotic flow. The theoretical plot of pH vs. 
metal-ligand complex formation is given in 
Fig. 3, and the effect of ligand concentration on 
metal-ligand formation is shown in Fig. 4. Each 
of these factors will be discussed in detail in a 
later section. 

18-Crown-6. Macrocycles which cannot be 
protonated, like 18-crown-6, interact with buffer 
cations according to the following: 

L + M + ~ ML + (8) 

[ML + ] 
Km = -  

[LF][M + ] 
[ML+I 

(9) 
([L0] - [ML + ])(IMP- ] - [ML + ]) 

[ML + ] 
) ( [L0]  - [ M L  + ] - [ H L  + ] - [H2 L 2+ ] ) ( [ M ~  ] [ M L  + ]) ' ( 3 )  
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Fig. 3. Theoretical plot of the effect of pH on the binding 
of cryptand 2.2.2 (2.0 mM) to metal ion (6.0 mM). [] % 
2.2.2 bound to K+; ~ % 2.2.2 bound to Na+; [] % K + 

bound to 2.2.2; A % Na ÷ bound to 2.2.2. 

From these expressions it can be seen that the 
amount of metal-macrocycle complex formed is 
not dependent on the pH as was the case for the 
cryptand 2.2.2. The predicted values for percent 
ligand and percent metal ion bound under 
different conditions are shown in Fig. 5. Con- 
ditions are given in the figure caption and these 
results will be discussed in a later section. 

Initially four different macrocycles were 
incorporated into our buffer system as electro- 
osmotic flow modifiers. However, only separ- 
ations involving 18-crown-6 and cryptand 2.2.2 
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Fig. 4. Theoretical plot of the effect of 2.2.2 concentration 
on % metal bound at a pH of 10 with a metal ion 
concentration of 6.1 raM. [] % K ÷ bound; /k % Na + 

bound. 
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Fig. 5. Theoretical plot of the effect of 18-crown-6 concen- 
tration on % metal bound (metal ion concentration = 6.1 

mM). [] % K + bound; • % Na + bound. 

were  ex tens ive ly  e x p l o r e d .  T h e  buf fe rs  i n c o r p o -  

r a t i n g  15-c rown-5  a n d  12-c rown-4  were  n o t  

p u r s u e d  a f t e r  p r e l i m i n a r y  resu l t s  (Fig .  6) indi-  

c a t e d  t h a t  ana lys i s  t imes  were  no  l o n g e r  wi th  

these  buffers .  T h e s e  resu l t s  can  be c o m p a r e d  to  

t h o s e  wi th  t he  18-c rown-6  (Fig.  7) a n d  

A 
6 . 7  

1 8 
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o 

B 

I P 
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p r r i 
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T i m e  
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10 15 

( r a i n )  
Fig. 6. Separation of 12 anion standards with the addition 
of(A) 12-crown-4 and (B) 15-crown-5 as the electroosmotic 
flow modifiers. The conditions are 2.0 mM sodium tetrabo- 
rate, 1.8 mM sodium dichromate, 43 mM boric acid, and 2.0 
mM 18-crown-6 at pH 7.2. Separation conditions: capillary, 
75 #m i.d. x 375 #m o.d. x 60 cm; injection, gravity, 100 
mm for 30 sec at 25 kV, indirect detection at 254 nm. Peak 
identities: (1) bromide, (2) chloride, (3) iodide, (4) sulfate, (5) 
nitrite, (6, 7) nitrate and oxalate, (8) thiocyanate. All analyte 
concentrations are 10 ppm with the exception of chloride 

which is 3 ppm. 
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Fig. 7. Separation of a 12 anion standard with (A) 2.0 mM sodium tetraborate, 1.8 mM sodium 
dichromate, 43 mM boric acid, and 4.0 mM 18-crown-6, pH 7.2; and (B) 2.0 mM potassium tetraborate 
(prepared by ion exchange), 1.8 mM potassium dichromate, 43 mM boric acid, and 4.0 mM 18-crown-6, 
pH 7.2. Separation conditions: capillary, 75 #m i.d. x 375 ttm o.d. × 60 cm; injection, gravity, 100 mm 
for 30 sec at 25 kV, indirect detection at 254 nm. Peak identities: (1) bromide, (2) chloride, (3) iodide, 
(4) sulfate, (5) nitrite, (6, 7) nitrate and oxalate, (8) thiocyanate, (9) citrate, (10) phosphate, (11) phthalate, 

(12) acetate. All analyte concentrations are 10 ppm with the exception of chloride which is 3 ppm. 

cryptand 2.2.2 (Fig. 8), which are superior in 
terms of overall speed of  analysis. 

Effect of  buffer cation on separation and complex 
formation 

The variation in binding constants for the 
alkali metal cations with both 18-crown-6 and 
cryptand 2.2.2 are shown in Fig. 1.~s From these 
binding constants and from effects seen in 
macrocycle-based IC separation systems, ~6 we 
anticipated changes in EOF according to the 
order of  buffer cation K + > Rb + > Na + > Cs + 
and Li+, regardless of which of  the two macro- 
cycles was used. This expected order follows the 
descending order of affinity of these cations for 
both macrocyclic ligands. 

To the extent possible, buffers were prepared 
using commercially available chemicals. How- 
ever, the required Li +, Rb + and Cs + salts were 
not commercially available. A cation exchange 
system was used to replace the sodium ion in 
buffers made from sodium salts with each of the 
other three. However, owing to the availability 

of the different salts, our research focused on 
Na + and K + buffers only. 

18-Crown-6. To determine the effect of 
changing the cation in the buffer system, analy- 
ses of an anion standard were performed using 
18-crown-6 as the EOF modifier with both Na + 
and K + borate/tetraborate buffers. Comparison 
of the electropherograms in Fig. 7 shows that 
significant variation in EOF occurs when the 
cation in the buffer is changed from Na + (Fig. 
7A) to K + (Fig. 7B). When K + is the cation in 
the buffer (Fig. 7B), the migration times and 
separation show improvement over the system 
in which the Na + is the cation in the buffer. 
Specifically, the migration times of 12 common 
anions were longer with the Na+-based buffer 
than with the K+-based buffer and not all peaks 
were resolved with the Na+-based buffer. These 
experimental results correspond to theory, 
which predicts that K + binds 18-crown-6 more 
strongly than Na + (Fig. 5). ~6 This conclusion is 
in keeping with our stated hypothesis concern- 
ing the mechanism of EOF modification by 
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Fig. 8. Separation of a 12 anion standard with (A) 2.0 mM sodium tetraborate, 1.8 mM sodium 
dichromate, 43 mM boric acid, and 8.0 mM cryptand 2.2.2, pH 7.2; and (B) 2.0 mM potassium tetraborate 
(prepared by ion exchange), 1.8 mM potassium dichromate, 43 mM boric acid, and 8.0 mM cryptand 2.2.2, 
pH 7.2. Separation conditions: capillary, 75/~m i.d. × 375/~m o.d. x 60 cm; injection, gravity, 100 mm 
for 30 sec at 25 kV, indirect detection at 254 nm. Peak identities: (1) bromide, (2) chloride, (3) iodide, 
(4) sulfate, (5) nitrite, (6, 7) nitrate and oxalate, (8) thiocyanate, (9) citrate, (I0) phosphate, (11) phthalate, 

(12) acetate. All analyte concentrations are 10 ppm with the exception of chloride which is 3 ppm. 

macrocyclic complexes. We conclude that the 
higher population of  macrocycle complexes in 
the presence of  K + is responsible for the su- 
perior modification of  EOF over the Na +-based 
buffer. 

Cryptand 2.2.2. Only above pH of  10 is the 
cryptand 2.2.2 sufficiently deprotonated for for- 
mation of  the metal-l igand complex to become 
important.  Above this pH, cation identity and 
concentration become significant contributors 
to the degree of EOF modification. 

The effect of  specific cations on complex 
formation with the cryptand can be seen in the 
theoretical plots of  Figs 3 and 4. The amount  of  
metal-l igand complex is expected to increase 
once the second pK~ has been reached for both 
the Na+-based and K+-based buffers (Fig. 3). It 
is interesting to note that cation identity does 
not influence metal-cryptand complex for- 
mation (Fig. 4) to the extent seen with the 
18-crown-6 system (Fig, 5), even at pH 10. 
Thus, the modification of  EOF expected with 

the substitution of K + for Na + in the buffer 
system was not as pronounced for the cryptand 
2.2.2 as it was for the 18-crown-6. However, 
the complex formation that occurs with either 
the Na  + or K + still results in the expected 
dielectric layer formation and modification of 
the EOF. 

Effect of  p H  on proton ionizable macrocycles 

A plot o f p H  vs. percent cryptand 2.2.2 bound 
to Na + or K + (Fig. 3) illustrates that at pH < 10 
the amount  of  metal-ligand complex is negli- 
gible compared to the amount  of  protonated 
macrocycle. The modification of the EOF by 
2.2.2 in this pH range is based entirely on 
protonation of the macrocycle rather than the 
degree of metal ion complexation. At the pH we 
used in our experiment (pH ,~ 7.2), EOF modifi- 
cation was due to protonation of the nitrogen 
groups in the macrocyclic ring, and not to the 
actual binding of the macrocycle with the metal 
ion. 
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T a b l e  1. Eff iciency a n d  m i g r a t i o n  t imes o f  3 p p m  C1-  in a b o r a t e / t e t r a b o r a t e  buf fe r  sys tem 
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L i g a n d  
c o n c e n t r a t i o n  (mM) 2 .2 .2 -Na  + 2 .2 .2 -K + 1 8 - c r o w n - 6 - N a  + 1 8 - c r o w n - 6 - K  + D E T A  

Plates  Pla tes  P la tes  Pla tes  Pla tes  
2.0 81542 67154 57589 53569 44713 
4.0 71244 57795 25115 59481 - -  
8.0 76065 99929 37618 61832 - -  

16.0 100787 96529 55400 55400 - -  
T ime  (rain) Time  (rain) Time  (rain) Time  (rain) Time  (rain) 

2.0 4,48 4.58 4.92 4.92 4.27 
4.0 4.73 4.58 4.74 4.74 - -  
8.0 4.51 4.48 5.49 4.82 - -  

16.0 4.50 4.40 4.98 4.98 - -  

Support of this conclusion can be seen in a 
comparison of the two cryptand 2.2.2 electro- 
pherograms seen in Fig. 8. The two are not 
significantly different even though Fig. 8A was 
obtained using a Na+-based buffer and Fig. 8B 
a K+-based buffer, both at a pH of  ~7.2. The 
large difference in the binding constants be- 
tween Na + and K + with this macrocycle causes 
one to expect a greater modification of EOF 
evidenced by shorter retention times of the 
analytes in Fig. 8B. These results conform to the 
hypothesis that pH, not metal-macrocycle com- 
plex formation, was the predominant factor in 
EOF modification. The protonated, positively 
charged cryptand 2.2.2 formed a dielectric layer 
with the walls of the capillary and resulted in a 
modification of the EOF that was equal or 
better in many aspects to modifying agents we 
had previously used in our buffer systems. A 
comparison of the electropherogram in Fig. 8B 
with the electropherogram in Fig. 9 shows the 
baseline improvement and improved efficiency 
seen with the protonated macrocycle system 
over a system employing DETA (diethylenetri- 
amine) as the modifying agent. 

An experiment was designed in which phos- 
phate buffers, containing either the Na + or K + 
coupled with the cryptand 2.2.2, were adjusted 
to higher pH in an attempt to correct for this pH 
dependency. However, when these buffers were 
used the current became inordinantly high, re- 
sulting in a low resistance error in the system. 

Effect of the modifier on migration times, 
efficiency and resolution 

Table 1 shows the efficiencies and migration 
times of C1- using the borate/tetraborate buffer 
system, pH 7.2, using different electroosmotic 
flow modifiers, including both macrocycles 
and DETA. The CI- migration time and its 
dependence on the modifier is representative 
of all sample anions. The migration time of 
C1- follows the order DETA < 2.2.2- 
K + ~ 2.2.2-Na + < 18-Crown-6-K+ << 18-crown- 
6-Na +. Table 2 shows the results of efficiency 
and migration times for C1- in a phosphate 
buffer system, pH 5.0. The migration order for 
the phosphate system with the various modi- 
fiers followed the order 2.2.2-Na + ~2.2.2- 
K + < DETA < 18-crown-6-K + < 18-crown-6- 
Na +. Migration times for the two buffers are 
quite different. However, results for either buffer 
system support the conclusion that the effect on 
the electroosmotic flow using cryptand 2.2.2 is 
independent of buffer cation as described 
above. Based on these C1- results, the borate/ 
tetraborate buffer with cryptand 2.2.2 as the 
modifying agent resulted in the best efficiencies 
and migration times in our system. 

When 18-crown-6 was used as the modifying 
agent the borate/tetraborate system yielded bet- 
ter efficiency and resolution than the phosphate 
buffer system. Results for the K ÷- phosphate/ 
18-crown-6 buffer system are not included in the 

T a b l e  2. Efficiency a n d  m i g r a t i o n  t imes o f  3 p p m  C I -  in a p h o s p h a t e  buffer  sys tem 

L i g a n d  
c o n c e n t r a t i o n  (mM) 2 .2 .2 -Na  + 2 .2 .2-K + 1 8 - c r o w n - 6 - N a  + 1 8 - c r o w n - 6 - K  + D E T A  

Pla tes  Pla tes  Pla tes  P la tes  P la tes  
2.0 34942 34452 13234 - -  48779 
4.0 60114 47743 15063 - -  - -  

10.0 62104 65821 11300 - -  - -  
T ime  (rain) Time  (rain) Time  (rain) Time  (rain) Time  (rain) 

2.0 2.65 2.75 3.28 - -  3.13 
4.0 2.61 2.63 3.10 - -  - -  

10.0 3.00 2.70 2.60 - -  - -  
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Fig. 9. Separation of a 11 anion standard with (A) 2.0 m M  potassium tetraborate, 1.8 m M  sodium 
dichromate, 43 m M  boric acid, and 2.0 m M  DETA, pH 7.2. Separation conditions: capillary, 75 p m  
i.d. x 375 p m  o.d. x 60 cm; injection, gravity, 100 mm for 30 sec at 25 kV, indirect detection at 254 nm. 
Peak identities: (1) bromide, (2) chloride, (3) sulfate, (4) nitrite, (5) nitrate, (6) oxalate, (7) thiocyanate, 
(8) citrate, (9) phosphate, (10) phthalate, (1 I) acetate. All analyte concentrations are 10 ppm with the 

exception of chloride which is 3 ppm. 

table as the separation for this system was poor 
and there was a constant fluctuation in current 
when this system was employed. A comparison 
of results for the Na+-borate/18-crown-6 and 
K+-borate/18-crown-6 buffers for C1 ion sep- 
aration clearly support earlier conclusions that 
K +, the metal with the higher binding constant, 
results in the greatest modification of EOF. 

As seen in Tables l and 2, the efficiency of C1- 
using the macrocycle-based buffers is higher 
than when using the DETA-borate-tetraborate 
based buffer. However, the opposite is true 
when using the phosphate buffer. The migration 
time results in Table l indicate that the 
DETA-borate-tetraborate buffer yields slightly 
faster migration times, although higher efficien- 
cies and better baseline stability are observed 
with a macrocycle as the modifier. The opposite 
was seen for the phosphate system. The mi- 
gration times with the phosphate-macrocycle 
system were faster than with the DETA system, 
but the efficiency was lower. 

In addition to the effects on efficiency and 
migration times, higher concentrations of the 
macrocycle resulted in efficiency and resolution 
improvement when using both the borate and 
phosphate buffers. The resolution of two peaks 
as the concentration of cryptand 2.2.2 is in- 
creased illustrates this point (Fig. 10). 

CONCLUSIONS 

One possible disadvantage of using cryptands 
as electroosmotic flow modifiers is the expense 
involved with cryptands. While the current mar- 
ket price of the cryptand 2.2.2 discourages its 
use in analyses where it is difficult to recover, 
our results do show that use of macrocycles as 
electroosmotic flow modifiers in CE buffer sys- 
tems yields better separations and higher 
efficiencies than use of DETA. Macrocycles can 
function as EOF modifiers because the metal- 
macrocycle complex forms a dielectric layer 
with the charges on the capillary surface. Theor- 
etical calculations of complexation reactions 
conform to our experimental results. 

One advantage of a macrocycle-based CE 
system we found is the improved effÉciency that 
can be achieved with the cryptand 2.2.2 over 
DETA. We also observed an improvement in 
baseline stability over many analyses we have 
performed with DETA. Finally, we found that 
there exists a relationship between the quality of 
separations and the buffer-macrocycle system 
used. With phosphate buffer, the migration 
times of the anions were fast but the efficiencies 
were poor. With borate-tetraborate buffer the 
migration times were somewhat slower but 
efficiencies were much better. 
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Fig. 10. The effect of changing the modifier concentration 
is illustrated as the resolution of peaks 2 and 3 is seen as the 
concentration of the cryptand 2.2.2 changes from: (A, B) 
2.0, 4.0 mM; peak identities: (1) bromide, (2,3) chloride and 
iodide, (4) sulfate, (5) nitrite, (6) nitrate, (7) thiocyanate; (C) 
8.0 mM; peak identities (2) chloride, (3) iodide; (D) 16 mM, 
peak identities: (2) chloride, (3, 4) iodide and sulfate. All 
analyte concentrations are 10 ppm with the exception of 

chloride which is 3 ppm. 

117 

Acknowledgements--The authors would like to thank 
undergraduate assistants Max Mortensen, Danny Spencer, 
and Greg Hart for help in the experimental work. 

REFERENCES 

1. J. W. Jorgenson and K. D. Lukacs, Anal. Chem., 1981 
53, 1298. 

2. W. R. Jones, P. Jandik and R. Pfeifer, Am. Lab., 1991, 
23(8), 40. 

3. K. Kimura, H. Harino, E. Hayata and T. Shono, Anal. 
Chem., 1986, 58, 2233. 

4. E. Blasius and K. P. Janzen, Top. Curt. Chem., 1981, 98, 
163. 

5. E. Blasius, K. P. Janzen, W. Klein, H. Klotz, V. B. 
Nguyen, T. Nguyen-Tien, R. Pfeiffer, G. Scholten, 
H. Simon, H. Stockemer and A. Toussaint, J. Chro- 
matogr., 1980, 201, 147. 

6. M. Nakajima, K. Kimura and T. Shono, Bull. Chem. 
Soc. Jpn., 1983, 56, 3052. 

7. T. lwachido, H. Naito, F. Samukawa, K. Ishimaru 
and K. Toei, Bull. Chem. Soc. Jpn., 1986, 59, 
1475. 

8. M. Lauth and P. Gramain, J. Chromatogr., 1987, 395, 
153. 

9. F. S. Stover, J. Chromatogr., 1984, 298, 203. 
10. F. S. Stover, J. Chromatogr., 1986, 368, 476. 
11. K. Fukushi and K. Hiiro, Talanta, 1988, 35, 55. 
12. S. Fanali, M. Cristalli and M. G. Quaglia, J. Chro- 

matogr., 1989, 472, 441. 
13. K. Fukushi and K. Hiiro, J. Chromatogr., 1990, 523, 

281. 
14. R. M. lzatt, J. S. Bradshaw, S. A. Nielsen, J. D. 

Lamb and J. J. Christensen, Chem. Ret'., 1985, 85, 
271. 

15. R. M. Izatt, K. Pawlak, J. S. Bradshaw and R. L. 
Bruening, Chem. Ret,., 1991, 91, 1721. 

16. J. D. Lamb and R. G. Smith, J. Chromatogr., 1993, 640, 
33. 

17. P. Jandik, W. R. Jones, A. Weston and P. R. Brown, 
LC.GC, 1991, 9, 634. 



Pergamon 0039-9140(94)00227-4 

Talanta, Vol. 42, No. l, pp. 119-127, 1995 
Copyright ~3 1994 Elsevier Science Ltd 

Printed in Great Britain. All rights reserved 
0039-9140/95 $9.50 + 0.00 

USE OF SURFACTANT-MEDIATED PHASE SEPARATION 
(CLOUD POINT EXTRACTION) WITH AFFINITY 

LIGANDS FOR THE EXTRACTION OF HYDROPHILIC 
PROTEINS 
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Summary--The feasibility of utilizing a zwitterionic surfactant, 3-(nonyldimethylammonio)propylsulfate, 
or nonionic surfactant, Triton X-114, mediated phase separation in conjunction with affinity ligands was 
studied for hydrophilic protein extractions. Below (or above) its critical temperature (so-called cloud 
point), aqueous solutions of zwinerionic (or nonionic) surfactants separate into two immiscible phases, 
a surfactant-rich phase and an aqueous phase. Avidin was successfully extracted into the zwitterionic 
surfactant-rich phase when a small amount of the affinity ligand, N-(biotinoyl)dipalmitoyl-L-ct-phos- 
phatidyl ethanolamine, was added to the system. It was not possible to extract hexokinase into the 
surfactant-rich phase of the nonionic surfactant, Triton X-114, even if a considerable amount of 
octyl-fl-D-glucoside was added to the solution as an affinity ligand. In contrast, the use of the zwitterionic 
surfactant and octyl-fl-o-glucoside as an affinity ligand proved to be effective for the extraction of 
hexokinase. The hexokinase extraction efficiency was found to depend upon the solution pH and the 
concentration of the affinity ligand in the system. The results clearly indicate that hydrophilic proteins 
can be successfully extracted with surfactant mediated phase separations (cloud point extractions) via use 
of the zwitterionic surfactant, 3-(nonyldimethylammonio)propylsulfate, and appropriate affinity ligands. 
Some advantages of zwitterionic surfactants in such extractive processes relative to that of nonionic 
surfactants are delineated. 

Aqueous solutions of many neutral (nonionic 
and zwitterionic) surfactant micellar systems, 
when subjected to temperature alterations, ex- 
hibit critical phenomenon. L2 That is, nonionic 
surfactant solutions, when heated, became tur- 
bid at the cloud point) Above the cloud point 
temperature, such solutions separate into two 
isotropic phases, i.e. a surfactant-rich phase 
(also referred to as micellar-rich or coacervate 
phases in the literature ~-3) and an essentially 
bulk aqueous phase. In contrast, aqueous sol- 
utions of certain zwitterionic surfactants display 
an upper consolute boundary. Thus, their 
isotropic two-phase region exists at tempera- 
tures below (rather than above) their critical 
temperature. 2 

Normally, the surfactant-rich phase has a 
very small volume element and hydrophobic 

*Present address: Hokkaido University, Faculty of Engin- 
eering, Analytical Chemistry Laboratory, Sapporo, 060, 
Japan. 

tAuthor to whom correspondence should be addressed. 

species are efficiently concentrated into this 
phase allowing for their extraction and concen- 
tration. This phase separation behavior of non- 
ionic surfactant micellar solutions (so-called 
cloud point extraction) was first utilized by 
Watanabe for the extraction and preconcentra- 
tion of metal ions (as their metal chelates). 4'5 
Subsequently, Bordier applied such phase separ- 
ation behavior of solutions of the nonionic 
surfactant, Triton X-114, for the extraction and 
purification of hydrophobic membrane pro- 
teins. 6 An important advantage of the latter 
method is that membrane proteins can be easily 
separated from hydrophilic peripheral proteins. 
Since nonionic surfactant solutions are rela- 
tively mild, the hydrophobic proteins typically 
do not undergo any denaturation during the 
process. As a result, this general technique has 
experienced increasing popularity since Bor- 
dier's initial report} "~ 

Recently, it has been reported that zwitteri- 
onic surfactants can be utilized in an analogous 
manner for the separation of hydrophobic from 
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Fig. 1, Schematic representation of the surfactant-mediated 
phase separation process and affinity ligand partitioning in 
neutral mice]lar systems. Note: the surfactant-rich phase in 
the final phase separated system is not necessarily a micellar 

aggregate.t'3=° 

hydrophilic proteins. 9 More important, the gen- 
eral use of zwitterionic (rather than nonionic) 
surfactants in such an extraction technique ap- 
pears to offer significant advantages in terms of 
purer, homogenous surfactant preparation, 
minimum background absorbance at UV detec- 
tion wavelengths, the two-phase region occur- 
ring at lower temperatures, more rapid phase 
separation, greater extraction efficiencies and 
concentration factors among others. A compre- 
hensive review of the theory and applications of 
surfactant-mediated phase separations in ana- 
lytical chemistry is available. ~° It should be 
noted that the phase separation behavior exhib- 
ited by aqueous solutions of other molecules, 
such as derivatized cyclodextrins j~ and poly- 
meric systems, ~2 has also been successfully ex- 
ploited in extractive separations. 

As yet, there appear to be no reports in the 
literature concerning the use of appropriate 
affinity ligands in conjunction with surfactant 
mediated cloud point extractions for the sub- 
sequent selective extraction and purification of 
hydrophilic proteins. The idea would be to use 
a relatively hydrophobic affinity ligand which 
would be specific for and strongly interact with 
the desired hydrophilic protein so that the re- 
sulting affinity ligand:protein complex would 
partition to the surfactant micellar aggregate 
and thus become concentrated in the surfactant- 
rich phase following phase separation. Figure 1 
depicts the affinity cloud point extraction pro- 

cess. The use of affinity ligands in conjunction 
with the cloud point extraction would thus 
extend the scope of Bordier's original technique 6 
to include selective extraction of hydrophilic 
proteins. It is rather surprising that this ap- 
proach has not been previously reported in view 
of the fact that other extractive separation 
methods have been developed which employ the 
affinity interaction between proteins and sub- 
strates for efficient protein purification. ~3 For 
example, aqueous polymeric phase separation 
systems with affinity polymer¢ 2't4"~5 as well as 
reversed micellar solvent extractions with 
affinity ligand¢ 6 have been examined and devel- 
oped for large scale protein purifications. 

In this paper, we report the preliminary re- 
sults of a feasibility study concerning the use of 
affinity ligands in conjunction with the zwitteri- 
onic and nonionic surfactant mediated phase 
separation technique for the extraction of rela- 
tively hydrophilic proteins. Avidin and hexoki- 
nase were extracted employing alkyl-biotin and 
octyl-fl-D-glucoside, respectively as the affinity 
ligands in such cloud point extraction with the 
zwitterionic surfactant, 3-(nonyldimethylammo- 
nio)propyl sulfate (C9-APSO4). In addition, the 
use of the nonionic surfactant, Triton X-! 14 in 
such affinity cloud point extractions was exam- 
ined. 

EXPERIMENTAL 

Apparatus 

All absorbance spectra and intensity measure- 
ments were made on a Varian Cary 219 UV-vis- 
ible spectrophotometer. The pH measurements 
were made on a Corning Model 135 pH/ion 
meter. 

Chemicals 

The zwitterionic surfactant, 3-(nonyldimethy- 
lammonio)propyl sulfate, (C9-APSO4) was 
synthesized using a modified literature 
procedure 2 as recently reported. 9 The corre- 
sponding decyl analog (CI0-APSO4) is 
commercially available from Aldrich 
Chemical Co. (Milwaukee, WI, U.S.A.). The 
nonionic surfactants, polyethylene(7-8)-p-t- 
isooctylphenylether (Triton X-II4) and poly- 
oxyethylene(23)dodecanol (Brij-35) were 
obtained from Sigma Chemical Co. (St Louis, 
MO, U.S.A.) as 20 and 30 wt% solutions, 
respectively. The proteins and enzymes, i.e. 
avidin, from egg white; hexokinase, from 
baker's yeast, type III; concanavalin A, from 
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Canavalia ensiJ'ormis, type V; and ribonuclease 
B, from bovine pancreas, type III-B, were all 
also purchased from Sigma Chemical Co. and 
used as received. The affinity ligands N(bioti- 
noyl)dipalmitoyl-L-~-phosphatidyl ethanola- 
mine triethylammonium salt (R-biotin) and 
octyl-/3-D-glucoside (octyl-glucoside) were ob- 
tained from Molecular Probes (Eugene, OR, 
U.S.A.) and Boehringer-Mannheim (Indiana- 
polis, IN, U.S.A.), respectively. The water em- 
ployed in this work was in-house distilled water 
which was further purified by passage through 
a Milli-Q System (Millipore Corp.). All other 
chemicals, reagents, and solvents were of the 
best commercial grade available. 

Procedures 

Determination of  phase diagrams and phase 
ratios. The phase behavior of the zwitterionic 
surfactant, C9-APSO4, in the presence of differ- 
ent amounts of the affinity ligand, octyl-glu- 
coside, was determined by monitoring the 
temperature required for clarification of the 
solution mixture upon heating (or the onset of 
turbidity upon subsequent cooling). Typically, 
a 1.00 ml aqueous solution and 0.2000 g total 
of the surfactant and affinity ligand were 
thoroughly mixed in a 2.0 ml vial subsequent to 
being placed in a controlled temperature water 
bath (Haake, Berlin, Germany). The slope of 
the temperature change was less than I'~C per 15 
rain. 

In the case of the nonionic surfactant system, 
a 0.20 ml portion of a 10 g/dl Triton X-114 
aqueous solution and varying amounts of a 1.00 
g/dl octyl-glucoside solution and methylene 
chloride were added to a 2.0 ml vial. Enough 
water was added to this mixture so that the final 
volume was 1.00 ml. The vial was placed in the 
controlled temperature water bath and the onset 
of turbidity (or clarification) temperature deter- 
mined as described for the zwitterionic system. 

The phase ratio (i.e. ratio of the volume of the 
surfactant-rich phase to that of the aqueous 
phase following phase separation) of the differ- 
ent surfactant micellar aqueous solutions was 
determined using a calibrated glass tube. The 
appropriate aqueous surfactant solution was 
placed into the tube and kept at 4 C  for one 
week in the case of C9-APSO4 (or at 3 0 C  for 
four days in the case of Triton X-114) prior to 
measurement of the respective phase volumes. 
The results reported are the average of triplicate 
measurements. [Note: this procedure for deter- 
mination of the phase ratio under different 

experimental conditions was far more accurate 
than that determined using centrifuge tubes and 
direct centrifugation. No detectable effect of 
centrifugation at 1500 rpm (or even 10,000 rpm) 
was observed on the determined volume frac- 
tions of the aqueous and surfactant-rich phases.] 

Affinity cloud point extraction of  avidin with 
zwitterionic C9-APS04 and R-biotin as affinity 
ligand. A mass (0.00-10.0 mg) of the R-biotin 
affinity ligand and C9-APSO4 surfactant 
(190.0-200.0 mg) were placed into a 2.0 ml vial. 
The total mass of the mixture was kept at 0.2000 
g. A 0.950 ml portion of an appropriately 
buffered aqueous solution was next added to the 
vial. This solution was sonicated until two clear 
liquid phases resulted. The vial was placed into 
an ice water bath in order to maintain a tem- 
perature of OC. Next, 0.050 ml of an avidin 
solution (containing 5.0 mg avidin/ml) was 
added to the vial, the vial mildly stirred for 5 
min at 4~C, and then centrifuged at 3000 rpm 
for 10.0 min. A 0.500 ml aliquot of the bulk 
aqueous phase of the phase separated system 
was withdrawn from the vial using a Hamilton 
microsyringe and mixed well with an equivol- 
ume portion of a 1.0 wt% Brij-35 buffered 
aqueous solution which had been adjusted to 
the same pH as the extraction solution under 
study. The concentration of avidin and R-biotin 
present in the aqueous phase were calculated 
from absorbance measurements at 282 and 260 
nm, respectively. The extraction percentage of 
avidin as a function of pH was calculated on the 
basis of the mass balance of avidin and the 
volume of the aqueous and the surfactant-rich 
phases. 

Affinity cloud point extraction of  proteins with 
nonionic Triton X-114 and octyl-glucoside as the 
affinity ligand. A 0.200 ml aliquot of 10.0 g/dl 
Triton X-114 aqueous solution (or 10.0 g/dl 
Triton X-114 solution containing 2.50 g/dl of 
ocytl-glucoside aqueous solution) was pipetted 
into a 2.00 ml sample vial. Next, 0.100 ml of 
0.05M Tris-HC1 buffer and 0.600 ml distilled 
water were added to the vial. After the solution 
was cooled to 4.OC, a 0.100 ml portion of an 
appropriate protein solution (containing 5.0 mg 
protein per ml) was also added to the vial. The 
resulting solution was gently stirred for 5 rain 
while the temperature was maintained at ca. 
4°C. A small amount of methylene chloride was 
next added in order to promote the phase 
separation (2 ktl in the case of the Triton X-114 
only system and 4.3 /~1 for the Triton X-l l4-  
octyl-glucoside affinity system). After the vial 
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was placed into a constant temperature water 
bath (30°C) for 5 min, it was centrifuged (at 
3000 rpm) for 10 min at room temperature (ca. 
23°C). An aliquot of  the aqueous phase of  the 
phase separated system was withdrawn and the 
protein concentration determined via use of  
Lowry's  method ~7 following appropriate  di- 
lution. [Note: The concentration of  the surfac- 
tants, C9-APSO4 and octyl-glucoside, in the 
aqueous phase is roughly equal to their critical 
micelle concentration (CMC). At this concen- 
tration level, the surfactants'  presence did not 
interfere with Lowry's  method. Some interfer- 
ence was noted due to the buffer components.  
However, after dilution of  the sample, this 
presented no difficulty.] The protein extraction 
percentage was calculated on the basis of  the 
material balance and phase ratio of  the extrac- 
tion system. 

Affinity cloud point extraction of  hexokinase 
with C9-APSO4 and octyl-glucoside as 
affinity ligand. Portions of  octyl-glucoside 
(0.000-0.0600 g) and C9-APSO4 (0.1400-0.2000 
g) were placed in a 2.00 ml vial. The total 
amount  of  both materials present was always 
0.2000 g. Next, 0.900 ml of  buffer solution was 
added to the vial. The vial was shaken to mix its 
contents and after a clear homogenous solution 
(or clear two phase solution) was obtained, the 
vial was placed into an ice water bath. A 0.100 
ml portion of  hexokinase (7.5 mg/ml) was added 
to the system. The contents of  the vial were then 
mildly stirred for 5 min at 4°C after which it was 
centrifuged (at 3000 rpm) for 10 min at 4°C. A 
0.500 ml aliquot of  the aqueous phase was 
collected by use of  a microsyringe and mixed 
with an equivolume buffered 1.0 wt% Brij-35 
aqueous solution which was adjusted to the 
same pH value as that of  the original sample 
solution. The estimation of  the extraction per- 
centage of  hexokinase was the same as that 
previously described. 

RESULTS AND DISCUSSION 

Phase ratios and diagrams 

The phase diagram for the zwitterionic sur- 
factant, C9-APSO4, in the absence of  any 
affinity ligand additives has previously been 
reported in the literature. 2,9 Figure 2 shows the 
volumes of the surfactant-rich extractant and 
aqueous phases as a function of  the concen- 
tration of  the affinity ligand, octyl-glucoside, for 
the zwitterionic C9-APSO4, surfactant system. 
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Fig. 2. Volume of aqueous and surfactant-rich phases 
following phase separation of aqueous mixtures containing 
C9-APSO4 and octyl-glucoside as a function of the % 
octyl-glucoside present (i.e. [octyl-glucoside]/[octyl-glu- 
coside] + [C9-APSO4] ). Conditions: 1.00 ml aqueous sol- 
ution volume mixed with 0.2000 g total amount of the 

octyl-glucoside and C9-APSO 4 surfactants. 

As the amount  of  the octyl-glucoside increased, 
the volume of  the surfactant-rich extractant 
phase slightly increased. Additionally, as seen in 
Fig. 3, the critical temperature for the phase 
separation of  aqueous solutions of  C9-APSOa 
decreased as the amount  of  octyl-glucoside pre- 
sent was increased. For example, the critical 
temperature of  an aqueous solution composed 
of  0.1500 g of C9-APSO4 and 0. 1000 g octyl-glu- 
coside was approximately 0°C whereas in the 
absence of  any octyl-glucoside, it was ca. 65°C. 
It may be noted that the critical micelle concen- 
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Fig. 3. Cloud point (upper critical temperature) of an 
aqueous mixed solution of zwitterionic C9-APSO 4 surfac- 
tant and octyl-glucoside affinity ligand as a function of the 
% octyl-glucoside present (i.e. % concentration ratio of 
octyl-glucoside [octyl-glucoside]/[octyl-glucoside] + [C9- 
APSO4] ). L refers to the single isotropic solution region, 
whereas 2L indicates the region where two isotropic phases 

coexist. 
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Fig. 4. Cloud point curves for aqueous solutions containing 
Triton X-114, octyl-glucoside, and methylene chloride as a 
function of the amount of added methylene chloride. Con- 
ditions: [Triton X-114] = 2.0 g/dl with [octyl-glucoside]: (O) 

0, (O) 0.20, (V-l) 0.30, and (m) 0.40 g/dl. 

tration (CMC) of C9-APSO4 is 45.0mM in 
water in the absence of any additives. 9"'° 

The cloud point of  a 2.00 g/dl Triton X-I14 
aqueous solution in the absence of any additives 
is 27°C. This value is in fairly good agreement 
with literature reports which range from 20 to 
30°C for the cloud point of  Triton X-114 sol- 
utions depending upon the exact surfactant 
concentration employed. ~° As can be seen from 
the data presented in Fig. 4, which illustrates the 
influence of methylene chloride upon the cloud 
point of  Triton X-114 in the presence and 
absence of different amounts of the affinity 
ligand, octyl-glucoside, the cloud point tem- 
perature of  Triton X-114 is drastically altered by 
additives. I f  increasing amounts of  octyl-glu- 
coside are added to aqueous solutions of  Triton 
X-114, the cloud point increases and higher 
temperatures are required for the phase separ- 
ation. This could be detrimental in protein 
extractions since the activity of  many enzymes is 
known to decrease in the presence of surfactant 
solutions at or above room temperature. ~8'~9 
However, it is well known that the addition of 
very small amounts of  some relatively hydro- 
phobic organic solvents can cause significant 
decreases in the cloud point of  nonionic surfac- 
tant solutions. Thus, as can be observed from 
Fig. 4, the addition of small amounts of  methyl- 
ene chloride was found to be very effective in 
that it decreased the cloud point temperature of  
the Triton X-114/octyl-glucoside affinity system 
so that protein extractions can be carried out 
well below room temperature. In addition, its 
use resulted in the formation of a rigid, surfac- 

tant-rich extractant phase. Recently, there was a 
report in the literature concerning the use of  
glycerol to decrease the cloud point of  Triton 
X-114 solutions in an analogous manner, s In 
most of  our extraction studies the cloud point of  
the aqueous solutions of  Triton X-l14 a n d  

octyl-glucoside were adjusted to be approxi- 
mately 7°C by the addition of  appropriate 
amounts of  methylene chloride. 

The volume of the surfactant-rich phase fol- 
lowing phase separation of 1000 ml of  an 
aqueous 2.0 g/dl Triton X-114 solution contain- 
ing 2 ml/l. methylene chloride was found to be 
0.149 ml while that containing 4.3 ml/l. methyl- 
ene chloride plus 0.50 g/dl octyl-glucoside was 
0.178 ml. The CMC value for Triton X-114 in 
water in the absence of any additives is 
0.35mM. '° 

Affinity cloud po&t extraction of  avidin using 
C9-APS04 with R-biot& as the affinity ligand 

Figure 5 illustrates the extent of  extraction 
of avidin into the C9-APSO4 surfactant-rich 
phase as a function of the concentration of the 
affinity ligand, N-(biotinoyi)dipalmitoyl-L-~- 
phosphatidylethanolamine tr iethylammonium 
salt (R-biotin), present. In the absence of a n y  

added affinity ligand or at very low R-biotin 
concentrations, the extraction percentage of 
avidin was low (ca. 10%) and did not signifi- 
cantly increase. However, in the higher concen- 
tration region of the R-biotin affinity ligand, the 
extraction of avidin increased. Thus, the overall 
shape of the curve for the extraction efficiency 
of  avidin versus concentration of R-biotin is 
sigmoidal. Although avidin is considered to be 
a relatively hydrophilic protein, approximately 
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Fig. 5. Degree of extraction of avidin as a function of added 
affinity ligand, N-(biotinoyl)dipalmitoyl-L-eophosphatidyl 
ethanolamine (R-biotin) present (i.e. [R-biotin]/[R-bi- 
otin] + [C9-APSO4]) for the cloud point extraction with the 

zwitterionic surfactant, C9-APSO4, at 4 C. 
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88% of the avidin was extracted from the 
aqueous solution into the C9-APSO4 surfactant 
phase with only 10.0 mg of the R-biotin affinity 
ligand being required. The distribution co- 
efficient for avidin (i.e. [avidin]s,rr/[avidin],q) fol- 
lowing cloud point extraction with C9-APSO4 
was found to be 0.41 in the absence of and 22.5 
in the presence of 5.0% of the biotin affinity 
ligand. 

It is well known that the avidin-biotin inter- 
action is very strong. For instance, the 
avidin:biotin complex reportedly has a dis- 
sociation constant (Kin) of approximately 
10-~5M.2° The efficient cloud point extraction of 
avidin can be regarded as resulting from this 
strong interaction which allows the hydro- 
phobic affinity R-biotin ligand to "drag" the 
bound avidin into the C9-APSO4 surfactant 
micellar phase (as illustrated in Fig. 1). The 
strong avidin-biotin interaction had previously 
been utilized for several applications in mem- 
brane chemistry and molecular biology. 2~'22 The 
developed R-biotin ligand affinity cloud point 
extraction using C9-APSO4 might also prove to 
be a useful alternative method in these type of 
applications. 

The described cloud point affinity extraction 
procedure may not prove to be as useful for the 
large-scale purification of avidin or avidin-com- 
bined protein materials due to the requirements 
for its subsequent recovery from the extractant 
phase. In the biotin affinity chromatographic 
purification procedure for avidin, the conditions 
required for the subsequent elution of avidin 
from its biotin-bound state were a combination 
of low pH (pH 1.5) and a high concentration 
(6.0M) of guanidine hydrogen chloride. How- 
ever, Orr et al. 23'24 have reported that while the 
free base form of 2-imminobiotin also strongly 
interacts with avidin ( K  m = 3.5 x 10-1tM), the 
cationic form (in the region below pH 4) only 
interacts weakly (Km < 10 3M) .  Thus, the use 
of such alkyl-2-imminobiotin affinity ligand in- 
stead of the R-biotin ligand described should 
prove to be superior for the large scale purifi- 
cation of avidin using the described affinity 
cloud point extraction method. This is due to 
the subsequent ease with which the avidin could 
then be recovered from the extractant surfac- 
tant-rich phase. 

Under the optimal experimental conditions, 
the extraction per cent of avidin (ca. 88%) was 
not quite quantitative. This is probably the 
consequence of the fact that the avidin-biotin 
interaction is altered by the presence of the 

C9-APSO 4 surfactant present and/or that some 
of this surfactant still present (after phase separ- 
ation) in the bulk aqueous phase could solubil- 
ize some of the R-biotin affinity ligand (and thus 
some of the bound avidin). Based on phase 
diagrams reported by Niisson et al., 2 the concen- 
tration of C9-APSO4 originally present in the 
extraction system is above 60 wt%. Thus, it 
would not be surprising if the avidin-biotin 
binding interaction were affected by this concen- 
trated surfactant solution. Additionally, UV 
absorbance data show that a small amount of 
the R-biotin affinity ligand is present in the 
aqueous phase following the extraction. As 
some of the zwitterionic C9-APSO4 surfactant is 
also present in this aqueous phase, its presence 
may solubilize some of the affinity ligand and 
thus cause some of the R-biotin to remain in 
the aqueous phase. Despite the fact that 
the extraction is not quantitative, the developed 
cloud point extraction of avidin with R-biotin 
as the affinity ligand may prove to be a 
useful method because the preparation of the 
aqueous-surfactant phase separation system 
and the extraction procedure are very easy and 
simple. Additionally, the 88% extraction 
efficiency achieved is quite good and compar- 
able with other reported extraction schemes for 
avidin. 

Attempted affinity eloud point extraction of  pro- 
teins with nonionie Triton X-114 and octyl-glu- 
eoside 

Figure 6 illustrates the extent of extraction 
of the hydrophilic proteins, concanavalin 
A, ribonuclease B, hexokinase, and cytochrome 
c and the hydrophobic protein, bacteri- 
orhodopsin using the nonionic surfactant, Tri- 
ton X-114, with octyl-glucoside as the affinity 
ligand. No apparent extraction was achieved in 
the case of hexokinase and ribonuclease B and 
only a very small amount of cytochrome c was 
extracted. As previously reported by Bordier, 6 
nearly 100% of the hydrophobic bacteri- 
orhodopsin was extracted with the Triton X- 114 
in the absence of the octyl-glucoside (as well as 
in its presence). 

Concanavalin A was slightly extracted (ca. 
12%) by Triton X-I14 alone. If the affinity 
ligand, octyl-glucoside (5 g/I.), was added to the 
extraction system, then the extent of extraction 
for concanavalin A increased (Fig. 6). However, 
the extraction per cent for concanavalin A is still 
fairly low (ca. 28%). This low affinity cloud 
point extraction efficiency was surprising in view 
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Fig. 6. Degree of extraction for different proteins into the 
nonionic Triton X-114 surfactant-rich phase using octyl-glu- 
coside as the affinity ligand as a function of pH at 30°C: 
bacteriorhodopsin (Q), cytochrome c (©), hexokinase (I-q), 
ribonuclease B (m), and concanavaline A in absence (z~) 
and presence (A) of the affinity ligand. Conditions: for 
extraction of bacteriorhodopsin and cytochrome [Triton 
X-114] = 2 g/dl, [octyl-glucoside] = 0.10 g/dl, and 3.0 ml/1. 
methylene chloride; for extraction of concanavaline A, 
hexokinase, and ribonuclease B [Triton X-114] = 2.0 g/dl, 
[octyl-glucoside] 0.50 g/dl, and 4.3 ml/l. methylene chloride; 
and for extraction of concanavaline A in absence of the 
affinity ligand [Triton X-114] = 2.0 g/dl and 2.0 ml/l. meth- 

ylene chloride. 

of the fact that it had been reported that the 
affinity interaction between concanavalin A and 
octyl-glucoside had been successfully employed 
for the extraction of concanavalin A into an 
organic reversed micellar phase at room tem- 
perature) 6 Sheu et al. found that such reversed 
micellar aqueous (and thus polar) core region 
was suitable for the incorporation of proteins 
(including hydrophilic ones). 25 In contrast, in 
the case of cloud point extractions, hydrophilic 
proteins do not appreciably distribute or bind to 
the relatively hydrophobic surfactant micellar 
entity. 6 The low extraction efficiency could be 
due in part to the temperature at which the 
extraction was conducted (30°C) as it has been 
reported that the affinity interaction between 
proteins and substrates decreases as the tem- 
perature increases. 2~28 Furthermore, there is the 
added possibility of denaturation of  proteins in 
such highly concentrated surfactant solutions at 
high temperature as described previously) 8'28 
For instance, solutions of hexokinase, especially 
type III, were found to be very unstable even if 
in the presence of suitable stabilizers) 9 Thus, it 
is thought that successful affinity cloud point 
extraction systems using nonionic surfactants 
will require suitable phase separation con- 
ditions, i.e. a nonionic surfactant-affinity ligand 
system in which the cloud point is below 0°C 
and the phases separate well at about 0°C. In 
this regard, the recent reports on the use of 

glycerol or Triton X-45 to allow for the low- 
temperature phase separation of Triton X-I 14 
may prove useful, s'3° 

Affinity cloud point extraction of  hexokinase with 
zwitterionic C9-APS04 as surfactant and octyl- 
glucoside as the affinity ligand 

Figure 7 shows the extent of hexokinase 
extracted as a function of the solution pH by 
C9-APSO4 both in the absence and presence of 
the affinity ligand, octyl-glucoside. In the ab- 
sence of the affinity ligand, only 4-12% hexok- 
inase was extracted by the C9-APSO4 depending 
upon the pH employed. As can be seen, at each 
pH level examined, the presence of the affinity 
ligand in the zwitterionic surfactant medium led 
to an appreciable increase in the amount of 
hexokinase extracted (to over 50%). This fact 
suggests that the octyl-glucoside was distributed 
in the surfactant micellar phase and that it 
acted as an affinity ligand for the hydrophilic 
protein, hexokinase. A dissociation constant 
( K m =  l x  10 4 M )  has been reported in the 
literature for the D-glucose-hexokinase com- 
plex. 3~ These successful results with the 
zwitterionic C9-APSO4 surfactant are in sharp 
contrast with that previously mentioned for 
the attempted affinity cloud point extraction 
of hexokinase with the nonionic surfactant Tri- 
ton X-I14 and octyl-glucoside in which no 
hexokinase was extracted. That a small amount 
of hexokinase was extracted using just the 
zwitterionic C9-APSO 4 surfactant in the ab- 
sence of  the affinity ligand suggests that the 
charged head groups of this surfactant might 
interact with this hydrophilic protein and en- 
hance its extraction efficiency vis-fi-vis that 
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Fig. 7. Dependence of the extraction percentage of hexoki- 
nase upon pH for the cloud point extraction using the 
zwitterionic surfactant C9-APSO 4 in the absence (©) and 
presence (O) of the affinity ligand, octyl-glucoside, at 4"C. 
Conditions: (O) 0.2000 g C9-APSO 4 in 1.00 ml aqueous 
solution; (O) 0.1600 g C9-APSO 4 plus 0.0400 g octyl-glu- 

coside in 1.00 ml aqueous solution. 
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Fig. 8. The effect of the octyl-glucoside affinity ligand 
concentration ratio (i.e. [octyl-glucoside]/[octyl-glu- 
coside] +[C9-APSO4]) upon the extent of extraction of 
hexokinase at pH 7.92 (0) and 8.44 ([]) using the zwitteri- 

onic surfactant, C9-APSO4, at 4.0°C. 

possible with the uncharged Triton X-114 sur- 
factant system. 

Based upon the data in Fig. 7, it appears that 
the most suitable pH for the affinity extraction 
of hexokinase with C9-APSO4 is about 8.5. At 
each pH level between 7 and 9 examined, the 
maximum extraction efficiency of hexokinase 
was observed when the concentration ratio of 
the octyl-glucoside per total surfactant ratio was 
20 wt% (see Fig. 8). Strangely, when the concen- 
tration ratio of octyl-glucoside was increased to 
30 wt%, the extraction efficiency decreased. 
Bordier has reported that the amount of octyl- 
glucoside displaced from the surfactant-rich 
phase of Triton X-114 to the aqueous phase 
increased as the concentration of octyl-glu- 
coside increased. 6 If the same situation occurs 
for the zwitterionic C9-APSO4 system, then this 
might explain the decreased hexokinase extrac- 
tion efficiency at the highest octyl-glucoside 
concentration level. It might be noted that 
under our experimental conditions for the C9- 
APSO4-octyl-glucoside system, the clear 
aqueous phase after centrifugation at 4°C 
turned turbid again if the temperature was 
lowered to 0°C. This suggests that the aqueous 
phase still contained both C9-APSO4 and octyl- 
glucoside. The fact that some of the affinity 
ligand was still present in the aqueous phase 
probably explains why the optimum extraction 
efficiency was only around 58% for hexokinase. 
Thus, the use of a more hydrophobic alkyl-glu- 
coside affinity ligand possessing a longer alkyl 
group should be more effective in such affinity 
cloud point extraction of hexokinase since less 
of the ligand would be present in the aqueous 

phase and a clearer phase separation should 
result. 

A significant advantage of the affinity cloud 
point extraction technique using the zwitterionic 
surfactant, C9-APSO4, and octyl-glucoside (or 
other alkyl-glucosides) as affinity ligand is that 
all procedures, including the extraction of the 
proteins, can be conducted at low temperature. 
This is particularly important in the extraction 
of thermally labile proteins. A more important 
advantage of this system is that both the extrac- 
tant surfactant and affinity ligand can be easily 
removed from the protein sample by subsequent 
dialysis) 2 This is a consequence of the relatively 
high CMC values of both of these surfactants 
(0.045M for C9-APSO49 and 0.025M for octyl- 
glucoside3a). In contrast, the CMC of Triton 
X-I14, 0.35mM, is too low for the subsequent 
use of the dialysis technique for its removal 
from the extracted protein sample. Further- 
more, the phase separation occurs much faster 
for the systems incorporating a zwitterionic 
surfactant compared to those involving a non- 
ionic surfactant. 9 This quicker phase separation 
is important not only for handling convenience 
but also for the potential application of the 
technique to continuous systems such as a 
counter-current extraction or a flow injection 
analysis. 

These preliminary results indicate that the 
affinity cloud point extraction technique is feas- 
ible for the purification of hexokinase. This 
extraction method might also prove useful in 
those studies concerning determination of the 
biodistribution of this protein. 34 

CONCLUSIONS 

The preliminary results presented demon- 
strate the feasibility of employing affinity lig- 
ands to extend the scope of Bordier's cloud 
point extraction technique to include hy- 
drophilic biomaterials in analytical separations. 
Potential advantages of the approach include 
experimental convenience, lower cost, and en- 
hanced analytical sensitivity due to the fact that 
the hydrophilic proteins can be easily extracted 
from the bulk aqueous solution into the much 
smaller volume element of the surfactant-rich 
phase following phase separation. Since zwitte- 
rionic and nonionic surfactants are routinely 
employed in the initial solubilization and frac- 
tionation steps of many protein isolation 
schemes 35'36 means that by judicious selection 
of that surfactant, the aforementioned affinity 
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l igand  : c l o u d  p o i n t  e x t r a c t i o n  p r o c e d u r e s  can  be 

s u b s e q u e n t l y  e m p l o y e d  by m e r e  a d d i t i o n  o f  

the  p r o p e r  aff ini ty i igand.  Thus ,  this a p p r o a c h  

is c o m p a t i b l e  wi th  the  first s tep in m a n y  

ex is t ing  b i o m a t e r i a l  s e p a r a t i o n  a n d  pu r i f i ca t ion  

schemes .  T h e  genera l  a p p r o a c h  m a y  also p r o v e  

feas ible  fo r  the  large  scale se lect ive  s e p a r a t i o n  o f  

s o m e  h y d r o p h i l i c  p ro t e in s  a l t h o u g h  m u c h  m o r e  

w o r k  is r e q u i r e d  to d e m o n s t r a t e  this aspect .  A 

p a r t i c u l a r  a d v a n t a g e  in this l a t t e r  a p p l i c a t i o n  

w h e n  e m p l o y i n g  zwi t t e r i on i c  su r f ac t an t s  will  be  

the  ease  and  r ap idness  wi th  wh ich  its so lu t ions  

phase  s epa ra t e  and  the  abi l i ty  to c o n v e n i e n t l y  

r e m o v e  the  zwi t t e r i on i c  su r f ac t an t  f r o m  the  

p r o t e i n  by dialysis  as p r ev ious ly  m e n t i o n e d .  
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Summary--Binary mixtures of pyridoxal and pyridoxamine can be resolved by using zero-crossing first 
derivative spectrofluorimetry, first derivative constant wavelength synchronous luminescence spectrometry 
and first derivative constant energy synchronous luminescence spectrometry. These methods do not 
require any previous separation steps. The lowest quantization limit is obtained with first derivative 
constant energy synchronous fluorescence (13.0 and 9.0 #g/l. for pyridoxal and pyridoxamine, respect- 
ively). The measurements were performed in aqueous medium at pH 7.0 provided by adding 0.05M 
phosphate buffer solution. In order to demonstrate the validity of these methods a complete and exhaustive 
statistical analysis of the experimental data was performed. Pyridoxal and pyridoxamine were determined 
by these methods in synthetic and real mixtures with good results. 

The determination of vitamin B 6 and its deriva- 
tives is of great interest, but this determination 
is quite complicated owing to the multiple forms 
and similar structures of these compounds. 
Different methods have been reported of cha- 
racterizing and resolving mixtures of these 
compounds by microbiological, l enzymatic, 2 
polarographic, 3 spectrophotometric 4 and fluori- 
metric methods? However, some prior sepa- 
ration steps are necessary in all of them. Petidier 
et al. reported 6 a method for the simultaneous 
determination of some derivatives of vitamin B 6 

by using second derivative fluorescence spec- 
troscopy of these compounds, but it is necessary 
to use reactions of these compounds with beryl- 
lium in ammoniacal medium. 

The sensitivity and selectivity of fluorescence 
is quite useful in analyses, but many spectra of 
several fluorescence compounds are often im- 
possible to resolve satisfactorily without sepa- 
ration techniques, although each fluorescence 
compound can be characterized by two wave- 
lengths. Therefore, the development of a tech- 
nique which is able to improve the selectivity of 
fluorescence for multicomponent analysis and 
which does not involve separation steps and is 
less time-consuming, is of great interest. 

In this paper we combined synchronous fluor- 
escence spectroscopy introduced by John and 
Soutar, 7 with derivative fluorescence technique 

(described by Green and O'HaverS), to resolve 
binary mixtures of pyridoxal and pyridoxamine, 
since they showed highly overlapping spectra. 
Constant wavelength synchronous luminescence 
spectroscopy implied the simultaneous scanning 
of both the excitation and emission monochro- 
mator at the same scan speed. By using this 
technique, a reduction in Rayleigh scattering 
can be obtained. 

Inman and Winefordner 9 describe constant 
energy synchronous luminescence spectroscopy, 
where a constant energy difference is maintained 
between the monochromators. This technique 
avoids interference in Raman scattering. 

Synchronous spectra are simpler, narrower, 
and hence more distinctive than conventional 
spectra. The combination of derivative and 
spectrofluorimetric techniques improved the se- 
lectivity of the analysis. Thus, the derivative 
synchronous fluorescence method has been des- 
cribed for the resolution of compound mixtures 
with spectra of similar characteristics such as 
those provided by motor oil, t° or polycycle 
aromatic. ~ A first study appeared in which 
constant energy synchronous luminescence was 
combined with derivative fluorescence tech- 
nique to determine four polynuclear hydrocar- 
bons. ~ Another work appeared recently on the 
resolution of binary mixtures of nafcillin and 
methicillin ~2 using these techniques. 

129 
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This paper describes four methods to resolve 
the mixture of pyridoxal and pyridoxamine by 
employing first derivative excitation and emis- 
sion spectra; and first derivative synchronous 
fluorimetry (constant wavelength and constant 
energy). In all cases, the mixtures were resolved 
by scanning only one spectrum. 

EXPERIMENTAL 

Reagents 

Pyridoxal and pyridoxamine were purchased 
from Merck and Sigma, respectively. Stock so- 
lutions of 50.0 mg/1. of each one were prepared 
by dissolving in Milli-Q water. A 0.05M buffer 
solution of pH 7.0 was prepared by mixing 
suitable amounts of dihydrogen phosphate so- 
lution with sodium hydroxide. Stock solutions 
were stored at 4°C and protected from the light. 
Under these conditions they showed no sign of 
decomposition for at least eight days. 

Apparatus 

Fluorescence measurements were performed 
on a Perkin-Elmer LS-50 equipped with Xenon 
Lamp, connected to an Attaio S 3000 ST 386 
computer, fitted with Perkin-Elmer F. L. Data 
Manager (FLDM) software and Epson FX-850 
printer. 'FTOTAL ']3 software was used for pro- 
cessing the total luminescence spectra. 

Thermostatic equipment and a Crison mod 
2001, pHmeter with glass-satured calomel com- 
bination electrode were also used. 

Procedures 

Determination of pyridoxal and pyridoxamine 
by first derivative of excitation spectra. A known 
volume of stock solution containing 24.0-1000 
#g/i. of pyridoxal and 22.0-1000/~g/l. of pyri- 
doxamine was placed in a 25-ml volumetric 
flask. Immediately afterwards, 2.5 ml of pH 7.0 
buffer solution were added to every volumetric 
flask and diluted to the mark with Milli-Q 
water. Reagent blank was not necessary. 

The excitation spectra were recorded with an 
emission wavelength at 388 nm to determine 
pyridoxal in the presence of pyridoxamine and 
pyridoxamine in the presence of pyridoxal. First 
derivatives were calculated and the absolute 
value of the first derivatives were measured at 
316 and 325 nm for the determination of pyri- 
doxai and pyridoxamine, respectively. 

Determination of pyridoxal and pyridoxamine 
by first derivative of emission spectra. By using 
this technique both vitamins can be determined 

when they are found in the range 68.0-1000 
/lg/1. for pyridoxal and 36.0-1000 #g/l. for 
pyridoxamine. 

The samples were prepared as in the first 
method. The emission spectra were recorded 
with excitation at 324 nm for the simultaneous 
determination of pyridoxai and pyridoxamine. 
First derivatives were calculated and the abso- 
lute values of the first derivative were measured 
at 376 and 391 nm for the determination of 
pyridoxal and pyridoxamine respectively. 

Determination of pyridoxal and pyridoxamine 
by first derivative of constant wavelength syn- 
chronous spectra. This technique allows us to 
determine pyridoxal and pyridoxamine simul- 
taneously by recording only one synchronous 
spectrum when these vitamins are found in 
the range 18.0-1000 #g/1. for pyridoxal and 
16.0-1000 g/1. for pyridoxamine. 

The sample preparations were thermostati- 
cally controlled at 20°C, and the synchronous 
spectra were recorded by scanning both 
monochromators together, while maintaining a 
constant of 56 nm difference between both 
wavelengths. First derivatives were calculated, 
and the absolute values of the first derivatives 
were measured at 316 nm for pyridoxal and 328 
nm for pyridoxamine. 

Determination of pyridoxal and pyridoxamine 
by first derivative of constant energy synchronous 
spectra. The synchronous spectra must be 
recorded maintaining a constant difference of 
-4900 cm -~ between their wave numbers. The 
first derivative was calculated and the absolute 
value was measured at 316 and 325 nm for the 
determination of pyridoxal and pyridoxamine 
respectively. Samples were prepared as in the 
previous methods with pyridoxal and pyridox- 
amine concentrations varying from 13.0 to 1000 
/lg/1. for pyridoxal and 9.0 to 1000 /~g/l. for 
pyridoxamine. 

RESULTS AND DISCUSSION 

Spectra characteristics 

Total luminescence spectra show the best 
characterization of the fluorescence compound. 
They were generated by a suitable computer 
program, t3 These spectra can be plotted as an 
isometric projection, where excitation spectra, 
at stepped increments of emission wavelength, 
are recorded and drawn. Total luminescence 
spectra can be transformed to a two-dimen- 
sional plot of excitation and emission wave- 
lengths by linking points of equal intensity to 
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Fig. 2. (a) Excitation spectra of pyridoxal (1) and pyridox- 
amine (2). (b) Emission spectra of pyridoxal (1) and pyri- 

doxamine (2). 

form contours. Contour presentation is more 
useful than isometric projection due to the 
presence of  hidden excitation peaks shown up 
by the former. Thus, Fig. 1 presents pyridoxal 
and pyridoxamine spectra as contour maps. 

Pyridoxal exhibits three excitation maxima 
at 220, 250 and 315 nm, and one emission 
maximum at 378 nm (Fig. 2A). Pyridoxamine 
showed excitation maxima at 220, 245 and 327 
nm and its emission maximum was at 393 nm 
(Fig. 2B). For pyridoxal, the wavelengths 
chosen to work with were 315 and 378 nm for 
excitation and emission, respectively. For pyri- 
doxamine, 327 and 393 nm were selected for 
excitation and emission, respectively. In spite of  
the fact that we do not obtain maximum sensi- 
tivity with these, the inner filter effect, which 
occurs at wavelengths close to 200 nm due to 
certain inorganic ions, is avoided. 

As can be seen in Fig. 3, pyridoxal and 
pyridoxamine showed highly overlapping fluor- 
escence spectra, so it is not possible to resolve 
this mixture by conventional fluorescence, and 
other techniques must be applied. 

Factors affecting fluorescence intensity 

Chemical variables were studied to obtain the 
best measurement conditions and maximum 
fluorescence signals. The dielectric constant can 
modify the fluorescence characteristics of  the 
compound. Thus, the effect of  ethanol content 
in the medium was investigated by preparing 
samples of both vitamins and varying the 
ethanol percentage between 0 and 80%. Rela- 
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Fig. 3. First derivative excitation spectra of pyridoxal (1), 
pyridoxamine (2) and their mixture (3). 

tive fluorescence intensity decreases as ethanol 
content in the medium increases, so the final 
assay samples were made in aqueous solutions 
as this provided maximum fluorescence inten- 
sity. 

The influence of  pH on the fluorescence inten- 
sity was studied by adding different amounts of 
HC104 or NaOH solutions. Fluorescence inten- 
sities of  pyridoxal and pyridoxamine were maxi- 
mum and constant between pH 5.5 and 9.5, and 
pH 7.0 was selected as most suitable, pH 7.0 was 
obtained by adding phosphate buffer solutions. 
The fluorescence intensities of  pyridoxal and 
pyridoxamine were not affected by the concen- 
tration of the buffer. A 0.05M concentration of  
buffer was selected to obtain suitable buffering 
capacity. 

Another factor that affects fluorescence inten- 
sity is temperature. Thus, fluorescence intensi- 
ties show a decrease as temperature increases 
from 3 to 50°C. Temperature coefficient was of  
the order of 1.05%°C - ~ for pyridoxal; this effect 
can be explained by the higher internal conver- 
sion when temperature increased, facilitating 
non-radiative deactivation of  the excited single 
state.14 Pyridoxamine showed a temperature co- 
efficient of the order of  1.51% °C-[; in this case, 
the rate of  intersystem crossing tends to be 
highly temperature dependent, z4 Therefore, the 
use of  a thermostat is recommended, choosing 
a measurement temperature of  20°C, an inter- 
mediate room temperature. 

In these conditions, the influence of  both 
vitamin concentrations on fluorescence intensity 
was studied. A linear relation between fluor- 
escence intensity and pyridoxal concentration in 

the range from 0.05 to 3.0 mg/i. can be ob- 
served. For pyridoxal concentration higher than 
3.0 mg/1. the intensity decreases due to fluor- 
escence Inversion phenomena. Pyridoxamine 
showed a linear relation fluorescence intensity 
from 0.05 to 1.5 mg/l. 

Resolution of the mixture of pyridoxal and pyri- 
doxamine 

Contour plots showed highly overlapping 
spectra, and there are no excitation or emission 
spectra where the bands were separated (Fig. 1), 
so when they are together in the same mixture, 
they cannot be determined by conventional 
fluorescence. For  this reason it is necessary to 
use another technique. 

The first partial derivative of tridimensional 
spectra in respect of excitation wavelength was 
calculated. But as it is not possible to resolve the 
strong overlapping spectra, the zero-crossing 
technique was applied to them. In order to 
discover the best instrumental conditions, scan 
speed and width factor were studied in order to 
ascertain the most suitable signal-noise ratio. 
The first derivative was calculated with 60, 240, 
720 and 1500 nm/min as scan speed, 240 nm/ 
min was chosen as the most suitable scan speed. 
The width factor was varied from 2 to 9 (equiv- 
alent to 19 points convoluting according to 
Savitzky and Golay algorithm) j5'~6 and 4 was 
selected as providing the most suitable signal- 
noise ratio. Although the maximum fluor- 
escence intensities were obtained when the 
excitation spectra were recorded at 378 and 393 
nm as emission wavelengths for pyridoxal and 
pyridoxamine, respectively, 388 nm was the 
wavelength chosen because it was possible to 
determine pyridoxal in the presence of pyridox- 
amine and pyridoxamine in the presence of 
pyridoxal by scanning only one spectrum with 
similar fluorescence intensity and without loss 
of  sensitivity in respect of the maximum for each 
one. Figure 3 shows the first derivative exci- 
tation spectra of pyridoxal, pyridoxamine and 
their mixture. We selected zero-crossing wave- 
length 316 and 325 nm for pyridoxal and pyri- 
doxamine. 

When first partial derivative of  total lumines- 
cence spectra in respect of emission wavelength 
was performed, it was not possible to obtain 
separate bands in order to determine both com- 
pounds simultaneously. By applying the zero- 
crossing technique to the first derivative 
emission spectra pyridoxal and pyridoxamine 
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can be determined by scanning only one emis- 
sion spectrum at ~,,x = 324 nm. 

Although the maximum signal can be ob- 
tained when the emission spectra are recorded at 
2~x = 315 nm for pyridoxal and )-~x = 327 nm for 
pyridoxamine, 324 nm was chosen as the most 
suitable excitation wavelength because it was 
possible to determine pyridoxal and pyridoxam- 
ine by scanning one emission spectrum without 
a significative loss in sensitivity. 

The first derivative was calculated with a scan 
speed of 240 nm/min and a width factor of  4 to 
provide a suitable signal-noise ratio. The zero- 
crossings selected were 376 and 391 nm for 
pyridoxal and pyridoxamine respectively 
(Fig. 4). 

Other fluorescence techniques were used to 
improve the results: conventional synchronous 
spectra were used to determine these vitamins 
by direct measurement of intensity. Figure 5 
shows a tridimensional spectra plot of a mixture 
of pyridoxal and pyridoxamine when scanned at 
different wavelength intervals (from 5 to 200 
nm). The first derivative of  these spectra cannot 
resolve the overlapping spectra, so it was necess- 
ary to use the zero-crossing technique to resolve 
the mixture. The best sensitivity and maximum 
signal were obtained for pyridoxal when a wave- 
length interval of 51 nm was used, and 57 nm 
was used for pyridoxamine. But a wavelength 
interval of 56 nm was used to determine pyri- 
doxal and pyridoxamine by first derivative of 
synchronous spectra by scanning only one syn- 
chronous spectrum without loss of sensitivity. 

Figure 6 shows the first derivative syn- 
chronous spectra of pyridoxal, pyridoxamine 

900 

240 320 400 
k ex (rim) 

Fig. 5. Tridimensional plots of constant wavelength spec- 
trum of pyridoxal and pyridoxamine mixture. 

and their mixture. The selected zero-crossing 
wavelengths were 316 and 328 nm for pyridoxal 
and pyridoxamine respectively. Instrumental 
conditions were the same as described above. 

The last method that we used to try to 
improve the results was constant energy syn- 
chronous spectra, where 61 scans of samples of 
pyridoxal and pyridoxamine were recorded be- 
tween 200 and 440 nm at different wave number 
intervals ranging from -2 2 0 0  to - 8 3 0 0  cm -t. 
Maximum fluorescence intensity was obtained 
when the wave numbers - 5 3 0 0  and -5 1 0 0  
cm -~ were used for pyridoxal and pyridoxam- 
ine. But - 4 9 0 0  cm -~ was the most suitable 
wave number for resolving the mixture of  pyri- 
doxal and pyridoxamine by recording only one 
constant energy synchronous spectrum since 
suitable fluorescence intensity was obtained 
without loss of sensitivity. The first derivative 
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Fig. 4. First derivative emission spectra of pyridoxal (1), 
pyridoxamine (2) and their mixture (3). 
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(Fig. 7) was calculated and the zero-crossing 
technique was also used; in this way, both 
vitamins were resolved with the greatest sensi- 
tivity. Pyridoxal and pyridoxamine concen- 
tration were proportional to the signal 
measured at 316 and 328 nm, respectively. 

To provide a suitable signal-noise ratio a scan 
speed of 240 nm/min and a width factor of 4 
were selected. 

Statistical analysis of results 

In order to demonstrate the mutual indepen- 
dence of  the analytical signals of  pyridoxal and 
pyridoxamine, we performed an exhaustive stat- 
istical analysis of the results in order to test 
them. We checked whether the zero-crossing 
wavelengths selected in every method were the 
most suitable ones or not. 

Calibration graphs were constructed from the 
first derivative signals for standards containing 
between 20.0 and 1000 pg/i. of  pyridoxal in the 
absence of  pyridoxamine and in the presence of  
200, 500 and 800/zg/l. of  pyridoxamine. Simi- 
larly, four calibration graphs were prepared for 
standards containing between 20.0 and 1000 
#g/i. of  pyridoxamine in the absence of  pyri- 

~ O O O O O O O  

O O O O O O O O  

O 
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doxal and in the presence of 200, 500 and 800 
/~g/l. of pyridoxal. 

Linear regression equations (y  = a + rex)  for 
pyridoxal and pyridoxamine were obtained. The 
slopes, intercepts, correlation coefficients, stan- 
dard deviations, detection limits, quantization 
limits and calibration range obtained for deter- 
mination of pyridoxal and pyridoxamine by first 
derivative of excitation, emission, constant 
wavelength synchronous and constant energy 
synchronous spectra are summarized in Table I. 
The significance of the intercept on the y axis of 
the obtained regression line was evaluated by 
applying the Student t-test at 95% confidence 
level. In all the calibration graphs the intercept 
on the ordinate is negligible, since the exper- 
imental t-value is smaller than the critical t- 
value. The accuracy of the method can be tested 
by the use of a statistical technique such as 
"analysis of variance". Analysis of variance 
assumes that residual error variance does not 
change from one sample to another or from one 
calibration graph to another. The variance ratio 
(experimental F) must be calculated and com- 
pared to a theoretical value of F, for adequate 
degrees of freedom at 95% confidence level. 

For four series of five standard samples con- 
taining 500 #g/l. of pyridoxal and 500 #g/l. of 
pyridoxamine the relative error and standard 
deviation were calculated for pyridoxal and 
pyridoxamine, in order to ascertain the repro- 
ducibility of the proposed methods. Finally the 
detection and quantization limits ~7j8 were calcu- 
lated. 

To test the accuracy of the method, analysis 
of variance was applied. The experimental value 
of F, relative errors and standard deviations 
obtained for determination of pyridoxal and 
pyridoxamine by first derivative of excitation, 
emission, constant wavelength synchronous and 
constant energy synchronous spectra are sum- 
marized in Table 2. 

APPLICATIONS 

In order to study the validity of the method, 
and since there are no medicines commercially 
available which contain these two vitamins, the 
methods proposed were applied to their deter- 
mination in physiological serum and glucosed 
physiological serum, since intravenous injec- 
tions are usually used for alcohol and pharma- 
cology poisoning. The determination of 
these vitamins was carried out in commercial 
preparations of the following companies: 
"Apiroserum" (Inst. de Biologia y Sueroterapia, 
S.A.) "Prrez Jim~nez" (Lab. P~rez Jim~nez) and 
"Grifols" (Lab. Grifols). Three determinations 
were carried out for each of these sera 
using pyridoxal and pyridoxamine medicines 
("Nervobion" Merck and "Astenolit" Elmu 
S.A.) Recoveries achieved by means of all the 
methods proposed are in accordance with the 
real content of pyridoxal and pyridoxamine in 
both the physiological serum and the glucosed 
physiological serum. Recovery percentages 
achieved in all cases vary between 95.5 and 
100.6% for pyridoxal and between 95.3 
and 100.9% for pyridoxamine. 

C O N C L U S I O N S  

Molecular fluorescence techniques in combi- 
nation with derivative techniques resolve binary 
mixtures of pyridoxal and pyridoxamine with- 
out the need for prior separation steps. The use 
of synchronous fluorescence and constant en- 
ergy synchronous fluorescence are not sufficient 
in themselves to separate the bands of these 
compounds due to the heavy overlap shown by 
the fluorescence spectra, although, as is to be 
expected from theory, the spectra are simplified 
and the bands narrowed. Better separation of 
the compounds is achieved by applying the first 
derivative to the different types of fluorescence 
spectra, but it is still not enough to obtain 
independent bands. 

Table 2. 

Relative error Standard deviation 
1st derivative Compound  Experimental F Theoretical F (%) (/~g//.) 

Excitation Pa 2.01 3.07 2.81 5. l 
Pm 0.33 3.07 1.35 2.5 
Pa 3.06 3.07 2.07 8.9 
Pm 1.56 3.07 I. l I 7. I 
Pa 0.55 3.07 2.19 8.9 
Pm 2.62 3.07 1.76 7.1 
Pa 1.92 3.07 1.76 3.2 
Pm 3.05 3.07 2.19 4.0 

Emission 

Constant  wavelength 
Synchronous 
Constant  wavelength 
Synchronous 

Pa = Pyridoxal; Pm = Pyridoxamine. 
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By using the zero-crossing technique it is 
possible to determine pyridoxal and pyridoxam- 
ine simultaneously, both with excitation and 
emission spectra and with synchronous and 
constant energy synchronous spectra; in these 
latter cases greater analytical signals are ob- 
tained, which result in better detection and 
quantization limits. In general due to the similar 
fluorescent characteristics of vitamin B 6 and its 
derivatives, the methods described involve slow 
and tedious prior separation. The only fluori- 
metric method described in the literature which 
does not involve prior separation is that pro- 
posed by Petidier e t  a l . ,  6 but our methods are 
more sensitive and faster as it is not necessary 
to use derivatization reactions or mathematical 
equations. 
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Summary--The use of two-phase potentiometric metal extraction titrations to study solvent extraction 
equilibria is described. The method provides a highly reproducible and convenient manner by which to 
determine extraction behaviour. The system was tested on a number of acidic extractants, namely 
D2EHPA, Ionquest 801, Cyanex 272, naphthenic acid and Versatic I0 acid. The extraction from an 
aqueous nitrate medium of silver(1), copper(II) and cadmium(II) was studied. The potentiometric data 
were used to obtain extraction curves and elucidate the nature of the extracted complexes by slope analysis 
and non-linear least squares treatment. In general, the following extraction order was obtained: 
D2EHPA > Ionquest 801 > Cyanex 272 and naphthenic > Versatic l0 for copper(II) and cadmium(II). 
Organophosphorus acids were shown to form complexes of the nature of Cu(HA2) 2 with copper(II) and 
carboxylic acids formed dimeric complexes (CuA2(HA)) 2. With cadmium octahedral complexes of the 
form CdA2(HA)4 occurred. The extraction of silver(I) by Versatic l0 gave a dimeric complex (AgA(HA)) 2 . 
HA denotes the extractant in the acid form. 

Batch-wise extractions require a complete set of  
mixing, separating,  sampling and  analyses, 
which often leads to scattered results. Because 
the batch technique is laborious,  semicont inu-  
ous and  con t inuous  techniques have been pro- 

posed. 
The stirred cell semicont inuous  technique in- 

volves either in termi t tent  vigorous stirring, in 
which case samples are wi thdrawn after each 
complete phase separat ion,  or very mild stirring, 
al lowing samples to be wi thdrawn cont inuously .  

With  the A K U F V E  technique,  1"2 mixing and 

separat ion are achieved in a mixing vessel and  
at the inflow into a centrifugal separator.  The 
separated phases pass over on-l ine detectors for 
pH measurement  and metal  ion de te rmina t ion  
by radiometr ic  techniques. 

This invest igat ion sets out  to adapt  the well- 
known  two-phase potent iometr ic  ac id-base  ti- 
t ra t ion technique developed by H6gfeldt,  3'4 
which utilizes a pH electrode to determine the 
acid or base constants  of  an extractant.  The 
technique is fully au tomated ,  using an auto-  

*Present address: Hickson Chemtech, P.O. Box 118, Rood- 
epoort 1725, South Africa. 

matic titrator for additions of base to vary the 
pH and two electrode systems, one to measure 
the pH value, and one to measure the concen- 
tration of metal ion in the aqueous phase. 
Consequently, no samples have to be withdrawn 
for analysis. A similar technique has been used 
to study the extraction of silver(I) by Cyanex 
471X) This work investigates the extraction 
of silver(I), copper(II) and cadmium(II) by 
D2EHPA, Ionquest 801, Cyanex 272, Versatic 
10 acid and naphthenic acid. The structures of 
the extractants are given in Table 1. 

EXPERIMENTAL 

Electrodes  

A cadmium ISE was made by applying a 
thin layer of CdS/Ag2S to the bottom of a 
graphite rod. The sides of the rod were coated 
with Teflon. Graphite hydrophobized by Teflon 
is a conductive powder and thus allows electri- 
cal contact between the electroactive surface 
and a connection to a meter. The layer of 
electroactive material was polished to close the 
micropores. The electrode exhibited a Nernstein 
response, and has been described by Ruzicka 
et al.  6"7 

137 



138 B.K. TAIT 

Table I. Structure of extractants used 

D2EHPA 

RO 0 

P 
7 \ 

RO OH 

Ionquest 801 

R 0 
\ / 

P 
. /  \ 

RO OH 

Cyanex 272 

R' 0 \ / 
P 

J \ 
R' OH 

Versatic 10 CH3 
I 

CsH~'C ~ COOH 
I 
C2H~ 

Naphthenic acid a jl a II 

It" 

(CH2). - COOH 

R = 2-ethylhexyl 
R '  = 2,4,4-trimethylpentyl 
R" = unspecified mixture of alkyl groups 

A Metrohm copper ISE was used to detect 
both copper(II) and silver(I). A double-junction 
silver/silver chloride reference electrode was 
used with the same internal electrolyte solution 
that was used as a constant ionic medium in the 
extraction experiments (1M ammonium nitrate 
or 1M sodium nitrate). The electrode assembly 
was attached to a Hewlett Packard logging 
multimeter to record the potential at a set time 
interval. 

A Metrohm combined glass electrode, filled 
with 3M sodium chloride, was used to measure 
pH values. 

Titration procedure 

The organic and aqueous phases were placed 
in a water-jacketed vessel at 25°C. The organic- 
to-aqueous phase volume ratio (O/A) was 1 to 

5 initially and decreased during the course of  the 
titration. The organic phase contained 0.5M 
extractant in toluene and the aqueous phase 
0.01M metal ion in IM sodium nitrate or am- 
monium nitrate. 

The stock organic solutions were analysed by 
potentiometric titration against sodium hydrox- 
ide in ethanolic-water medium. The stock 
aqueous phases were analysed by potentiomet- 
ric titration against EDTA. 

The pH electrode was calibrated against 
commercial pH 7.00, pH 4.01 and pH 2.01 
buffers at 25°C. The ISE assembly was 
calibrated against standardized metal ion sol- 
utions in 1M sodium nitrate or ammonium 
nitrate in the concentration range 10 2 to 
10-aM. 

The inorganic salts were obtained from 
Saarchem and were of  AR grade. The extrac- 
tants were supplied by the manufacturers, Dai- 
hachi, Akulu Marchon, Cyanamid, Shell 
Chemicals and BDH for D2EHPA, Ionquest 
801, Cyanex 272, Versatic 10 acid and naph- 
thenic acid respectively, and used as supplied. 
Toluene, Merck pro analysi, was used as the 
diluent. 

The titration was performed using a Metrohm 
702SM Titrino. The titrant was 0.1M sodium 
hydroxide in 1M sodium nitrate or ammonium 
nitrate, with 0.5 ml additions at 10 min intervals 
[silver(I) and copper(II)] or at 18 min intervals 
[cadmium(II)]. This time was sufficient to ensure 
equilibration of the phases and the potential of 
the ISE assembly. The pH was allowed to vary 
in the range 2-8, in which the effect of pH on 
the potential of the ISE is negligible. After the 
elapse of  the set time interval the pH and 
potential of the ISE assembly were recorded 
automatically, and more base was added to the 
stirred organic and aqueous phases by the 
Titrino. The titration stopped automatically 
when the pH value exceeded 8. 

Data treatment 

A spreadsheet was used to treat the potentio- 
metric data. The logarithm of the metal ion 
concentration was calculated by linear re- 
gression from the calibration graph. The con- 
centration of metal ion in the organic phase was 
assumed to be the difference between the initial 
concentration (taking dilution effects into ac- 
count) and the concentration in the aqueous 
phase at equilibrium. The distribution ratio, D, 
is the concentration of  metal ion in the organic 
phase divided by the concentration of metal ion 
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in the aqueous phase. The percentage extraction 
was calculated from 

1 0 0 D  
% E  = - -  (1) 

D 4  V~q' 
Vorg 

where 
and Vo,g the volume of the organic phase. 

For  the generalized extraction equation 

xM2+ + x ( 2  + ! )H2A2 ~--~- (MA2(HA),)x 

+ 2xH +, 

V,q is the volume of  the aqueous phase 

(2) 

where the bar denotes a species in the organic 
phase, the concentration extraction constant, K, 
can be expressed as 

[(MA 2 (HA),)x][H + ]2x 
K = (3) 

[M2+ ]x [H2 A2] -~q+ ') 

The extraction constants were calculated by a 
non-linear least squares technique, 8'9 which re- 
quired the input of hydrogen ion concentration, 
percentage extraction and initial metal ion and 
extractant concentrations. 

R E S U L T S  A N D  D I S C U S S I O N  

Extraction of silver(II) 

Silver nitrate solution was found to be un- 
stable in a sodium nitrate medium. Silver(I) was 
reduced to metallic silver soon after the prep- 
aration of  the solution, before contact with the 
organic phase. Since both silver nitrate and 
sodium nitrate, when used separately under 
other experimental conditions, presented no 
problems, it is unlikely that the problem was 
caused by impurities. The reason for the insta- 
bility of  this solution is unknown. 

Consequently, the extraction was investigated 
from an ammonium nitrate medium. The sys- 
tem also gave unsatisfactory results when the 
organophosphorus acid extractants or naph- 
thenic acid were used as the extractants because 
of  third phase problems. This was probably due 
to the formation of ammonium salts of  the 
extractants. 

Thus, only the extraction of silver(I) by Ver- 
satic 10 acid was studied. The system was used 
to determine the reproducibility of the titration 
technique. Figure I shows three extraction 
curves, which fall very close together. It can be 
concluded, therefore, that the two-phase poten- 
tiometric titration technique provides highly 
reproducible results. 

t- 
O 
o 

x 0 
o~ 

100- 

90- 

80- 

70- 

60- 

50 

40 

30 -  

20 

10 

0 

f _ _  

J 

[] 

i r [ q 
2 3 4  5 

pH 

I 

I 
L 

i -  ~ - - T  

6 7 8 9  

Fig. 1. Extraction of 0.01M silver(l) in 1.0M ammonium 
nitrate by 0.5M Versatic 10 acid in toluene at 25 C (O/A = 5 

initially). The symbols indicate triplicate results. 

The pH0.s value (the pH value at which 50% 
extraction occurs) for the extraction of 0.01M 
silver(I) from 1.0M ammonium nitrate by 0.5M 
Versatic 10 acid in toluene at 2 5 C  is 5.2. An 
attempt was made to elucidate the extraction 
stoichiometry by slope analysis. The extraction 
of  silver(I) can be described by 

{ n X ) H A  
x A g + + \  2 J : 2~ - (AgA(HA) , - , ) ,  

+ x H  +, (4) 

where HzA2 represents the extractant dimer. It 
is generally accepted that organophosphorus 
acids and carboxylic acids form dimers in dilu- 
ents of low polarity, mq2 

The extraction constant, K, can be expressed 
a s  

K = [(AgA(HA),, I ) , ] [H  + ]' 

lAg + ],- ,[H2 A2],,, - ~ 

D [H +]  ~ 
= [Ag+ ],. - ,[H2A2],,.,. 2 . (5) 

where 

[(AgA (HA),, , ) , l  
D = (6) 

[Ag + ] 

By taking logarithms and rearranging, it fol- 
lows that 

n x  
log D -- ~-  log[HzA2] - (x - I)log[Ag + ] 

= log K + xpH.  (7) 
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Fig. 2. Slope analysis of silver(l) extraction by Versatic 10 
acid. Same conditions as for Fig. 1. 

Thus a plot of  log D - ( n x / 2 ) l o g [ H 2 A 2 ] -  
(x - 1)log[Ag ÷ ] against pH should be a straight 
line with a slope of  x for the correct values of  
x and n. Figure 2 shows such a plot for x = 2 
and n---2.  The slope of the line is 2.07 
(correlation coefficient is 0.992) Thus, it can be 
concluded that the extracted complex is 
(AgA(HA))2. 

Extract ion o f  copper (II) 

Figure 3 represents the extraction of cop- 
per(II) from 1.0M sodium nitrate by D2EHPA,  

Ionquest 801, Cyanex 272, Versatic 10 acid and 
naphthenic acid in toluene. The pH0.5 values 
under the conditions studied are presented in 
Table 2. The extraction order is D2EHPA > 
Ionquest 801 > Cyanex 272 ~ naphthenic 
acid > Versatic 10 acid. This order indicates the 
relative strength of the extractants towards cop- 
per(II) extraction. 

In general, the extraction of  divalent metal 
ions by organophosphorus acid extractants can 
be expressed as 

Thus, a plot of  log D - n iog[H2A2] against 
pH should yield a straight line with a slope of  
2 for the correct value of n. 

In contrast, carboxylic acids often form poly- 
meric extracted complexes with metal ions. For  
a divalent metal ion 

+ 2 x H  + (9) 

100 

from which it can be deduced that a plot of  
log D - x ( n / 2  + 1)log[H2A2]- (x - 1)log[M 2+ ] 
against pH should give a straight line of  
slope 2x for the correct values of  x and n. 
The equilibrium dimer concentration was 
calculated from the initial concentration, taking 
into account the extractant bound to the 
metal ion according to the proposed stoichi- 
ometry. 
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Fig. 3. Extraction of 0.01M copper(lI) in 1.0M sodium nitrate by 0.5M extractant in toluene at 25C 
(O/A = 5 initially). 
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Table 2. PH05 values and results of  slope analysis studies for 
copper(ll) and cadmium(ll) 

Copper(l I) Cadmium(II) 

Extractant pH05 slope r 2 pH0. S slope r 2 

D2EHPA 3.0 1.9 0.994 3.0 1.9 0.968 
lonquest 801 3.6 1.9 0.993 3.5 1.9 0.954 
Cyanex 272 4.1 2.0 0.998 4.3 2.2 0.972 
Versatic 10 4.4 3.8 0.998 4.8 2.0 0.958 
Naphthenic 4.1 4.0 0.990 6.0 - -  - -  

The results of the slope analysis studies are 
consistent with the following extraction 
equations: 

Organophosphorus acids 

Cu 2+ + 2H2A2 ~- Cu(HA2)2 + 2H ÷, (10) 

Carboxylic acids 

2 Cu 2+ + 3H2A 2 ~ (CuA2(HA))2 + 4H +. (11) 

The results are shown in Table 2, and are in 
agreement with the results of other workers.r°-~2 
The proposed model was chosen on the basis of 
the best straight line that gave a slope close to 
the expected value of 2 or 2x. Whereas slope 
analysis was sensitive to the choice of model, the 
non-linear least squares technique proved rela- 
tively insensitive because there was not sufficient 
variation in the concentration of the extractant. 
Non-linear least squares treatment of the data 
was used to calculate the extraction constant, K. 
The results are presented in Table 3. A more 
rigorous non-linear least squares treatment will 
require that the extractant concentration is de- 
liberately varied. 

The extraction constants confirm the relative 
extraction order given previously. It should be 
noted that the constants for organophosphorus 
acid extractants and carboxylic acid extractants 
are not comparable because of different stoichi- 
ometries (and hence different units). The results 
of the non-linear least squares treatment show 
that very good fits of the experimental data were 
obtained and tend to validate the conclusions 
drawn from slope analysis studies. 

Extraction of cadmium (II) 

The cadmium ISE built for this set of exper- 
iments gave less stable readings than the com- 
mercially available copper ISE as it was more 
sensitive to the presence of organic droplets in 
the dispersion, and tended to become coated by 
the organic phase. This problem was solved by 
stirring the phases slowly. To ensure complete 
equilibration, measurements were taken at 18 
min intervals, as opposed to the 10 min equili- 
bration time used in the previous experiment. 
The greater instability of the potential measure- 
ments resulted in more scatter of the experimen- 
tal points and this is also reflected in the 
statistical parameters presented. 

The extraction of cadmium(II) from 1.0M 
sodium nitrate by D2EHPA, Ionquest 801, 
Cyanex 272, naphthenic acid and Versatic 10 
acid is presented in Fig. 4. The extraction order 
D2EHPA > Ionquest > Cyanex 272 and naph- 
thenic >Versatic 10 is the same as obtained 
with copper(II). The pH05 values are indicated 
in Table 2. 

Slope analysis studies were consistent with the 
extraction equation 

Cd 2÷ + 3H2A 2 ~ CdA2(HA)4 + 2H ÷ (12) 

for all extractants except naphthenic acid, for 
which the stoichiometry could not be deter- 
mined. The results are shown in Table 2. The 
same extraction equation for carboxylic acids 
has been proposed by other workers. ~3't4 
Grimm ~5 has reported the complex CdA2(HA)3 
with D2EHPA and Figuerola ~6 proposed the 
complexes CdA2 and CdA2(HA)3 with Cyanex 
272. Presumably the complexes incorporate 
water molecules to give a coordination number 
of four or six. 

Non-linear least squares treatment of the data 
supported the conclusions drawn about the 
extraction stoichiometry in this work. The ex- 
traction constants and related statistics are pre- 
sented in Table 3. 

Table 3. Extraction constants, standard deviation in percentage extraction (s) and 
number of points (n) for non-linear least squares treatment of copper(lI) and 

cadmium(II) extraction data 

Copper(ll) Cadmium(II) 

Extractant log K s n log K s n 

D2EHPA -4 .77  + 0.01 1.7 50 -4 .48  +_ 0.01 4.4 10! 
lonquest 801 - 5.70 _ 0.01 3.2 100 - 5.27 + 0.01 3.9 40 
Cyanex 272 -7.00-t-0.01 3.3 27 - 6 . 8 3 + 0 . 0 1  42 32 
Versatic 10 - 13.9 _ 0.01 2.8 40 - 10.3 _ 0.02 5.9 22 
Naphthenic - 12.4 + 0.01 2.9 40 - -  - -  - -  

TAL 42 /1~  
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Fig. 4. Extraction of 0.01M cadmium(II) in 1.0M sodium nitrate by 0.5M extractant in toluene at 25°C 
(O/A = 5 initially). 

CONCLUSIONS 

Two-phase potentiometric metal extraction 
titrations are a convenient and highly repro- 
ducible manner in which to obtain extrac- 
tion-pH curves. Variations can be devised to 
allow the study of other variables, such as metal 
ion and extractant concentration. The time 
taken to produce a curve depends on the num- 
ber of data points to be collected and the 
equilibration time chosen. 

The method is limited by the number of ISEs 
available that are sensitive to the metal ion of 
interest. However, much research is being un- 
dertaken to develop new sensors. Although 
general ion-sensitive electrodes are available, 
such as the divalent metal ion (water hardness) 
electrode, these are based on polymer mem- 
branes that dissolve in organic solvents. Thus, 
solid state electrodes or those with a polymer 
matrix that does not dissolve in the diluent are 
needed in mixed aqueous-organic systems. 
Also, because ISEs respond to the activity of the 
free (aquo) metal ion, investigations must be 
performed in media in which the metal ion does 
not complex strongly with the anions in sol- 
ution. 
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Retardants: J. I. KROSCI-tWlTZ and M. HOWE-GRANT (editors), Wiley, New York, Pages: xxviii + 1022. £185.00. ISBN 
0-471-52678-9 (v.10). 

Well over 10,000 pages of the 4th edition of this encyclopedia have now been published and only the sixth letter of the 
alphabet has been reached. This indicates both the wide scope of subject matter and the detail in which it is covered. 

Volume 10 contains information under 21 separate headings with the largest entry devoted to Fibers. Both natural fibers 
(of vegetable, animal or mineral origin) and synthetic fibers (natural organic polymers, synthetic organic polymers or 
inorganic substances) are mentioned. The characteristics, production, and application of Fibers is well covered and a similar 
treatment is given to the separate entry on Fiber Optics. 

Another major topic dealt with in this volume is Explosives and Propellants which uses the reaction rate to to distinguish 
between the two categories. Here safety aspects, pollutants, performance, manufacture, properties, and applications of these 
potentially dangerous chemicals are presented. 

The two entries on unit operations: extraction and filtration are dealt with in about the same number of pages. As expected 
extraction covers liquid-liquid (solvent extraction) and liquid-solid extraction and filtration includes vacuum filters, batch 
pressure filters, continuous pressure filters and centrifugal filters. 

The importance of flame retardants--with particular emphasis on antimony (and other inorganics), halogenated and 
phosphorus flame retardants--is presented and a separate entry on their use with textiles is included. Another group of 
chemicals--fat and fatty oils--is covered, as are fat replacers. The various fertilizers in use, e.g. nitrogen, phosphate, potash, 
etc., are surveyed and their environmental and economic impact are covered. Also in relation to aspects of farming there 
are entries on feeds and feed additives, and on feedstocks. 

I found the treatise on fine art examination and conservation by L. van Zelst of the Smithsonian Institution to be the 
most interesting entry in this volume of the encyclopedia. It covers numerous analytical techniques and shows how these 
are used in conjunction with technological history to examine works of art. The study of deterioration and conservation 
of important paintings, metal objects, ceramics, textiles, parchments, etc., is truly an area where the worlds of art and science 
merge. Indeed, after reading this section I found myself somewhat envious of those who work in this domain. 

Completing this volume are short entries of extraterrestrial materials, fans and blowers, fermentation, ferrites, 
ferroelectrics, film and sheeting materials and fillers. 

As with all volumes in this encyclopedia a number of different authors have been used, tables of conversion factors, 
abbreviations, and unit symbols are given and extensive references are appended to each topic covered. A highly desirable 
acquisition for all good science libraries. 

P. J. Cox 

Analytical Chemistry, 5th Edition: G. D. CHRISTIAN, Wiley, New York, 1994. Pages: xx + 812. £18.95 (softback), ISBN 
047105820. £64.00 (hardback). 

This text is aimed at undergraduate (college) students majoring in chemistry and related fields and covers the principles 
and techniques of quantitative analysis. The 5th edition is over 800 pages long, and contains a wealth of information which 
reflects the authors lifelong involvement in analytical chemistry. This edition has been reorganised compared to the previous 
versions, and additions reflect developments in the area over the past few years. These include: the statistics of sampling 
and of small data sets (which are the norm in many analyses), ultramicroelectrodes and chemically modified electrodes, 
diode array spectrometers, Fourier infrared spectroscopy and near IR instruments, solid phase extraction, supercritical fluid 
chromatography, capillary electrophoresis and GC-MS, flow-injection analysis principles and experiments, and laboratory 
applications of PCs, application software and interfaces. 

The organisation of the text helps the student new to the area to quickly identify the core information by means of a 
summary paragraph introducing each chapter which lists the topics covered and gives a broad overview of the content. 
In addition, key terms are given in boldface type and important equations and concepts boxed for emphasis. Margin notes 
are used to expand explanations and reinforce important topics. 

After an introduction to analytical chemistry in chapter 1, a series of chapters cover topics which, given the excellent 
organisation and presentation of the information, make this a very attractive introductory text for physical chemistry course 
modules. These include; statistics (precision, accuracy, correlation coefficient, range, median, non-linear least squares curve 
fitting etc.), the mole and stoichiometry, chemical equilibria (Gibb's Free Energy, Le Chatelier's Principle, ionic strength, 
dissociation etc.), solubility product, recrystallisation, acid-base theory leading to titrations, complexometry, chelates, effect 
of pH on stability/formation constants, and introduction to electrochemical cells and electrode potentials, the Nernst 
equation. 
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This provides a sound basis for chapters on acid-base, precipitation, complexometric and redox/potentiometric titrations. 
The latter half of the book focuses on instrumental methods. All the major electrochemical, spectroscopic and 
chromatographic techniques are covered in a clear and concise manner. The closing chapters discuss kinetic methods of 
analysis (mainly the use of enzymes), laboratory automation and two important application areas (clinical and 
environmental analysis). 

A chapter entitled 'Basic Tools and Operations of Analytical Chemistry' serves as an excellent accompaniment to 
undergraduate practical courses. This is followed by a collection of 44 selected experiments which illustrate techniques, 
principles and methods discussed in the preceding chapters. The book also contains six appendices which discuss the 
analytical literature, review mathematical operations, list important constants, give pH transition values for indicators, 
discuss safety in the lab, and list answers to even numbered questions, respectively. A comprehensive index completes the 
text. 

The book is not really suited for more detailed instrumental courses (a dedicated instrumental analysis text would be 
more appropriate--voltammetry and computer interfacing/data processing are not covered in any real detail). However, 
it is an ideal companion for students studying introductory courses in analytical chemistry or physical chemistry, and for 
faculty staff looking for new experiments or tutorial questions (for which there is a separate solutions manual available). 
It is worth buying for the anecdotal information alone, which reflects the author's lifetime dedication to research and 
teaching in analytical chemistry. 

D. DIAMOND 

Instrumentation in Analytical Chemistry: Volume 2, J. Z~'KA (editor), Ellis Horwood, Chichester, 1994. Pages: 336. £69,00. 
ISBN 0-13-472226-4. 

This book completes the 2 volume series 'Instrumentation in Analytical Chemistry' edited by Jaroslav Z#ka and contains 
16 chapters by selected authors covering a range of analytical methods. Despite the fact that all the authors are from Prague 
the English is of a high standard throughout. There is a strong analytical community in the Czech Republic which the editor 
has tapped to produce a volume of consistent quality (often a problem with multi-author books). 

The first 6 chapters are devoted to electrochemical techniques, namely, chemically modified electrodes for potentiometry 
and voltammetry, advances in electrochemical stripping analysis, adsorptive stripping voltammetry, applications of 
polarography to the study of surface-active substances, amperometric membrane detectors and electrochemical biosensors. 
The remainder of the book is devoted to topics on spectroscopy (FTIR and Laser Raman spectrometry), chromatography 
(identification of bacteria by GC and pyrolysis GC of synthetic polymers), radioimmunoassay, the use of surfactants in 
analytical chemistry and automatic methods of analysis. All chapters are well illustrated with figures and have extensive 
bibliographies. The two volume series should be useful to the teacher, the researcher and to more advanced undergraduate/ 
postgraduate students. 

B. A. McGAW 

Electroanalytical Stripping Methods: KH. BRAININA and E. NEYMAN, Wiley, Chichester, 1993. Pages: xxiii + 198. £49.50. 
ISBN 0-471-59506-3. 

This book is the latest addition to the several monographs on electrochemical stripping analysis published over almost three 
decades. The two Russian authors have been working in the field for many years and the first one is especially well known 
in the electroanalytical community. The authors state in the preface to the book that one of their principal aims is to fill 
an information gap on the pertinent Russian literature and, indeed, the list of 546 references cited in the text is heavily 
biased in favour of papers published in Russian journals, with an ample proportion of articles by the present authors 
themselves. Generally this is quite useful, however, the information gap is often a two-way one and certain references to 
non-Russian literature are undoubtedly missing. Moreover, numerous misprints in the references to non-Russian works 
considerably decrease the informative value of the book. 

Another special feature of the book is a great emphasis on electrochemistry of solids. Electrochemical stripping analysis 
is at present mostly considered as a method useful primarily for determination and speciation of a few metals and certain 
organics in the environment. The authors point out its usefulness in studying the structure of solid materials, in phase 
analysis and detection of structural defects, by mixing the test solid material with carbon for the preparation of carbon 
paste electrodes and following the electrolytic dissolution processes. In doing this, stripping methods transcend the 
boundaries of common analysis and enter the field of corrosion and materials science. It should, however, be pointed out 
that interpretation of the results is difficult and that they should be confronted and supplemented with those obtained by 
the established spectrometric methods of structural analysis. Nevertheless, this is an uncommon, refreshing view of the 
method. 

The book consists of six chapters, supplemented by lists of abbreviations and symbols and a brief subject index. The 
first chapter deals with the theory of metal deposition on, and stripping from, solid electrodes. In my opinion, the purely 
thermodynamic approach adopted represents a gross simplification and the results can only be considered as qualitative. 
There are some unusual symbols, e.g. f~ for the coverage of the electrode surface, and some poorly defined parameters such 
as 7, which is a "'proportionality factor reflecting metal-electrode system peculiarities", essentially serving to improve the 
matching between the calculated and experimental data (see, e.g., Fig. 1.3). Also the use of the terms "'strong and weak 
interactions" (see page 8) is not particularly fortunate, as it evokes the quantum mechanical terms. 
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The second chapter on obtaining an analytical signal is a very brief summary of the measuring methods. Chapter three, 
equally brief, discusses the electrodes used and electrolysis cells. A great emphasis is placed on solid (especially graphite) 
electrodes, in accordance with the authors' work. Chapter four surveys stripping analyses in solution, while the last two 
chapters deal with structural and phase analysis of solids. 

The whole book is written more like a journal review than a monograph; therefore, the treatment is rather superficial, 
non-systematic and appropriate generalizations and conclusions are often missing. In many places the text is not very 
readable. In my opinion, the book is interesting for specialists because it presents them with an unusual viewpoint and may 
stimulate them to look beyond the customary boundaries of the method. On the other hand, it would be of little use to 
the novice in the field. 

K. g'rULiK 

Flame Chemiluminescence Analysis by Molecular Emission Cavity Detection: D. A. STILES, A. C. CALOKER|NOS and 
A. TOWNSHEND (editors), Wiley, Chichester, 1994. Pages xiii + 205. £50.00. ISBN 0-471-94340-1. 

Molecular emission cavity analysis (M.E.C.A.) shows remarkable sensitivity especially for sulphur, phosphorus and the 
halides. In addition it is capable of detecting most non-metals and metalloids and can deal with sample types from solid 
to gaseous. This monograph with contributions from active workers in their respective fields is a welcome coherent summary 
of this interesting and important field. The topics include the fascinating history of the discovery of M.E.C.A. in Belcher's 
Birmingham Group in the early 70's (A. Townshend), basic principles (A. C. Calokerinos), instrumentation and automation 
(N. Grekas) and four chapters on applications. These are grouped under Sulphur, Selenium and Tellurium (E. Henden), 
Arsenic, Antimony, Boron, Silicon, Germanium and Tin (M. Burguera and J. L. Burguera), Nitrogen, Phosphorus and 
Carbon (D. A. Stiles and A. Townshend) and Halogens and Metals (D. A. Stiles) and display some interesting aspects of 
gas phase molecular spectroscopy and selective reaction chemistry in solution or solid phase. 

This is a timely and worthy addition to the series "chemical analysis" being produced with the customary attention to 
layout, quality of diagrams, indexing, etc.  It is as pleasant to behold as to read. Congratulations to all concerned. 

D. THORBURN BURNS 
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non-systematic and appropriate generalizations and conclusions are often missing. In many places the text is not very 
readable. In my opinion, the book is interesting for specialists because it presents them with an unusual viewpoint and may 
stimulate them to look beyond the customary boundaries of the method. On the other hand, it would be of little use to 
the novice in the field. 

K. g'rULiK 

Flame Chemiluminescence Analysis by Molecular Emission Cavity Detection: D. A. STILES, A. C. CALOKER|NOS and 
A. TOWNSHEND (editors), Wiley, Chichester, 1994. Pages xiii + 205. £50.00. ISBN 0-471-94340-1. 

Molecular emission cavity analysis (M.E.C.A.) shows remarkable sensitivity especially for sulphur, phosphorus and the 
halides. In addition it is capable of detecting most non-metals and metalloids and can deal with sample types from solid 
to gaseous. This monograph with contributions from active workers in their respective fields is a welcome coherent summary 
of this interesting and important field. The topics include the fascinating history of the discovery of M.E.C.A. in Belcher's 
Birmingham Group in the early 70's (A. Townshend), basic principles (A. C. Calokerinos), instrumentation and automation 
(N. Grekas) and four chapters on applications. These are grouped under Sulphur, Selenium and Tellurium (E. Henden), 
Arsenic, Antimony, Boron, Silicon, Germanium and Tin (M. Burguera and J. L. Burguera), Nitrogen, Phosphorus and 
Carbon (D. A. Stiles and A. Townshend) and Halogens and Metals (D. A. Stiles) and display some interesting aspects of 
gas phase molecular spectroscopy and selective reaction chemistry in solution or solid phase. 

This is a timely and worthy addition to the series "chemical analysis" being produced with the customary attention to 
layout, quality of diagrams, indexing, etc.  It is as pleasant to behold as to read. Congratulations to all concerned. 

D. THORBURN BURNS 
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CORRIGENDUM 

G. Anderegg and S. Kholeif, The extrapolation of experimental equilibrium constant data to zero 
ionic strength: critical review and new approach. Talanta, 41, 1507-1522, 1994. 

Please note the following list of corrections to this paper: 

p. 1509, column 1, equation (9) (last two terms) 

x [1 -- e-Z,h (1 + 2x/Q -- 2I)1} I x [1 -- e-2,h (1 x 2x/Q - 2•)]}• 

Read for 

3 3 
+ ~ AC'PI2 +-~ AC~I 2 

p. 1509, column 1, line before last 

Read: (m) for (m). Read: (c) for (c) 

p. 1509, column 2, second footnote of Table 1 

Read: DP/2 for: D 3/2 

p. 1510, column 1, third line from top 

Read: kt4)/(1 + ut) for: kt4)/(l x ut) 

p. 1510, column l, equation 1 l 

Read: m = for: m = 

p. 1510, column 2, line 15 (end of paragraph) 

Delete at Ii. 

p. 1510, column 2, line 23 (end of paragraph) 

Read: i at I i. for: Ii. 

p. 1511, third footnote, Table 2 

Read: v for v 

p. 1518, column 1, equation 19 

Read: m for m 

p. 1519 column 2, line 5 from the subtitle "Special cases w h e n . . . "  

Read: For for: Four 

p. 1521, column 2, reference 4 

Read: TDB-2.1 for: TDB-2.1 
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NEW ADVISORY BOARD M E M B E R  

The Editorial Board and the Publisher of  Talanta take pleasure in welcoming the following member of the Advisory Board 
of  the Journal. 

JED HARRISON 

Jed Harrison is a native of  Vancouver. He received his B.Sc. in Chemical Physics from Simon Fraser University in 1980, 
and received the Gordon Shrum Gold Medal upon graduation. He was the recipient of  an NSERC Postgraduate Fellowship 
while undertaking graduate studies in Chemistry at the Massachusetts  Institute of  Technology. There he worked with 
Professor Mark Wrighton and graduated with a Ph.D. in 1984. He then joined the Chemistry Department at the University 
of  Alberta, and became a full Professor in 1994. He was the 1993 recipient of  the Canadian Society for Chemistry 's  W.A.E. 
McBryde Medal, awarded for research in analytical chemistry. In 1994 he received the University of  Alberta's first Faculty 
of  Science Research Award. 

Harrison is the co-author of  over 60 scientific publications, and works with a research group of  undergraduate, graduate 
and Post-doctoral students that numbers  about 10. His research interests are generally in electrochemistry, specifically 
in the development of  membranes  for chemical and biochemical sensors, and the use of microelectronic fabrication 
techniques for sensors and sensor systems. This program encompasses the development of  new ion-selective electrode 
membrane  matrices suited for use with integrated circuit technology, and the study of  transport of  ions, neutral molecules 
and solvents within polymer membrane matrices. Recently his group has begun developing electrophoresis systems on glass 
"chips".  Funding for this research has come from industry and from the Natural  Sciences and Engineering Research 
Council. 

Harrison is Associate Editor of  a new journal, Analytical Methods and Instrumentation. He serves on the program selection 
committees of  the biennial IEEE-sponsored Sensor and Actuator Workshop,  and Transducers, the International Conference 
on Solid-State Sensors and Actuators.  He is a member  of the Electrochemical Society Sensor Group Executive Committee, 
and was recently elected a board member  of the Society for Electroanalytical Chemistry. 
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H Y P H E N A T E D  F L O W  I N J E C T I O N  S Y S T E M S  A N D  H I G H  

D I S C R I M I N A T I O N  I N S T R U M E N T S  

M. D. LUQUE DE CASTRO and M. T. TENA 

Department of Analytical Chemistry, Faculty of Sciences, University of C6rdoba, 
E-14004 C6rdoba, Spain 

(Received 2 February 1994. Revised 2 September 1994. Accepted 2 September 1994) 

Summary--An overview of the state-of-the-art in flow injection analysis (FIA) coupled to instruments 
capable of providing either multidetection and/or multi-information is reported. The versatility of FIA 
endows the hyphenated instruments with analytical capabilities which increase from simple sample 
introduction to more complex sample handling such as automatic dilution and calibration, solvent 
exchange, derivatization reactions and on-line separation processes, among others. Unexplored aspects of 
these powerful problem solvers are also discussed. 

Unaffordable analytical problems have found 
proper solutions since the appearance of 
'hyphenated techniques', a term coined by 
Hirschfield at the beginning of the last decade ~ 
to name the coupling of two or more powerful 
techniques or instruments to achieve a synergis- 
tic effect of  their overall performance with 
respect to their separate use. L i q u i d y  gas 4 and 
supercritical fluid 5 chromatographic techniques 
interfaced with mass spectrometric or with 
atomic spectrometric instruments 6 are examples 
of  the excellent performance of these complex 
systems, as is the mass spectrometry-mass 
spectrometry tandem. 7 Most of  the cases of  
hyphenated techniques entail powerful, large, 
expensive units, whose capabilities compensate 
for both high acquisition and maintenance 
costs, 

Flow injection analysis (FIA) 8-1° is a simple 
and inexpensive technique the versatility of  
which affords for developing steps of  the 
analytical process of rather different complexity. 
The simplest use of  FIA is as a way for introduc- 
ing samples into a detector, which is far from 
demonstrating the capabilities of  this technique. 
Nevertheless, this simple use enables the 
sampling frequency to be dramatically increased 
and reduce the sample and reagent consump- 
tion. More interesting is the use of  FIA to 
implement on-line derivatization reactions, ~ 
separation processes ~2"13 as well as a number of  

sample handling modes to fit the initial sample 
conditions to the most suitable for single and 
multidetection ~4"u or implementation of flow- 
through (bio)chemical sensors, ~6 ~s among 
others. 

Most of  the detectors coupled to FI 
manifolds, either for sample introduction or 
for more complex sample handling, have been 
conventional instruments (e.g. molecular, 
atomic optical or electrochemical) capable of 
providing only two dimensional information. 
As happened with chromatographic tech- 
niques, ~9 the first attempts to obtain three di- 
mensional information in FIA were performed 
using either fast scan electrochemical 2° or 
diode array detectors, 2~ thus enlarging the 
scope of application of FIA to more complex 
chemical systems. In a parallel but delayed 
development of  hyphenated systems in chro- 
matography,  the coupling of FIA with high 
discrimination instruments pointed out the 
maturity of this dynamic technique. This last 
step in FIA started with the F IA- ICP-AES 
coupling. The capability of ICP-AES for 
multidetermination has been aided by FIA in 
different aspects since the earliest 1980's as 
listed in Table 14~ 103 and has been reviewed 
by different authors. 2224 More recent and 
less numerous have been the arrangements 
of  FI manifolds with instruments which 
enable three dimensional information and high 

151 



T
ec

hn
iq

ue
 

IC
P

-A
E

S
 

F
IA

 
co

nt
ri

bu
ti

on
 

Sa
m

pl
e 

in
tr

od
uc

ti
on

 

Sa
m

pl
e 

ha
nd

li
ng

 

A
na

ly
te

(s
) 

C
a B
 

O
rg

an
om

et
al

li
c 

C
d,

 P
b,

 Z
n 

N
on

-m
et

al
s 

(B
r,

 
C

, 
C

I, 
S)

 

M
et

al
 

A
ce

ty
la

ce
to

ne
 

co
m

pl
ex

es
 

T
ra

ce
 e

le
m

en
ts

 
(C

u,
 F

e,
 M

g)
 

Sc
 

C
a,

 M
g 

M
ul

ti
el

em
en

ts
 

S
c

 

Si
 

C
u 

R
ar

e-
ea

rt
h 

C
u.

 N
i, 

Z
n 

Z
n,

 M
n,

 C
a 

M
ul

ti
el

em
en

ts
 

T
ab

le
 I

. 
F

IA
 

IC
P

 c
ou

pl
in

g 

Sa
m

pl
e(

s)
 

Sy
nt

he
ti

c,
 w

at
er

, 
ce

m
en

ts
 

W
at

er
 

G
as

eo
us

 s
am

pl
es

 
(S

F
 6,

 C
F

 z C
I 2

, 
C

F
 3 B

r 
in

 A
r)

 

S
am

pl
e 

S
am

pl
in

g 
vo

lu
m

e 
(#

/)
 

fr
eq

ue
nc

y 
(h

r-
 i

 ) 

25
-3

00
 

90
-3

20
 

30
0 

32
0 

50
 

15
-5

00
 

F
in

e 
ch

em
ic

al
s 

T
ec

hn
ol

og
ic

al
 

pr
oc

es
si

ng
 s

ol
ut

io
n 

(c
on

ta
in

in
g 

30
 m

g/
m

l 
Fe

 
an

d 
10

 m
g/

m
l 

T
i)

 
S

yn
th

et
ic

 

S
yn

th
et

ic
 

U
se

d 
lu

br
ic

at
in

g 
oi

ls
 

A
ll

oy
s 

B
io

lo
gi

ca
l 

sa
m

pl
es

 
S

yn
th

et
ic

 
(a

qu
eo

us
 a

nd
 

or
ga

ni
c 

so
lu

ti
on

s)
 

Sy
nt

he
ti

c 
R

ef
er

en
ce

 o
il

s 

85
%

 p
ho

sp
ho

ri
c 

ac
id

 s
am

pl
e 

B
ur

r 
fi

lt
ra

te
s 

(f
ro

m
 Z

n 
pl

an
t)

 
M

et
al

 s
am

pl
es

 

A
ll

oy
s 

P
la

nt
 d

ig
es

ts
 

L
ub

ri
ca

ti
ng

 o
il

s 
W

at
er

 

50
 p

l 

50
0 

11
4 

I0
0 

50
0 

50
0 

20
-5

0 

10
 3

00
 

50
0 

22
.2

-8
8.

8 
17

7 

15
0 

50
0 

10
0 

45
 

60
 

11
0 

13
2 80
 

60
 

D
et

ec
ti

on
 

li
m

it
 

40
-4

00
 

ng
 /m

l 

0.
13

9 
#g

/m
l 

50
, 

30
, 

80
, 

20
 p

g 

8.
4 

ng
/m

l 

0.
5~

5 
ng

 /m
l 

0.
02

 
1.

3 
~g

/g
 

10
 3

40
 

ng
/m

l 

0.
3 

50
0 

ng
/m

l 

O
th

er
 a

sp
ec

ts
 

In
te

rf
ac

e 
pe

rf
or

m
an

ce
 s

tu
di

es
 

C
om

pl
ex

 s
ta

bi
li

ty
 

st
ud

ie
s.

 O
pt

im
iz

at
io

n 
S

F
C

-D
A

D
-I

C
P

 s
ys

te
m

. 
Su

pe
rc

ri
ti

ca
l 

F
I 

sy
st

em
 

F
I 

sl
ur

ry
 a

to
m

iz
at

io
n 

In
te

rf
er

en
ce

 s
tu

di
es

. 
K

al
m

an
 F

il
te

r 

R
ob

ot
ic

s 

O
n-

li
ne

 e
le

ct
ro

ly
ti

c 
di

ss
ol

ut
io

n 
R

ed
uc

ed
 s

am
pl

e 
vo

lu
m

e 

In
te

rf
ac

e 
st

ud
ie

s 

In
te

rf
er

en
ce

 s
tu

di
es

 
F

I 
sl

ur
ry

 a
ut

om
iz

at
io

n 
O

n-
li

ne
 d

il
ut

io
n 

O
n-

li
ne

 s
ta

nd
ar

d 
ad

di
ti

on
 

O
n-

li
ne

 
m

at
ri

x 
m

at
ch

in
g 

ca
li

br
at

io
n 

O
n-

li
ne

 s
ta

nd
ar

d 
ad

di
ti

on
. 

R
ev

er
se

-F
IA

 
O

n-
li

ne
 s

ta
nd

ar
d 

ad
di

ti
on

 
O

n-
li

ne
 s

ta
nd

ar
d 

ad
di

ti
on

 
O

n-
li

ne
 d

il
ut

io
n 

S
ta

nd
ar

d 
sa

li
ni

ty
 m

at
ch

in
g 

R
ef

. 

41
-4

3 

44
 

45
 

46
 

47
 

48
 

49
 

50
 

43
, 

51
 

52
 

53
 

54
, 

55
 

56
 6

0 

61
, 

62
 

63
 

64
 

65
 

66
 

67
 

68
 

69
 

70
 

71
 

E
 

¢3
 

,-d
 

©
 

e'~
 

>
 



O
n-

li
ne

 s
ep

ar
at

io
n 

pr
oc

es
s 

(I
).

 
L

iq
ui

d-
so

li
d 

in
te

rf
ac

es
 

A
u

 

M
o 

C
r(

ll
I)

 

A
I B
 

C
u P 

I-
, 

IO
~ 

SO
~,-

 

O
xy

an
io

ns
 

O
rg

an
ot

in
 

co
m

po
un

ds
 

M
ul

ti
el

em
en

ts
 

B
ot

an
ic

al
 

S
R

M
 

B
ot

an
ic

al
 S

R
M

 

R
oc

ks
 R

M
 

R
ef

in
er

y 
ef

fl
ue

nt
 w

at
er

 
S

ea
w

at
er

 
H

um
an

 u
ri

ne
 

P
ot

ab
le

 w
at

er
s 

an
d 

ha
em

od
ia

ly
si

s 
fl

ui
ds

 

S
yn

th
et

ic
 s

ea
w

at
er

 

St
ee

ls
 

N
at

ur
al

 w
at

er
s,

 
se

aw
at

er
, 

bo
ile

r-
fe

ed
 

w
at

er
 

R
iv

er
 w

at
er

 

S
yn

th
et

ic
 

W
at

er
s 

S
er

um
 

A
lk

al
i 

m
et

al
 

sa
lts

 
A

lu
m

in
iu

m
 

al
lo

ys
 

15
 

15
 

50
0 

10
 m

l 
(2

50
 

el
ue

nt
) 

10
-5

0 
m

l 
10

 m
l 

10
00

 (
10

0 
el

ue
nt

) 

25
0 

1 
m

l 

20
0 

10
 m

l 

2 
m

l 
(2

00
 

el
ue

nt
) 

20
0 

10
-5

0 
m

l 
(2

50
 e

lu
en

t)
 

6-
30

 m
l 

7.
5 

80
 r

nl
 

0.
5 

2.
5 

m
l 

35
 m

l 

12
0 6 30

 

45
 

30
 

12
 2

0 

20
 

I 
ng

/m
l 

0.
2 

ng
/m

l 
0.

05
 n

g/
m

l 

3 
ng

/m
l 

0.
16

 n
g/

m
l 

0.
6 

pg
/m

l 

0.
75

, 
31

 
ng

/m
l 

2.
8 

ng
/m

l 

0~
15

 0
.2

 p
g 

0.
00

8 
20

 
ng

/m
l 

0.
00

9 
2 

ng
/m

l 
0.

3 
5.

1 
ng

/m
l 

0.
00

21
q)

.l 
2 

~
g/

g 

T
im

e-
ba

se
d 

in
je

ct
io

n 
O

n-
li

ne
 s

ta
nd

ar
d 

O
n-

li
ne

 s
ta

nd
ar

d 
ad

di
ti

on
 

(c
om

pu
te

r-
gu

id
ed

).
 T

im
e-

ba
se

d 
in

je
ct

io
n 

ad
di

ti
on

 (
zo

ne
 

73
 

sa
m

pl
in

g)
 

A
m

be
rl

ys
t 

A
-2

6,
 

74
 

m
er

ca
pt

oa
ce

to
xy

-c
el

lu
lo

se
 

A
ct

iv
at

ed
 a

lu
m

in
a 

75
 

A
ct

iv
at

ed
 a

lu
m

in
a 

76
 

C
he

le
x 

10
0,

 
77

-7
8 

A
m

be
rl

it
e,

 D
ow

ex
 

A
m

be
rl

it
e 

X
A

-7
43

 
~.

 
re

si
n.

 T
im

e-
ba

se
d 

79
 

.~
 

in
je

ct
io

n 
,',

 
C

1~
 b

on
de

d 
si

lic
a 

80
 

M
IP

*
-A

E
S

 
~

" 
A

ct
iv

at
ed

 a
lu

m
in

a 
81

 
A

ni
on

-e
xc

ha
ng

e 
~ "t

. 
(A

G
I-

X
8 

re
si

n)
. 

82
 

O
n-

li
ne

 o
xi

da
ti

n 
to

 1
2 

~ o 
A

ci
di

c 
al

um
in

a 
83

 
=

 =_
.. 

A
ct

iv
at

ed
 a

lu
m

in
a 

84
 

7 
C

I8
 b

on
de

d 
si

lic
a.

 
S

pe
ci

at
io

n 
by

 
85

 
ch

ro
m

at
og

ra
ph

y 
M

IP
* 

A
E

S
 

C
he

le
x 

10
0.

 I
n 

86
 

pa
ra

ll
el

 c
ol

um
ns

 
C

he
la

ti
ng

 r
es

in
, 

87
-8

9 
ba

si
c 

al
um

in
a 

D
es

ol
va

ti
on

 d
ev

ic
e 

90
, 

91
 

C
he

la
ti

ng
-c

el
lu

lo
se

 
92

 

C
he

la
ti

ng
-c

el
lu

lo
se

 
93

 
A

I 
an

d 
N

a 
re

m
ov

al
 

co
n 

tin
 u

ed
 

,,.
,.a

 



T
ec

hn
iq

ue
 

F
IA

 
co

nt
ri

bu
ti

on
 

O
n-

li
ne

 s
ep

ar
at

io
n 

pr
oc

es
s 

(I
I)

. 
L

iq
ui

d-
li

qu
id

 
in

te
rf

ac
es

 

O
n-

li
ne

 s
ep

ar
at

io
n 

pr
oc

es
s 

(I
II

).
 

G
as

-l
iq

ui
d 

in
te

rf
ac

es
 

Sp
ec

ia
ti

on
 

*M
ic

ro
w

av
e 

pl
as

m
a 

to
rc

h 
A

E
S.

 

A
na

ly
te

(s
) 

M
et

al
s 

F
- 

B
e 

C
a

 

C
d 

O
rg

an
ic

 C
 

A
s 

G
e 

Sb
(l

lI
),

 S
b(

V
) 

A
s,

 S
b,

 S
e 

A
s,

 S
b,

 B
i 

M
ul

ti
el

em
eu

ts
 

C
r(

ll
l)

, 
C

r(
IV

) 

S
b(

|I
I)

, 
Sb

(V
) 

P
O

~-
, 

to
ta

l 
P 

T
ab

le
 1

. c
on

tin
ue

d 

Sa
m

pl
e 

Sa
m

pl
in

g 
Sa

m
pl

e(
s)

 
vo

lu
m

e 
(/

d)
 

fr
eq

ue
nc

y 
(h

r 
-I

 ) 

Sa
lts

 s
ol

ut
io

ns
 

35
0-

50
0 

m
l 

2-
8 

W
at

er
s 

20
0 

36
 

M
g-

A
I 

al
lo

ys
, 

50
0 

25
 

C
u 

al
lo

ys
 

S
R

M
 w

at
er

 
3 

m
l 

25
 

S
R

M
 

5 
m

l 
20

 
(b

io
lo

gi
ca

l)
 

W
at

er
 

(c
on

ta
in

in
g 

50
0 

m
g/

l 
of

 
ca

rb
on

at
e 

ca
rb

on
) 

Sy
nt

he
tic

, 
S

R
M

, 
gl

yc
er

in
e,

 
40

-3
74

 
12

0-
20

0 
ge

ol
og

ic
al

, N
aC

I 
an

d 
A

IC
13

 
Si

ng
le

-c
ry

st
al

 
ga

ll
iu

m
 a

rs
en

id
e 

(n
on

-,
 Z

n-
 a

nd
 

10
00

 
15

0 
Si

-d
op

 A
I)

 a
nd

 
po

ly
(e

th
yl

en
e-

 
te

re
ph

th
al

at
e)

 
C

op
pe

r 
m

et
al

, 
w

as
te

 w
at

er
 

Su
rf

ac
e 

w
at

er
s 

75
0 

O
re

 r
oc

k 

S
R

M
 (

st
ee

l, 
co

al
 f

ly
 a

sh
, 

ur
ba

n 
pa

rt
ic

ul
at

e,
 

ri
ve

r 
an

d 
se

aw
at

er
s)

 
R

ef
er

en
ce

 
w

at
er

s 
W

as
te

 w
at

er
s 

W
as

te
 w

at
er

s 

2 
m

l 
(2

00
/a

l 
el

ue
nt

) 

20
0 

40
-8

0 

D
et

ec
ti

on
 

li
m

it
 

pg
 /m

l 

30
 n

g 
/ m

l 

50
 n

g/
m

l 

O
. 1

 n
g/

m
l 

0.
4 

ng
/m

l 

5 
m

g/
I 

0.
02

5 
5.

2 
ng

/m
l 

0.
4 

ng
/m

l 

0.
19

 n
g/

m
l 

3.
5,

 7
.0

, 
3.

6 
ng

/m
l 

O
.2

, 0
.2

, 
0.

1 
ug

/g
 

1.
4,

0.
2 

pg
/m

l 

5,
 0

.6
 g

g/
m

l 

O
th

er
 a

sp
ec

ts
 

D
on

na
n 

di
al

ys
is

 
pr

ec
on

ce
nt

ra
ti

on
 

In
di

re
ct

 
de

te
rm

in
at

io
n 

li
q-

li
q 

ex
tr

ac
ti

on
 (

L
a-

al
iz

ar
in

 
co

m
pl

ex
on

e 
fl

uo
ri

de
 c

om
pl

ex
) 

L
iq

-l
iq

 e
xt

ra
ct

io
n.

 
M

ic
ro

po
ro

us
 P

T
F

E
 

tu
bi

ng
 s

ep
ar

at
or

 
L

iq
 L

iq
 e

xt
ra

ct
io

n 
(d

it
hi

zo
ne

 i
n 

C
C

I 4
) 

L
iq

-l
iq

 e
xt

ra
ct

io
n.

 
Su

ct
io

n-
cu

p 
sa

m
pl

in
g 

E
va

po
ra

ti
on

 o
f 

in
or

ga
ni

c 
C

 

H
yd

ri
de

 g
en

er
at

io
n 

(w
it

h 
an

d 
w

it
ho

ut
 

m
ic

ro
po

ro
us

 P
T

F
E

 
m

em
br

an
e/

tu
bi

ng
 s

ep
ar

at
or

) 

H
yd

ri
de

 g
en

er
at

io
n.

 
M

ic
ro

po
ro

us
 P

T
F

E
 

se
pa

ra
to

r 

H
yd

ri
de

 g
en

er
at

io
n.

 
C

on
ti

nu
ou

s 
fl

ow
 s

ys
te

m
 

H
yd

ri
de

 g
en

er
at

io
n 

H
yd

ri
de

 g
en

er
at

io
n 

H
yd

ri
de

 g
en

er
at

io
n 

A
ci

di
c 

al
um

in
a 

co
lu

m
n 

H
yd

ri
de

 g
en

er
at

io
n 

In
 s

er
ia

l d
et

ec
to

rs
 

(s
pe

ct
ro

ph
ot

om
et

er
 

U
V

-v
is

ib
le

 a
nd

 I
C

P
-A

E
S

) 

R
ef

. 

94
 

95
 

96
 

97
 

98
 

99
 

10
0-

10
5 

10
6 

10
7 

10
8 

10
9 

11
0 

11
1,

88
 

10
7 

11
2,

 1
13

 

t"
 

0 0
. -t
 



T
ab

le
 2

. 
F

IA
 

IC
P

 
M

S 
co

up
li

ng
 

F
IA

 
Sa

m
pl

e 
S

am
pl

in
g 

D
et

ec
ti

on
 

T
ec

hn
iq

ue
 

co
nt

ri
bu

ti
on

 
A

na
ly

te
(s

) 
Sa

m
pl

e(
s)

 
vo

lu
m

e 
(~

i)
 

fr
eq

ue
nc

y 
(h

r 
~)

 
li

m
it

 
O

th
er

 a
sp

cc
ts

 
R

ef
. 

IC
P

/M
S

 
S

am
pl

e 
M

o 
S

yn
th

et
ic

 
10

 
30

 
l l

4 
in

tr
od

uc
ti

on
 

U
 

N
uc

le
ar

 m
at

er
ia

l 
I 1

5 
A

 u
 

S
ea

w
at

er
 

12
0 

4 
10

 J
M

 
O

ff
-l

in
e 

pr
ec

on
ce

nt
ra

ti
on

 
11

6 
[A

u(
C

N
)2

 ]
 

In
 

S
yn

th
et

ic
 

10
0 

45
 

ng
/g

 
Io

n 
le

ns
 t

un
in

g 
11

7 
st

ra
te

gi
es

 
O

rg
an

om
er

cu
ry

 
S

R
M

 (
bi

ol
og

ic
al

) 
10

0 
2.

7 
ng

/m
l 

A
vo

id
an

ce
 i

nt
er

fa
ce

 
11

8 
cl

oo
gi

ng
 

T
hi

m
er

os
al

 
B

io
lo

gi
ca

l 
I 1

9 
T

ri
m

et
hy

lg
al

li
um

 
H

um
an

 f
ae

ce
s 

Si
m

pl
ex

 o
pt

im
iz

at
io

n 
12

0 
et

he
ra

te
 

P
t-

gr
ou

p 
m

et
al

s 
P

er
id

ot
it

e 
su

b-
ng

/g
 

So
li

d 
co

nt
en

t:
 5

-1
0%

 
12

1 
U

, 
T

h 
A

lu
m

in
iu

m
 

25
0 

30
 

0.
2 

ng
/g

 
C

om
pa

ri
so

n 
w

it
h 

12
2 

la
se

r-
ab

la
ti

on
 

B
a,

 I
n 

S
yn

th
et

ic
 s

ea
w

at
er

 
50

0 
Io

n 
le

ns
 t

un
in

g 
12

3 
st

ra
te

gi
es

 
P

b,
 Z

n 
Po

w
de

re
d,

 b
lo

od
 

12
4 

pl
as

m
a 

R
e,

 P
b,

 l
r 

N
at

ur
al

 w
at

er
, 

25
0,

 5
00

 
5-

14
 p

g 
O

ff
-l

in
e 

io
n-

ex
ch

an
ge

 
12

5 
se

di
m

en
ts

 
an

d 
is

ot
op

e 
di

lu
ti

on
 

T
I, 

P
b,

 B
i 

N
ic

ke
l-

ba
se

 
20

0 
1 

ng
/m

l 
12

6 
al

lo
ys

 
A

u,
 Z

n,
 C

u 
B

lo
od

 p
la

sm
a,

 
< 

10
00

 
0.

2 
ng

/m
l 

12
7 

se
ru

m
 

Z
n-

64
/Z

n-
67

 
H

um
an

 f
ae

ce
s 

F
ee

di
ng

 e
xp

er
im

en
ts

 
12

8 
ra

ti
o 

M
ul

ti
el

em
en

t 
S

yn
th

et
ic

 
10

 2
5 

60
 

0.
01

 ~
).

 1
 n

g 
O

pt
im

iz
at

io
n 

st
ud

y 
pr

io
r 

to
 

12
9,

 1
30

 
H

P
L

C
 

IC
P

-M
S

 c
ou

pl
in

g 
S

R
M

 (
ro

ck
) 

50
0 

M
in

im
iz

ed
 m

at
ri

x 
13

1 
de

po
si

ti
on

 
O

rg
an

om
et

al
li

c 
25

, 
10

0 
0.

52
 2

.0
 

Sp
ec

ia
l 

in
te

rf
ac

es
 

13
2 

13
6 

co
m

po
un

ds
, 

ng
/m

l 
se

di
m

en
ts

, 
al

lo
ys

 
T

ra
ce

 m
et

al
s 

50
 

ng
/m

l 
In

te
rf

ac
e 

13
7 

in
tr

od
uc

ti
on

 v
ol

at
il

e 
or

ga
ni

c 
so

lv
en

ts
 

co
nt

in
ue

d 

7.
 

o~
 

m
. 3 =_

.. 



T
ec

hn
iq

ue
 

F
IA

 
co

nt
ri

bu
ti

on
 

Sa
m

pl
e 

ha
nd

li
ng

 

O
n-

li
ne

 
se

pa
ra

ti
on

 
pr

oc
es

s 
(I

). 
L

iq
ui

d-
so

li
d 

in
te

rf
ac

es
 

O
n-

li
ne

 
se

pa
ra

ti
on

 
pr

oc
es

s 
(I

ll
).

 
G

as
-l

iq
ui

d 
in

te
rf

ac
es

 

A
na

ly
te

(s
) 

P
b 

(i
so

to
pe

s)
 

M
ul

ti
el

em
en

t 

R
e P
t 

T
ra

ce
 m

et
al

s 

M
ul

ti
el

em
en

t 
C

u,
 C

d 

B
i 

P
b 

H
yd

ri
de

-f
or

m
in

g 
el

em
en

ts
, H

g 

T
ab

le
 2

. 
co

nt
in

ue
d 

Sa
m

pl
e 

S
am

pl
in

g 
D

et
ec

ti
on

 
Sa

m
pl

e(
s)

 
vo

lu
m

e 
(/

~l
) 

fr
eq

ue
nc

y 
(h

r 
L)

 
li

m
it

 

N
IS

 S
R

M
 9

83
 

10
75

 
24

0 
N

IS
 S

R
M

 9
91

 
U

nd
il

ut
ed

 u
ri

ne
 

50
0 

10
 

H
ig

hl
y 

co
nc

. 
20

0 
10

-1
5 

H
3P

O
 4 

an
d 

N
H

4N
O

3 
H

ig
h 

pu
ri

ty
 N

i 
20

0 
ng

/g
 

Se
aw

at
er

 
10

-5
0 

m
l 

0.
27

 p
g/

m
l 

A
ir

bo
rn

e 
80

0 
12

 
0.

1 
ng

/r
nl

 
pa

rt
ic

ul
at

e 
C

on
ce

nt
ra

te
d 

10
 m

l (
0.

2 
br

in
es

 (
30

%
) 

m
l e

lu
en

t)
 

S
R

M
 (

se
aw

at
er

) 
H

ai
r,

 S
R

M
 

50
 m

l 
2 

ng
/m

l 
S

R
M

 (
ur

in
e)

 
10

00
 

27
 p

g/
m

l 
(C

u)
 

54
5 

pg
/m

l 
(C

d)
 

S
R

M
 (

ro
ck

) 
40

 
1.

8 
ng

/m
l 

S
R

M
, 

ga
le

ne
 

40
 n

g/
m

l 

Se
aw

at
er

 
50

0 
20

 
4~

6 
pg

/I
 

O
th

er
 a

sp
ec

ts
 

Is
ot

op
ic

 d
il

ut
io

n 

O
n-

li
ne

 s
ta

nd
ar

d 
ad

di
ti

on
 m

et
ho

d 
O

n-
li

ne
 s

ta
nd

ar
d 

ad
di

ti
on

 m
et

ho
d 

C
on

ti
nu

ou
s 

sa
m

pl
e 

st
an

da
rd

 m
ix

in
g,

 
hi

gh
 s

ol
id

 c
on

te
nt

 
D

ow
ex

 l
-x

-8
 (

R
eO

z)
 

Is
ot

op
ic

 d
il

ut
io

n 
D

ow
ex

 5
0 

W
-X

8 
(m

at
ri

x 
re

te
nt

io
n)

 
O

n-
li

ne
 p

ro
co

nc
en

tr
at

io
n 

m
at

ri
x 

re
m

ov
al

 

In
-p

ar
al

le
l c

ol
um

ns
 

O
n-

li
ne

 a
no

di
c 

st
ri

pp
in

g 
vo

lt
am

m
et

ry
 

H
yd

ri
de

 g
en

er
at

io
n 

H
yd

ri
de

 g
en

er
at

io
n 

Is
ot

op
ic

 d
il

ut
io

n 
P

T
F

E
 t

ub
in

g 
se

pa
ra

to
r 

H
yd

ri
de

 g
en

er
at

io
n-

 
va

po
ur

 g
en

er
at

io
n 

R
ef

. 

13
8,

 1
39

 

14
0 

14
1 

14
2 

14
3 

14
4 

14
5 

14
6 

14
7 

14
8 

14
9 

15
0,

 1
51

 

t-
 

o e~
 

-q
 

> 



T
ab

le
 3

. 
O

th
er

 F
IA

/h
ig

h 
di

sc
ri

m
in

at
io

n 
de

te
ct

or
 c

ou
pl

in
gs

 

F
IA

 
Sa

m
pl

e 
S

am
pl

in
g 

D
et

ec
ti

on
 

T
ec

hn
iq

ue
 

co
nt

ri
bu

ti
on

 
A

na
ly

te
(s

) 
Sa

m
pl

e(
s)

 
vo

lu
m

e 
(#

l)
 

fr
eq

ue
nc

y 
(h

r 
l)

 
li

m
it

 
O

th
er

 a
sp

ec
ts

 
R

ef
. 

F
T

IR
 

S
am

pl
e 

Ph
en

yl
 i

so
ci

an
at

e 
S

yn
th

et
ic

 
25

 
60

 
4 

pg
/m

l 
15

2 
in

tr
od

uc
ti

on
 

20
0 

20
 

0.
02

%
 v

 /v
 

32
0 

20
 

80
 p

g/
m

l 

30
0 

53
 

1.
6 

pg
/m

l 

M
S

 

60
 

25
 

60
 

2O
 

18
 

45
 

50
 

15
 

S
am

pl
in

g 
ha

nd
li

ng
 

S
am

pl
e 

in
tr

od
uc

ti
on

 

o-
X

yl
en

e 
lb

up
ra

fe
n 

C
ar

ba
ry

l 

A
ll

yl
di

is
op

ro
py

la
m

in
e 

ox
id

e 
A

li
ph

at
ic

 e
st

er
s 

C
ho

li
ne

 
co

m
po

un
ds

 
X

yl
en

e 
co

m
po

un
ds

 
B

en
ze

ne
 

te
rt

-B
ut

yl
 e

th
er

 

T
ri

bu
ty

lt
in

 

A
ce

ti
c 

ac
id

, 
ac

et
oi

n,
 2

,3
- 

bu
ta

ne
di

ol
, 

et
ha

no
l,

 C
O

:,
 O

, 
T

ox
in

s 

fl
-B

lo
ck

in
g 

dr
ug

s 

X
yl

ol
 

P
ha

rm
ac

eu
ti

ca
ls

 

Pe
st

ic
id

e 
fo

rm
ul

at
io

ns
 

S
yn

th
et

ic
 

S
yn

th
et

ic
 

P
ha

rm
ac

eu
ti

ca
l 

pr
ep

ar
at

io
ns

 
C

om
m

er
ci

al
 

xy
lo

l 
G

as
ol

in
e 

U
nl

ea
de

d 
ga

so
li

ne
s 

S
ed

im
en

t,
 S

R
M

 

F
er

m
en

ta
ti

on
 

br
ot

h 

P
la

nk
to

n 

P
ha

rm
ac

eu
ti

ca
ls

 

13
0 

20
0 

30
0 

32
0 

50
0 

25
0 

Sa
m

pl
e 

A
ce

ta
m

in
op

he
n,

 
S

yn
th

et
ic

 
10

0 
ha

nd
li

ng
 

gl
ut

at
hi

on
e,

 c
ys

te
in

e 
O

n-
li

ne
 s

ep
ar

at
io

n 
A

s,
 S

e,
 S

b,
 S

n 
S

yn
th

et
ic

 
10

0 
pr

oc
es

s 
C

hl
or

of
or

m
 

S
yn

th
et

ic
 

M
 E

C
A

 
S

am
pl

e 
O

rg
an

op
ho

sp
ho

ro
us

 
S

yn
th

et
ic

 
2 

10
0 

in
tr

od
uc

ti
on

 
co

m
po

un
ds

, 
in

se
ct

ic
id

es
 

Su
lp

hi
de

, 
S

yn
th

et
ic

 
5 

20
 

su
lp

hi
te

, 
su

lp
ha

te
 

O
n-

li
ne

 s
ep

ar
at

io
n 

A
rs

en
ic

 
S

R
M

 (
ve

ge
ta

l)
 

12
0 

10
0 

pr
oc

es
s 

N
M

R
 

S
am

pl
e 

T
ol

ue
ne

 
A

ce
to

ni
tr

il
e 

50
 

in
tr

od
uc

ti
on

 
F

la
m

e 
S

am
pl

e 
T

ot
al

 i
no

rg
an

ic
 

T
ap

 w
at

er
 

25
,2

50
 

60
 

IR
E

S
 

in
tr

od
uc

ti
on

 
ca

rb
on

, 
sa

cc
ha

ri
de

s 

14
 m

M
 

O
.0

2 
fg

/m
l 

0.
02

%
 v

/v
 

0.
02

%
 v

 /v
 

0.
03

5%
 v

/v
 

0.
2 

pg
 S

n/
g 

C
om

pa
ri

so
n 

fl
ow

 c
el

ls
 

P
ar

ti
al

 d
is

so
lu

ti
on

 i
n 

C
I4

C
 

F
lo

w
in

g 
or

 s
to

p-
fl

ow
 

m
od

es
 

C
ar

ri
er

: 
su

pe
rc

ri
ti

ca
l 

C
O

, 
C

om
pa

ri
so

n 
fl

ow
in

g 
an

d 
st

op
-f

lo
w

 m
od

es
 

p-
C

IR
C

L
E

 c
el

l 

p-
S

P
E

A
C

 c
el

l 

O
n-

li
ne

 s
ta

nd
ar

d 
ad

di
ti

on
 

F
ir

st
 o

rd
er

 d
er

iv
at

iv
e 

Io
n 

sp
ra

y 
M

S
-M

S
 

Se
le

ct
ed

 r
ea

ct
io

n 
m

on
it

or
in

g 
M

S
-M

S
 g

as
 d

if
fu

si
on

 

15
3 

15
4 

15
5 

15
6 

15
7 

15
8 

15
9 

16
0 

16
1 

16
2 

16
3,

 1
64

 

2 
pg

/m
l 

Io
n 

sp
ra

y 
M

S
/M

S
 

16
5 

Se
le

ct
ed

 i
on

 m
on

it
or

in
g 

0.
2 

ng
 

S
tu

dy
 p

ri
or

 t
o 

16
6 

L
C

-M
S

 c
ou

pl
in

g 
O

n-
li

ne
 e

le
ct

ro
ch

em
ic

al
 

16
7 

an
d 

ch
em

ic
al

 r
ea

ct
io

ns
 

0.
1 

1 
l~

g/
m

l 
H

yd
ri

de
 g

en
er

at
io

n 
16

8,
 1

69
 

I 
pg

/m
l 

G
as

 d
if

fu
si

on
 

16
9 

0.
5-

50
 p

g 
P 

N
o 

ca
vi

ty
 c

oo
li

ng
 

17
0,

 1
71

 
be

tw
ee

n 
in

je
ct

io
ns

 

[ 
ng

 S
 

N
o 

ca
vi

ty
 c

oo
li

ng
 

17
2 

be
tw

ee
n 

in
je

ct
io

ns
 

80
 n

g/
m

l 
H

yd
ri

de
 g

en
er

at
io

n 
17

3 

13
0 

ttg
/~

;.t
/ 

E
va

lu
at

io
n 

fl
ow

-c
el

l 
17

4 

D
es

ig
n 

pu
rg

e-
ce

ll
 

17
5 

FI
 a

nd
 c

on
ti

nu
ou

s 
m

od
es

 

_3.
 



158 M.D. LUQUE DE CASTRO and M. T. TENA 

discrimination capabilities like MS (by direct 
coupling or through an ICP source), FTIR and 
NMR, among the most important, which 
have also been reviewed, 35-4° and whose most 
significant features are listed in Tables 2 ~j4-jS~ 
and  3. ~52-j75 

Figure 1 shows the dissimilar use of flow 
injection analysis-high discrimination instru- 
ment (FIA-HDI)  couplings. For this reason the 
aim of this work is to give to the analytical 
community, but particularly FIA users, an 
overview of  the present situation of these hy- 
phenated techniques, emphasizing the advan- 
tages involved in them, criticizing their negative 
aspects and showing the unexplored availabili- 
ties of  one of  the most promising uses of FlA. 

INTERFACES 

The connection between a flow injection sys- 
tem and a high resolution detector has a decisive 
influence on the performance of the hyphenated 
system, as analytical quality parameters such as 
reproducibility, accuracy, sensitivity and selec- 
tivity are highly dependent on how this coupling 
is accomplished. The complexity of the interface 
is very different depending on whether the 
measurement is performed in solution, plasma 
or vacuum. 

Inexpensive flow-cells (either conventional or 
demountable micro-flow cells) with KBr 
windows and different thickness spacers 
(0.015-0.22 mm, 0.15-9/ t l  cell volume) are used 
in F I A - F T I R  coupling when organic solvent 
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Fig. 1. Tridimensional plot of the main contributions of flow 
injection analysis coupled to high discrimination detectors. 
(Sp) Speciation; (g-l) gas-liquid; (1-1) liquid-liquid; (l-s) 
liquid-solid; (S.P:P.) on-line separation processes: (S.H.) 

sample handling and (S.I.) sample introduction. 

carriers are involved. ~43 145.159-161 The use of thick 
spacers yields a higher contribution to the blank 
measurement from the carrier solvent, so poorer 
detection limits are obtained. More sophisti- 
cated cells are used with uncommon solvents. A 
25 #l-micro-Circle cell equipped with a zinc 
selenide crystal (0.318 cm diameter) has been 
used for aqueous samples in FIA FTIR; t57'15~ 
and a high pressure flow cell (2 ~1, 1 mm optical 
path length and 2 mm 2 cross sectional area) 
when supercritical CO2 was the carrier? 56 

The design of  an NMR flow cell should 
provide rapid sample displacement without sig- 
nificant degradation of resolution. Cells similar 
to those in Fig. 2, with a 50 #1 observed volume 
work well at 1 ml/min flow-rate. The FIA 
injector can be connected directly to the NMR 
flow cell with 0.01-in i.d., 1/16-in o.d. tubing. 174 
Sufficient premagnetization time of the sample 
can be accomplished by placing the injector and 
connectors within the magnetic field. 

Special attention has been paid to interfacing 
FI systems and ICP. 42'44 46,56.57.59,60,132.176 179 A gen- 

eral interface to introduce a liquid into a plasma 
consists of a nebulizer, a spray chamber and a 
separator. The main shortcomings of using con- 
ventional interfaces in FI- ICP and in LC-ICP 
couplings related to continuous sample aspira- 
tion are the large dead volume and the sample 
loss involved as well as the band broadening. 
Efforts have been focused on producing inter- 
faces with high analyte transport efficiency and 
minimal solvent loading and dead volume in 
order to decrease detection limits. Low analyte 
transport efficiency of conventional pneumatic 
nebulizer/spray chamber systems (only 1-2% of 
the analyte aspirated actually reaches the 
plasma) limits the ability to analyse small 
sample volumes. Miniaturized interfaces have 
been designed a2.44.45 in order to overcome this 
drawback. The direct injection nebulizer 
(DIN) 6° is another approach to minimize the 
dead volume: a microconcentric nebulizer fits 
into the central aerosol tube of a conventional 
ICP torch. Solutions are nebulized directly at 
the base of the plasma and there is no spray 
chamber or separator. The microconcentric 
nebulizer 46"59'6° and thermospray nebulizer 57t76179 
have been the most used. In addition, miniatur- 
ized glass-frit nebulizers 45 have been reported to 
couple FIA and ICP. Solvent loading is ident- 
ified as a major contributor to plasma instability 
and poor detection limits. A jet separator, ~77 a 
condenser 57=79 or a membrane dryer separa- 
tor ~32"j78 can be used to remove the majority of 
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Fig. 2. FIA-HDI interfaces. (A) NMR flow-cell and interface. (B) FIA-ICP interfaces. (B~) Direct 
insertion of a microconcentric nebulizer (right) into the ICP torch (left). (B2) Miniaturized glass-frit 
nebulizer. (B 3) Thermospray interface consisting of a thermospray nebulizer, a heated spray chamber and 
a condenser. (C) FIA-MS-MS interface. Sheet membrane probe with membrane temperature control. 

the solvent and convert the sample into a dried 
and desolvated aerosol in a flow of  argon. 
Membrane separators are especially useful for 
organic solvents. 

Flow injection and mass spectrometry have 
been interfaced either by membrane introduc- 
tion and ion spray systems. The former consists 

of a membrane probe directly inserted into 
the mass spectrometer ion source. The carrier 
solution flows across the inside surface of  the 
membrane while the outside surface is exposed 
to the vacuum of the mass spectrometer. This 
interface is suitable for volatile analytes capable 
of  diffusing through the heated membrane.~63,~x° 
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In ion spray MS the carrier solution is allowed 
to flow at a rate of 1-500/~l/min, through a very 
narrow bore capillary tubing (50-200 /~m) 
polarized to a high voltage (2-3 kV). Spraying 
is facilitated by a coaxial flow of  nitrogen. The 
electrically charged droplets found evaporate 
during their flight to the sampling plate 
(counter-electrode). The analyte must be present 
as an ion in solution because there is no ioniz- 
ation process. This injector has been connected 
to the ionspray interface via a 1 m × 50 pm i.d. 
fused-silica tubing. 162 

SAMP L E  I N T R O D U C T I O N  

Despite the FIA capability to carry out a 
series of  chemical processes, the major use of  
flow injection-high discrimination instruments 
(FI -HDI)  has been to transport a few /~1 of  
sample to the detector. In addition to this 
application other more interesting uses are 
commented on in the following sections. 

An extensive use of  FIA as a sample introduc- 
tion tool has been done when coupled to ICP- 
AES 41-63 and ICP-MS. ~4-~37 Nevertheless, 
FIA-ICP hyphenated systems have profited 
from many other FIA capabilities. 

The use of  flow injection as a means of sample 
introduction endows the methods with a 
number of advantages, namely: reduced sample 
and reagent consumption, increased sample 
throughput, higher reproducibility and better 
detector performance. 

The sample saving achievable in FI - ICP is 
remarkable. Sample volumes in continuous as- 
piration ICP are usually between 2 and 5 ml, 
which decreases to 10-500 #I when coupled to 
FIA. Continuous aspiration of the sample is too 
wasteful to be feasible when only a limited 
sample volume is available ( i .e .  biological, clini- 
cal and forensic analysis); so the reduction of 
sample consumption achievable by FIA is of 
paramount importance in these fields. By way of  
example, FIA combined with ICP-AES has 
been successfully applied to the simultaneous 
determination of  eight elements in 20-/~1 serum 
samples, ~4 and acceptable detection limits for 
the analysis of several metals in biological 
samples were obtained with the use of ca.  

one-hundreth of the minimum sample volume 
required for continuous aspiration. 55 

The high sample throughputs achievable by 
FIA are a consequence of  the simple and 
automatic way of sample introduction, as this 
can be inserted into the flowing stream and 

monitored within few seconds, whereas stan- 
dard NMR methods require at least 45-60 sec 
before starting monitoring/74 Flow injection 
couplings enable near-real time monitoring thus 
avoiding fraction trapping, which is time- 
consuming and capable of sample contami- 
nation. FI sampling with membrane 
introduction MS-MS has been used for fully 
automated monitoring and feedback control of 
bioreactors, t63 It allows quantification of the 
major products and metabolites of fermentation 
and even detection of trace metabolites. 

Flow injection is a very reproducible means to 
introduce a precise volume of sample and also 
to improve the performance of the detector by 
minimizing blockage drawbacks in the interface 
thus favouring the detector stability. The 
precision of transient signal integration 
measurements as compared to steady-state 
integration measurements was found to be at 
least one of magnitude better for all of  the wear 
metals. 52 The significant improvement in pre- 
cision is due to reduced carbon build-up (more 
stable plasma; improved torch stability (no air 
pockets), constant sample solution flow-rate 
(use of a pump to avoid problems with viscosity 
changes) in the coupled FIA-ICP-AES. The 
ability to use small sample volumes reduces the 
loading of  undesirable matrices on nebulizers 
and torches, particularly in high salt content 
samples or organic solvent solutions. An 
injection volume as low as possible without 
increasing detection limits must be chosen in 
order to minimize solid sample deposition on 
the torch injector tip and on the mass 
spectrometer sampling interface. Thus, no 
matrix deposition occurs and therefore 
reproducibility of  a particular measurement is 
improved. This also provides better long-term 
stability of the instrument. The flow injection 
technique enables determinations in samples 
with total dissolved solid concentration 20-30 
times higher than those handled by conven- 
tional solution aspiration. The precision of an 
FIA-ICP-MS approach reported by Vickers 
e t  al .  114 w a s  found to be ca. twice that of a 
continuous ftow mode, whereas Stroh e t  al .  ~3h 

have found a mean long-term stability better 
than 5% RSD for all the elements (10 ng/ml) 
they have studied in a 3% m/v NaCI matrix. 

Memory effects are also minimized in an 
F IA-HDI  coupling as the carrier immediately 
follows each sample plug, which results in a 
continuous rinsing effect that dramatically re- 
duces clogging of the interface by deposition of 
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solid. The rinsing effect of the carrier decreases 
wash-out times, so the sampling frequency is 
improved as a result. Since the carrier system is 
flowing continuously, plasmas which normally 
extinguish at the air-water interface will no 
longer do so. In addition, injection of the 
sample avoids its passage through the flexible 
tubing of peristaltic pumps, which can adsorb 
the analyte ~6 causing diminished signals and 
memory effects that severely degrade precision; 
at the same time, a close control of the flow-rate 
is accomplished in this way. 

The use of FIA-FTIR systems provides 
simple and rapid sampling and easy cleaning of 
the flow-cell, and enables the continuous moni- 
toring of the baseline of spectra. Pharmaceuti- 
cals ~54'~58 and pesticide formulations ~55 have been 
determined successfully by FIA--FTIR thus 
demonstrating the usefulness of this approach. 

Detection limits and spectroscopic resolution 
of FIA-NMR are also better than for static 
sample measurements.~74 The FI carrier solution 
provided a suitable medium where stable ion- 
spray could take place in MS sample 
introduction. ~63 

SolidtS~ ~84 and gaseous ~5 samples can also be 
introduced in FIA-HDI couplings. Despite the 
capability of FIA for direct introduction of solid 
and gaseous samples, this potential has not been 
exploited. Only the direct analysis of solid 
samples by FIA ICP-AES has been carried out 
by electrolytic dissolution 48 and FIA-slurry at- 
omization. 63 Simultaneous determination of Zn, 
Si, Fe, Mn, Cr, Mg and Cu in aluminium alloys 
has been accomplished in a few minutes. 
Gaseous mixtures of compounds containing the 
elements Br, C, CI and S were introduced by 
FIA with various sample loops (15-250/~1) on 
the injection valve. 46 Sample gas was added to 
the loops at ca.  10 ml/min, then the sample 
carrier gas (Ar) was switched through the loops 
to transport their contents into the ICP. 

SAMPLE HANDLING 

This section deals with some simple 
operations such as automatic mixing of the 
sample with a dilution, standard or reagent thus 
completing the step within a short period of 
time with less sample and diluent, standard or 
reagent consumption. An additional advantage 
of the automatic performance of this step is a 
decrease of sample manipulation and thus of the 
human errors arose from it. 

Dilution is an FIA capability which can be 
performed in an automatic way, thus achieving 
dilution factors for samples of standards 
ranging between 0 and 200. This fact justifies its 
coupling to HDI instead to other less versatile 
continuous dilution systems. 7° Different ways 
have been used to achieve this goal, namely the 
insertion of a short piece of wide-bore tubing, a 
delay coil, merging streams, zone sampling 
approach by using an unstirred or stirred 
chamber. A dilution step can be mandatory in 
order to minimize matrix effects in the determi- 
nation of major components in a complex 
sample, or to fit the concentration of the ana- 
lyte(s) within the linear range of determination 
in concentrated samples. A significant reduction 
of the mass-dependent interference effects with- 
out substantial sacrifice in sensitivity can be 
achieved by appropriate dispersion in the FI 
system. Vickers e t  al. ~4 have demonstrated the 
almost complete elimination of signal suppres- 
sion by using a FI manifold which provides 
dispersion factors up to 25. Martin and Ihrig 72 
have developed an FI-ICP-AES approach for 
the automatic determination of widely varying 
elemental composition and concentration in a 
series of liquid samples without operator inter- 
vention. All the samples were appropriately 
diluted before determination by ICP AES by 
using computer-guided sequential dilutions to 
place all elements within the optimum range. 
Sample dilution was accomplished by injecting 
the sample for shorter periods of time (time- 
based injection). The tandem-injection and 
merging-streams have also been employed to 
achieve on-line dilution and steady-state 
concentrations for ICP-AES and ICP-MS? ~ 

A u t o m a t i c  c a l i b r a t i o n  

The ability for on-line development of rela- 
tively time-consuming sample pretreatment pro- 
cedures such as standard additions, internal 
standard, isotope dilution, and matrix-matching 
calibration in a simple way, saving both time 
and sample makes FIA a useful tool for this 
sample handling. 

The standard-addition method has proved to 
be effective in overcoming matrix effects, one of 
the main sources of loss in both accuracy and 
sensitivity in certain types of samples. The FI 
manifold can be designed either to add the 
standard to the sample (before, in, or after 
injection) or to inject the standard into the 
sample (reversed FIA), among others, thus 
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avoiding sample and standard contamination 
and the time-consuming preparation step. 

In the reverse-FIA mode the standard- 
addition method is accomplished by continuous 
sample pumping to the detector instead of the 
carrier solution, the detector is zeroed for this 
baseline value, and the standard solutions are 
injected in the sample stream. The calibration 
curve can be run by injecting equal volumes of 
standards of different concentration; different 
volumes of the same standard solution, or using 
any of the FIA alternatives for dilution prior to 
injection. This method has been proposed to 
determine benzene in gasoline by FIA-FTIR, ~6° 
and Si in an 85% phosphoric acid sample 65 and 
rare earth in metal samples 67 by FIA-ICP-AES. 

Sample-standard merging before injection is 
an easy way to implement the standard addition 
method. A third stream of internal standard can 
merge after the sample and standard 
confluence. ~4~ The standard addition stream is 
used to add multielement standard solutions of 
variable concentrations. A complete standard 
addition can be performed in each sample by 
changing the standard solution. Unlike the 
reversed-FIA standard addition method, 
continuous introduction of the sample matrix 
into the detector is avoided by the sample 
standard merging method, which has been suc- 
cessfully used in FIA-ICP-MS ~42"~3 couplings. 

The merging-zone approach has also been 
used for calibration purposes in the determi- 
nation of Ni, Cu and Ni in alloys. 68 The system 
utilized successive injections of the sample, each 
one accompanied by the injection of a different 
standard. The limitations of this system include 
the relatively low sampling rate and the 
necessity of prel~,aring a series of standards. The 
latter shortcoming might be overcome by using 
the zone-sampling mode, which enables con- 
trolled dilution of a given standard before its 
injection into the final standard carrier stream. 
Standard addition in plant digest samples has 
been implemented in an FIA ICP-AES system 
by merging the sample zone with an aliquot 
delivered from a trapped standard zone in a 
modified version of the zone sampling ap- 
proach, Eleven additions ranging from 3 to 32% 
of only one standard solution were performed in 
5 min. 69 Nine toxic elements in undiluted urine 
were determined in less than 5 min using an 
FIA-ICP-MS approach ~4° in which the FI mani- 
fold, which included a splitter tee, two in-paral- 
lel injection valves with different size loops (40 
and 500 /~1 for standard and sample, respect- 

ively) and a mixing tee, was used to inject 
sequentially three standard solutions into the 
same sample plug. 

Isotope dilution was used by Lasztity, Viczian 
et al. for the determination of lead in various 
matrices using a merging zones approach with 
programmable time-based injections. 

Matrix matching of sample and standards 
was implemented in FIA-ICP-AES by Gin6 
et al. 71 to minimize the interferences due to 
easily ionizable elements. Initially the ICP deter- 
mines the sodium content in the sample and 
thereafter the computer selects the appropriate 
sodium addition to match the saline concen- 
tration with that of the standards. After having 
received a suitable amount of sodium, the 
sample reaches the ICP and the elements are 
determined. 

Derivat izat ion 

Flow injection is a suitable tool to carry out 
on-line chemical reactions in a reproducible and 
automatic way with a noticeable saving of both 
sample and reagents. The analyte can be 
converted into a more suitable form for 
detection (e.g. a volatile species which enhances 
the selectivity, sensitivity and scope of appli- 
cation of the coupled system). The chemical 
reactions most widely used in FIA-ICP-AES, 
FIA-ICP-MS and FIA-MS have been 
hydride generation and vapour gener- 
ation.~OO 110,148-151,168.169 Getek et a/ .  167 have 

reported an FIA-MS coupling in which electro- 
chemical and chemical reactions took place. 
On-line formation and detection of glutathione 
and cysteine conjugates of acetaminophen were 
accomplished by interfacing a coulometric cell 
with a thermospray mass spectrometer in the 
flow-injection system. The electrochemical in- 
formation enables the confirmation of in vivo 

reaction mechanisms. 

ON-LINE SEPARATION PROCESSES 

One of the more advantageous aspects of FIA 
is its availability for the development of non- 
chromatographic continuous separation tech- 
niques with minimal complication of the 
experimental set-up. Flow injection takes ad- 
vantage of its dynamic nature for an easy, 
inexpensive implementation of separation tech- 
niques involving any of the possible interfaces 
(liquid-solid, liquid-liquid or gas-liquid). All of 
them have been implemented in on-line helped 
by an FI manifold, then hyphenated to a high 
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capability instrument. The goal of the separ- 
ation step has been to enhance either the sensi- 
tivity of the method by preconcentration of the 
target analyte(s) or the selectivity by removal of 
the matrix thus avoiding both its interference on 
the analytical signal and its passage through the 
detector, which is of a paramount importance in 
cases of insufficient or non-discrimination 
capability. The use of switching valves makes it 
feasible to lead undesirable species to the waste 
after separation without passing through the 
detection point. An additional benefit is an 
increased reproducibility as distortion of the 
signal from the analyte is minimized or avoided. 

Liquid-solid interfaces have been established 
in F IA-HDI  systems mainly by the use of 
solid-phase columns packed with either ion-ex- 
change or adsorptive material, particularly with 
preconcentration purposes. This previous step 
can improve dramatically the sensitivity of a 
given method by one or two orders of magni- 
tude. By way of example, the preconcentration 
FIA-ICP systems described by Hartenstein 
et  al. are capable of increasing the signal by 
10-15-fold and 20-75-fold per minute of sample 
loading time for simultaneous multielement 
integrated and simple element peak height, 
respectively, giving nearly 100% recovery of 
spiked analytes in tap and rain run-off waters, g9 
Nevertheless, there are two negative aspects of 
these separation processes, namely: (a) The 
sample volume used is higher than in the ab- 
sence of this step (see Tables 1 3). Depending 
on both the concentration of analyte in the 
sample and the enrichment factor to be attained 
the sample volume ranges between 2 and 100 ml, 
far from the y1 range usual in FIA. (b) The 
sampling frequency decreases by a factor which 
depends on the working conditions. In the 
above example 89 this parameter decreased from 
30-60 determinations/hr to 12-20 determi- 
nations/hr. This shortcoming can be minimized 
by using several columns arranged in parallel 
which work simultaneously and deliver sequen- 
tially the eluates to the flow manifold. The 
location of the column(s) in the dynamic system 
dramatically affects the overall performance and 
thus the results obtained. When the column is 
located in the transport zone of the flow mani- 
fold, a switching valve after the column is 
mandatory in order to waste undesirable sample 
components, thus avoiding their passage 
through the detector (SV 2 in Fig. 3A) (see Refs 
81, 91, 92 and 143 as examples). The main 
drawback of this arrangement is the continuous 
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Fig. 3. Schemes of flow injection solid phase separation 
column coupled to high discrimination detectors. (P) Peri- 
staltic pump: (IV) injection valve: (SV) selecting valve and 

dEC) ion-exchange column. 

circulation of the liquid in the same direction 
which tends to compact the packed material in 
the column and hence increases the pressure 
within the system. This problem can be over- 
come by placing the column upright and passing 
the solution upstream or by carrying out elution 
in the opposite direction of retention. The im- 
plementation of the latter approach is easy if the 
column is located in the loop of an injection 
valve (Fig. 3B). (A detailed description of the 
use of microcolumns in continuous flow systems 
can be found in Refs 12 and 13.) 

In addition to the microcolumn located in any 
of the commented on above points, other units 
can be included on-line in the F1 manifold to 
improve the efficiency of the overall process. 
Such is the case with the desolvation device 
connected to a microcolumn by Peng et  al. ~ in 
the development of a method for the determi- 
nation of trace elements by FIA ICP-AES with 
on-line preconcentration. The authors achieve a 
desolvation efficiency of 73% at a desolvation 
temperature of 120 C and apply the method to 
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Fig. 4. Scheme of the flow injection-anodic stripping voham- 
metry inductively coupled plasma (Fl ASV ICP) approach. 
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the determination of AI, Cu, Cd, Fe and Mn in 
serum by separation of the target analytes from 
various co-existing elements. 

A less common liquid-solid interface in 
F IA-HDI  is that created by using an on-line 
voltammetric stripping cell in the flow manifold 
such as the arrangement depicted in Fig. 4 
which has been used to deposit Cu and Cd at a 
working electrode, then releasing the analytes 
for detection by ICP-AES. H7 The deposition 
step enables the elimination of the sample 
matrix components that are not electroactive 
and do not deposit during passage of the sample 
through the cell, thus being sent to waste by 
switching the delivery valve. The target analytes 
were preconcentrated from sample volumes as 
large as necessary, then stripped for detection 
into a small volume of  liquid of the appropriate 
characteristics. Detection limits of  pg have been 
achieved for 1-ml urine samples. It must be 
emphasized that the sampling frequency afford- 
able by a stripping technique is usually higher 
than by solid columns as both the retention 
and elution steps are faster. Another add- 
itional advantage of stripping is the higher 
efficiency of the deposition process, which can 
be 100%. 

Liquid-liquid interfaces have seldom been 
established in F IA-HDI  by the use of both 
extraction and dialysis techniques and in all of  
the cases the detector has been ICP-AES. In 
continuous liquid-liquid extraction processes 
the efficiency of the separation strongly depends 
on the aqueous-organic flow-rate ratio. One of 
the earlier papers in this field 9s reported an 
increase in sensitivity of  c a .  250-fold in compari- 
son with direct aspiration of an aqueous sol- 
ution for the determination of  Cd by ICP-AES 
after extraction of  its diethyldithiocarbamate 
into carbon tetrachloride with a detection limit 
of 4 ng/ml and a sampling frequency of 20 hr t. 
Indirect methods have also been established in 
this area, as is the case with the determination 
of fluoride in water by formation of  the lan- 
thanum/alizarin complexone/fluoride ternary 
complex and its extraction into hexanol contain- 
ing N,N-diethylaniline. The introduction of the 
organic layer into the plasma and measurement 
of the emission intensity of La III 333.75-nm 
line enables the determination of the target 
analyte in a 0.03 1.3 #g/ml linear range with a 
sampling rate of 36 samples/hr, s5 Two in-series 
phase separators are used in order to obtain a 
pure organic phase to be transferred to the 
detector. 
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Fig. 5. Scheme of a flow injection hydride generation -|CP- 
AES system. (P) Peristaltic pump; (IS) injection system; 
(CP) confluence point; (MP) mixing point; (N) nebulizer and 

(UT) U-tube. 

A recent combination of flow injection 
Donnan dialysis with inductively coupled 
plasma atomic emission spectrometry has 
proved to yield enrichment factors of over 200 
for cations with an 8-min dialysis time, allowing 
ng/ml level detection limits. These results were 
obtained for receiver solutions consisting either 
of Sr(II) or Mg(II), providing complementary 
free spectral ranges and the applicability of the 
hyphenated system to trace metal cation analy- 
sis for both transition and rare earth elements. 
The enrichment factors obtained were linear 
over a wide range of concentrations and limits 
of detection approximately 100 times lower than 
for direct aspiration. Additional improvements 
in enrichment factors were obtained with 
increases in the dialysis time and/or final sample 
solution temperature. A signal enhancement 
factor of 650 with a detection limit of 11 ng/ml 
for monovalent silver cation was obtained using 
a 30-rain dialysisfl 4 These results call for greater 
attention to be paid to Donnan dialysis as a 
powerful tool to manipulate the sensitivity of 
F I A - H D !  methods. 

Despite the small number of species capable 
of yielding a gas after reaction, gas-liquid 
interfaces have gained extensive use in 
FIA-HDI.  Within gas-liquid separation, 
techniques based on hydride generation are the 
most common in hyphenated systems, particu- 
larly in FIA-ICP-AES and FIA-ICP-MS, 
where vapour generation has proved consider- 
able enhancement of the analytical capabilities 
for multielemental determination of volatile 
vapour-forming elements at ultratrace levels in 
environmental samples. Very good accuracy 
and precision in addition to increased sensitivity 
and avoidance of espectral interferences caused 
by high salt matrix, as demonstrated in ocean 



FIA and high discrimination results 165 

water samples. ~5° An arrangement such as that 
depicted in Fig. 5 was used in one of the earlier 
hydride generat ion-FIA-ICP-AES methods. 
The determination of arsenic as arsine was 
performed at a rate of 200 injections/hr with 
detection limits of !,4 ng arsenic, m2 Subsequent 
contributions have been the determination of 
arsenic in glycerine, m3 that of antimony in waste 
water, my and the simultaneous determination of 
As, Sb and Se, ms among others. The simul- 
taneous method, ms as compared with continu- 
ous sample introduction, provides detection 
limits three times poorer. By contrast, the pre- 
cision is approximately 150% better with FI due 
to the reduced pump pulsations, Other advan- 
tages of the FI system are the reduced sample 
size necessary for analysis (<750 ~1 v s .  4-5 ml 
for the continuous introduction system) and the 
potential for a greatly increased rate of sample 
throughput. 

One of the scarce contributions on FIA MS 
dealing with hydride generation is that re- 
ported by Canham and Pacey and consists of 
preliminary studies of the behaviour of such 
a system with very promising results. ~69 A 
more complex FIA ICP-MS arrangement has 
also been reported for the determination of 
hydride-generating elements and for the deter- 
mination of mercury. Several pre-reduction 
techniques were investigated and applied to 
the determination of the target analytes 
(namely, B, Sb, Se, Te, Hg and As) at ultra- 
trace levels in environmental samples. The 
detection limits found were in the range 
0.5 7.0 pg/ml. 

On-line preconcentration and oxidation by 
hydrogen peroxide were combined to improve 
the atomic emission limit of detection for iod- 
ine. The process was automated by FIA and 
hyphenated to both ArICP-AES and HeICP- 
AES for evaluation of the performance of the 
overall system as a way to circumvent the 
drawbacks encountered in the batch method, 
to which I, is adsorbed onto the peristaltic 
PVC pump tubing causing a memory effect, 
and the mixed reagents were only stable for 
1 hr. To minimize the memory effect in the 
batch method, the transfer line was rinsed 
with a 0.02% solution of sodium thiosulphate 
in an attempt to reduce I2 (adsorbed on the 
transfer line) to I - .  Although this procedure 
was effective in reducing the memory effect, its 
use in routine analysis was limited because of 
cross-contamination and increased analysis 
time. To eliminate the cited limitations in the 

batch method, the reagents were mixed on-line 
and the formation of I 2 took place along the 
reactor, thus avoiding its passage through the 
pump tubing. The iodine signal at 183.04 nm 
was enhanced by a factor of 33 and 100 for 
ArICP and HeICP, respectively, with detec- 
tion limits of 5 and 9 ng/ml, s2 

SPEC1ATION STUDIES 

Speciation has been implemented in 
F IA-HDI  using different capabilities of such 
arrangements. One of the simpler but more 
expensive ways to develop speciation is by the 
use of a detector which allows direct discrimi- 
nation of the different forms of a given element 
or compound. This is the case with the 
F IA-MS-MS tandem, with ion-spray sample 
introduction and discrimination by selective 
reaction monitoring of daughter parent pairs, 
which has been used for speciation of organotin 
compounds in sediment and SRM, ~62 or the use 
of molecular emission cavity analysis (MECA) 
for the speciation of sulphur anions (as 
sulphide/sulphite/sulphate) m and that of 
phosphorus insecticides ~7~ and organophospho- 
rus compounds, ~v'' based on the parameter tM (tM 
is the time elapsed between introduction of the 
cavity into the flame and analytical achievement 
of the maximum peak intensity). Speciation can 
also be implemented in FIA systems coupled to 
twin in-series detectors with non-capability for 
speciation. Such is the case with the speciation 
of phosphorus compounds (as phosphate and 
total phosphorus) in waste water by FIA and 
sequential spectrophotometry and ICP-AES. 
Phosphate was determined as molyb- 
dovanadophosphoric acid using a colourimetric 
method and the solution from the flow cell of 
the spectrophotometer was directly introduced 
to an ICP. The determination of total phos- 
phorus was performed by measuring the emis- 
sion intensity at 177.499 nm. Chromium caused 
a positive error in the colourimetric determi- 
nation, but ions commonly existing in waste 
water did not interfere with the determination of 
total phosphorus. The sampling throughput was 
80 samples/hr. The contributions of FIA to 
improve the features of the method were the 
on-line derivatization and the increased 
sampling frequency. ~: 

Discrimination can also be achieved in the F! 
manifold. Such is the case with speciation of 
antimony [as Sb(III)/Sb(V)]. m7 Antimony was 
reduced to stibine and determined in 1M malic 
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acid or 0.5M tartaric acid, whereas in either of 
these media antimony(V) gave little or no signal. 
Total antimony was separately determined in 
the presence of 0.1M thiourea as pre-reductant. 

An on-line separation step can also endow the 
method with discriminating capability, as in the 
method proposed for the sequential speciation 
of  chromium [as Cr(III)/Cr(VI)] based on the 
use of microcolumn of  activated alumina in an 
FIA-ICP-AES arrangement. The column was 
used to separate and preconcentrate Cr(VI) 
from Cr(III) before ICP detection at 267.72 nm. 
Thus, determination limits of 1.4 and 0.20 ng/ml 
for Cr(III) and Cr(VI), respectively, were ob- 
tained. ~ 

More complex separation techniques as GC 
have also been hyphenated to FIA and micro- 
wave-induced plasma (MIP) atomic emission 
spectrometry for organotin speciation analysis. 
The method was based on the preconcentration 
of  ionic organotin compounds by sorption on 
bonded silica with octadecyl functional groups 
followed by on-column ethylation using sodium 
tetraethylborate. The derivatized species were 
eluted with 250/~ 1 of methanol, separated by gas 
chromatography and detected by MIP-AES. 
The method was applied to the determination of 
the target analytes in river samples which were 
also analysed using a manual liquid-liquid ex- 
traction method. The results agreed within 
10 15% for concentrations of a few pg/ml, s5 

CONCLUSIONS 

From Tables 1-3 the more extensive use of FI 
coupled to ICP can be stated. The first of  such 
arrangements exploited the FI manifold only as 
a means of reproducible transport of the sample 
into the instrument, with the sole aim of increas- 
ing sample frequency. Later it was realized that 
periodical washing of the nebulizer is beneficial, 
allowing handling of concentrated samples. 
These features, together with the feasibility of  
automated dilution and calibration led to the 
realization that FIA is the cure of the 'Achilles 
heel' of  ICP. From more recent developments 
such as FIA preconcentration/separation, FIA 
speciation and FIA conversion it becomes ap- 
parent that EIA can be a more useful problem 
solver. 

The long way ran for full implementation of 
FIA-ICP coupling seems also to be the way 
followed by other high discrimination systems, 
as can be inferred from Tables 2 and 3. In this 
respect it is noticeable the scarce number of 

F I - R M N  methods proposed so far, despite the 
fact that interface problems are successfully 
solved as a result of the previous coupling of 
RMN with other hydrodynamic systems as is 
the case with LC-RMN. 

Some isolated attempts have been made using 
these hyphenated systems and should be 
exploited as they offer interesting perspectives, 
namely: (a) use of  robotic stations for sample 
pretreatment steps such as weighing and dissol- 
ution. The pretreated sample can be introduced 
directly into the FI manifold, ~86~87 thus achiev- 
ing full automation of the analytical process. (b) 
Direct introduction of solid samples into the 
F IA-HDI  arrangement. A first attempt has 
been made in this respect by use of electrical 
energy for leaching the sample. ~8~'~8-" Electrolysis 
is not the sole way of using solid samples in 
these dynamic systems, as ultrasounds have also 
proved their great potential in this context. ~83"~84 
(c) Use of FIA as a 'hyphen' allowing different 
instrumental techniques to be linked together. 
The use of  a stripping flow-cell for preconcen- 
tration purposes is a partial example of this 
potential, which can also be expanded to its use 
for preconcentration/determination prior to the 
high discrimination instrument, thus increasing 
the information level. Also FIA could be linked 
to apparatus such as a supercritical fluid extrac- 
tor and an HDI with accomplishment of the 
intermediate step (derivatization, separation, 
etc.), which no doubt would improve the overall 
performance of the method. (d) The scope of 
non-chromatographic continuous separation 
techniques coupled to F IA-HDI  should be 
broadened by including prevaporation ~88 and 
continuous precipitation ~89 as both have proved 
their capabilities when coupled to FlA. (e) More 
attention must be paid to the use of  FIA to 
obtain information in the development of theor- 
etical studies of  the dynamics in membrane and 
membraneless instruments,~8° and to the 
F IA-HDI  coupling interfaced by an autosam- 
pler. ~9° All these slightly or unexploited aspects 
of FIA in hyphenated systems can undergo 
suitable development with the present trend of 
some manufacturers, which integrate FIA 
systems in HDI as a means, in principle, of 
sample handling. 

Acknowledgement--Comisi6n lnterministerial de Ciencia y 
Tecnologia (CICyT) is thanked for financial support. 

REFERENCES 

1. T. Hirschfeld, Anal. Chem., 1980, 52, 297A. 



FIA and high discrimination results 167 

2. M. A. Brown (Ed.) Liquid Chromatography/Mass 
Spectrometry. Applications in Agricultural, Pharmaceu- 
tical and Environmental Chemistry. ACS Symposium 
Series, 1990. 

3. A. L. Yergey, C. G. Edmonds, I. A. S. Lewis and M. L. 
Vestal, Liquid Chromatography~Mass Spectrometry. 
Techniques and Applications. Plenum Press, New York, 
1990. 

4. F. W. Karasek and R. E. Clement, Basic Gas 
Chromatography-Mass Spectrometry. Principles and 
Techniques. Elsevier, Amsterdam, 1988. 

5. R. M. Harrison and S. Rapsomanikis, Environmental 
Analysis Using Chromatography Interfaced with Atomic 
Spectroscopy. Ellis Horwood, Chichester, 1989. 

6. K. Jinno (Ed.) IIyphenated Techniques in Supercritical 
Fluid Chromatography and Extraction. Elsevier, 
Amsterdam, 1992. 

7. K. L. Busch, G. L. Glish and S. A. McLuckey, 
Mass Spectrometry/Mass Spectrometry. Techniques 
and Applications in Tandem Mass Spectrometo,. VCH, 
New York, 1989. 

8. M. Valcarcel and M. D. Luque de Castro, Flow 
Injection Analysis: Principles and Applications. Ellis 
Horwood, Chichester, 1987. 

9. J. Ruzicka and E. H. Hansen, Flow Injection Analysis. 
Wiley & Sons, New York, 1988. 

10. B. Karlberg and G. E. Pacey, Flow Injection Analysis. 
A Practical Guide. Elsevier, Amsterdam, 1989. 

11. T. Yamane, J. Flow Injection Anal., 1991, 8, 49. 
12. M. Valc~iracel and M. D. Luque de Castro, Non- 

Chromatographic Continuous Separation Techniques. 
RSC, Cambridge, 1991. 

13. Z. Fang, Flow Injection Separation and Preconcentra- 
tion. VCH, Weinheim, 1993. 

14. M. D. Luque de Castro and M. Valc~_rcel, Trends Anal. 
Chem., 1986, 5, 71. 

15. M. Valcfircel and M. D. Luque de Castro, Anal. Chim. 
Acta, 1991, 250, 157. 

16. M. D. Luque de Castro and M. Valc/lrcel, Lab. 
Robotics Autom., 1991, 3, 199. 

17. M. Valc~ircel and M. D. Luque de Castro, Analyst, 
1993, 118, 593. 

18. M. Valc~ircel and M. D. Luque de Castro, Flow- 
Through (Bio)Chemical Sensors. Elsevier, Amsterdam, 
1994. 

19. L. Huber and S. A. George, Diode Array Detection in 
HPLC. Marcel Dekker, New York, 1993. 

20. J. Janata and J. Ruzicka, Anal. Chim. Acta, 1982, 139, 
105. 

21. F. Lfizaro, A. Rios, M. D. Luque de Castro and 
M. Valc~rcel, Analysis, 1986, 14, 378. 

22. J. Ruzicka, Fresenius J. Anal. Chem., 1986, 324, 745. 
23. Z, Fang, S. Xu, X. Wang and S. Zhang, Anal. Chim. 

Acta, 1986, 179, 325. 
24. Z. Fang, S. Xu and S. Zhang, Anal. Chim. Acta, 1987, 

200, 35. 
25. J. F. Tyson, Anal. Chim. Acta, 1988, 214, 57. 
26. J. F. Tyson, Anal. Chim. Acta, 1990, 234, 3. 
27. J. A. Koropchak and D. H. Winn, Trends" Anal. Chem., 

1987, 6, 171. 
28. A. O. Jacintho, E. A. G. Zagatto, H. Bergamin Fo., 

F. J. Krug, B. F. Reis, R. E. Bruns and B. R. 
Kowalski, Anal. Chim. Acta, 1981, 130, 243. 

29. T. Ito, H. Kawaguchi and A. Mizuike, Bunseki 
Kagaku, 1980, 29, 332. 

30. Z. Fang, Spectrochim. Acta Rev., 1991, 14, 235. 

31. J. F. Tyson, Spectrochim. Acta Rer., 1991. 14, 
169. 

32. Z. Fang, Fenxi Huaxue, 1986, 14, 549. 
33. S. Xu and Z. Fang, Huaxue Toghao, 1984, 8, 12. 
34. L. E. Smythe, Rev. Anal. Chem., 1982, 6, 1. 
35. G. D. Christian and J. Ruzicka, Spectrochim. Acta, 

1987, 42B, 157. 
36. M. Linscheid, Chem. Labor. Bert., 1990, 41, 125. 
37. T. Shimamura, Shitsuo'o Bunseki, 1988. 36, 273. 
38. R. M. Barnes, Spectroscopy, 1986, I, 24. 
39. E. G. Bartick and R. G. Messerschmidt, htt. Lah., 

1985, 58-64, 66. 
40. O. F. X. Donard and F. M. Martin. Trends Anal. 

Chem., 1992, 11, 17. 
41. J. A. Koropchak, H. Aryamanya and D. H. Winn, 

J. Anal. At. Spectrom., 1988, 3, 799. 
42. P. L. Kempster, J. F. van Staden and H. R van Vliet, 

Fresenius J. Anal. Chem., 1988, 332, 153. 
43. S. Greenfield, Spectrochim. Acta, 1983, 38B, 93. 
44. P. L. Kempster, H. R. van Vliet and J. F. van Staden. 

Anal. Chim. Acta, 1989, 218, 69. 
45. M. Ibrahim, W. Nisamaneepong and J, Caruso, 

J. Chromatogr. Sci., 1985, 23, 144. 
46. B. R. LaFreniere, R. S. Houk, D. R. Wiederin and 

V. A. Fassel, Anal. Chem., 1988, 60, 23. 
47. K. Jinno. H. Mae and C. Fujimoto, J. High Resol. 

Chromatogr., 1990, 13, 13. 
48. A. J. Ambrose, L. Ebdon and P. Jones, Anal. Proc, 

1989, 26, 377. 
49. H. Chen, Z. Jiang, Z. Lai and Z. Liao, Fenxi Huaxue, 

1990, 18, 1152. 
50. J. A. Hornet, A. P. Wade and M. W. Blades, J. Anal. 

At. Spectrom., 1988, 3, 809. 
51. K. R. Brushwyler, L. D. Carter and G. M. Hieftje, 

Appl. Spectros~., 1990, 44, 1438. 
52. M. P. Granchi, J. A. Biggerstaff, L. J. Hilliard and 

P. Grey, Spectrochim. Acta, 1987, 42B, 169. 
53. D. Yuan, X. Wang, P. Yang and B. Huang, Anal. 

Chim. Acta, 1991, 251, 187. 
54. C. W. McLeod, P. J. Worsfold and A. G. Cox. Analyst, 

1984, 109, 327.5. 
55. A. J. Faske, K. R. Snable, A. W. Boorn and R. F. 

Browner, Appl. Spectrosc., [985, 39, 542. 
56. K. E. LaFreniere, G. W. Rice and V. A. Fassel, 

Spectrochim. Acta, 1985, 40B, 1495.5. 
57. J. A. Koropchak and D. H. Winn, Anal. Chem., 1986, 

58, 2561. 
58. T. J. Brotherton, P. E. Pfannerstill, J. T. Creed, D. T. 

Heitkemper, J. A. Caruso and S. E. Pratsinis, J. Anal. 
At. Spectrom., 1989, 4, 341.5. 

59. T. W. Avery, C. Chakrabarty and J. J. Thompson, 
Appl. Spectrosc.. 1990, 44, 1690. 

60. K. E. Lawrence, G. W. Rice and V. A. Fassel, Anal. 
Chem., 1984, 56, 289.6. 

61. H. Chen, Z. C. Jiang, Y. Zeng and L. Y. Kong, 
Guangpuxue Yu Guangpu Fenxi, 1992, 12, 49. 

62. E. G. Chudinov, I. I. Ostroukhova and G. V. 
Varvanina, Frcsenius J. Anal. Chem., 1989, 335, 25. 

63. A. J. Ambrose, L. Ebdon, M. E. Foulkes and P. Jones, 
J. Anal. At. Slwctrom., I989, 4, 219. 

64. Y. Israel, A. Ls_sztity and R. M. Barnes, Analyst, 1989, 
!14, 1259. 

65. Y. Israel and R. M. Barnes, Anal. Chem., 1984, 56, 
1188. 

66. D. E. Davey and G. J. H. Metz, J. Anal. At. Spectrum., 
1988, 3, 375. 



168 M.D. LUQUE DE CASTRO and M. T. TENA 

67. Q. Shen, Z. Jiang and Z. Liao, Fenxi Shiyanshi, 1991, 
10, 45.6. 

68. E. A. G. Zagatto, A. O. Jacintho, F. J. Krug, B. F. 
Reis, R. E. Bruns and M. C. U. Ara0jo, Anal. Chim. 
Acta, 1983, 145, 169. 

69. B. F. Reis, M. F. Gin& F. J. Krug and H. Bergamin 
Fo., J. Anal. At. Spectrom., 1992, 7, 865. 

70. S. J. Evans and R. J. Klueppel, Spectrochim. Acta, 
1985, 40B, 49. 

71. M. F. Gin6, H. Bergamin Fo., B. F. Reis and R. L. 
Tuon, Anal. Chim. Acta, 1990, 234, 207. 

72. J. M. Martin and P. J. lhrig, Appl. Spectrosc., 1987, 41, 
986. 

73. M. F. Gin6, F. J. Krug, H. Bergamin Fo., B. F. Reis, 
E. a. G. Zagatto and R. E. Burns, J. Anal. At. 
Spectrom., 1988, 3, 673. 

74. M. M. G6mez and C. W. McLeod, J. Anal. At. 
Spectrom., 1993, 8, 461. 

75. N. Furuta, K. R. Brushwyler and G. M. Hieftje, 
Spectrochim. Acta, 1989, 44B, 349. 

76. A. G. Cox, C. W. McLeod, Anal. Chim. Acta, 1986, 
179, 487. 

77. M. R. Garcia-Pereiro, A. L6pez-Garcia, M. E. Diaz- 
Garcia and A. Sanz-Medel, J. Anal. At. Spectrom., 
1990, 5, 15. 

78. M. R. Garcia-Pereiro, M. E. Diaz-Garcia and A. 
Sanz-Medel, J. Anal. At. Spectrom., 1987, 2, 699. 

79. D. R. Anderson and C. W. McLeod, Anal. Proc., 1988, 
25, 67. 

80. Y. Madrid, M. Wu, Q. Jin and G. M. Hieftje, Anal. 
Chim. Acta, 1993, 277, 1. 

81. C. W. McLeod, I. G. Coox, P. J. Worsfold, 
J. E. Davies and J. Queay, Spectrochim. Acta, 1985, 
40B, 57. 

82. J. P. Dolan, S. A. Sinex, S. G. Capar, L. Montaser and 
R. H. Clifford, Anal. Chem., 1991, 63, 2539. 

83. A. G. Cox, C. W. McLeod, D. L. Miles and J. M. 
Cook, J. Anal. At. Spectrom., 1987, 2, 553. 

84. 1. G. Cook, C. W. McLeod and P. J. Worsfold, Anal. 
Proc., 1986, 23, 5. 

85. J. Szpunar-Lobinska, M. Ceulemans, R. Lobinski and 
F. C. Adams, Anal. Chim. Acta, 1993, 278, 99. 

86. S. D. Hartenstein, J. Ruzicka and G. D. Christian, 
Anal. Chem., 1985, 57, 21. 

87. S. Caroli, A. Alimonti, F. Petrucci and Zs. Horvfith, 
Anal. Chim. Acta, 1991, 248, 241. 

88. C. W. McLeod, Y. Zhang, I. Cook, A. Cox, A. R. Date 
and Y. Y. Cheung, J. Res. Nat. Bureau Standards, 
1988, 93, 462. 

89. S. D. Hartenstein, G. D. Christian and J. Ruzicka, 
Canad. J. Spectrosc. 1985, 30, 144. 

90. X. Wang and R. M. Barnes, J. Anal. At. Spectrom., 
1989, 4, 509. 

91. X. Peng, Z. Jiang and Y. Zen, Anal. Chim. Acta, 1993, 
283, 887. 

92. Y. Israel, A. P. Krushevska, H. Foner, L. J. Martines 
and R. M. Barnes, J. Anal. At. Spectrom., 1993, 8, 
467. 

93. J. Dumont, M. C6t6 and J. Hubert, Appl. Spectrosc., 
1989, 43, 1132. 

94. N. Kasthurikrishnan and J. A. Koropchak, Anal. 
Chem., 1993, 65, 857. 

95. J. L. Marzoori and A. Miyazaki, Anal. Chem., 1990, 
62, 2457. 

96. M. Yamamoto, Y. Obata, Y. Nitta, F. Nakata and 
T. Kumamaru, J. Anal. At. Spectrom., 1988, 3, 441. 

97. X. Wang and R. M. Barnes, Fenxi Shiyanshi, 1991, 
10, 7. 

98. T. Kumamaru, Y. Nitta, F. Nakata, H. Matsu and 
M. Ikeda, Anal. Chim. Acta, 1985, 174, 183. 

99. O. Emteryd, B. Andersson and H. Wallmark, 
Microchem, J., 1991, 43, 87. 

100. X. Wang and R. M. Barnes, J. Anal. At. Spectrom., 
1988, 3, 1091. 

101. R. M. Barnes and X. Wang, J. Anal. At. Spectrom., 
1988, 3, 1083. 

102. R. R. Liversage, J. C. van Loon and J. C. de Andrade, 
Anal. Chim. Acta, 1984, 161, 275. 

103. N. H. Tioh, Y. Israel and R. M. Barnes, Anal. Chim. 
Acta, 1986, 184, 205. 

104. A. Brzezinska-Paudyn, J. van Loon and R. Hancock, 
At. Spectrosc. 1986, 7, 72. 

105. H. Chen, Z. Jiang, L. Kong and Y. Zen, Fenxi Ceshi 
Tongbao, 1990, 9, 9. 

106. F. Nakata, H. Sunahara, H. Fujimoto, M. Yamamoto 
and T. Kumamaru, J. Anal. At. Spectrom., 1988, 3, 
579. 

107. T. Nakahara and N. Nikui, Anal. Chim. Acta, 1985, 
172, 127. 

108. G. S. Pyen and R. F. Browner, Appl. Spectrosc., 1988, 
42, 508. 

109. H. Gao, K. Li, Fenxi Huaxue, 1991, 19, 1285. 
110. Z. Li, S. Mcintosh and W. Slavin, Anal. Proc., 1992, 

29, 438. 
111. A. G. Cox, I. G. Cook and C. W. McLeod, Analyst, 

1985, 110, 331. 
112. J. L. Manzoori, A. Miyazaki and H. Tao, Analyst, 

1990, 115, 1055. 
113. A. Miyazaki and K. Bansho, Kogai, 1989, 24, 87. 
114. G. H. Vickers, B. S. Ross and G. M. Hieftje, Appl. 

Spectrosc., 1989, 43, 1330. 
115. S. Vijayalakshmi, R. K. Prabhu, T. R. Mahalingam 

and C. K. Mathews, At. Spectrosc., 1992, 13, 61. 
116. K. K. Falkner and J. M. Edmond, Anal. Chem., 1990, 

62, 1477. 
117. J. Wang, E. H. Evans and J. A. Caruso, J. Anal. At. 

Spectrom., 1991, 6, 605. 
118. D. Beauchemin, K. W. Siu and S. S. Berman, Anal. 

Chem., 1988, 60, 2587. 
119. D. S. Bushee, J. R. Moody and J. C. May, J. Anal. At. 

Spectrom., 1989, 4, 773. 
120. J. H. D. Hartley, L. Ebdon and S. J. Hill, Anal. Proc., 

1992, 29, 94. 
121. A. N. Eaton, R. C. Hutton and J. G. Holland, Chem. 

Geol., 1992, 95, 63. 
122. P. Van de Weijer, P. J. M. G. Vullings, W. L. H. 

Baeten and W. J. M. De Laat, J. Anal. At. Spectrom., 
1991, 6, 609. 

123. J. Wang, W. L. Shen, B. S. Sheppard, E. H. Evans, 
J. A. Caruso and F. L. Fricke, J. Anal. At. Spectrom., 
1990, 5, 445. 

124. J. R. Dean, L. Ebdon, H. M. Crews and R. C. Massey, 
J. Anal. At. Spectrom., 1988, 3, 349. 

125. D.C. Colodner, E. A. Boyle and J. M. Edmond, Anal. 
Chem., 1993, 65, 1419. 

126. T. Mochizuki, A. Sakashita, H. lwata, Y. Ishibashi 
and N. Gunji, Anal. Sci., 1990, 6, 191. 

127. S. G. Matz, R. C. Elder and K. Tepperman, J. Anal. 
At. Spectrom., 1989, 4, 767. 

128. J. Eagles, S. J. Fairweather-Tait, F. A. Mello, D. E. 
Portwood, R. Self, A. Goetz, K. G. Heumann and H. M. 
Crews., Rapid. Commun. Mass. Spectrom., 1989, 3, 203. 



FIA and high discrimination results 169 

129. J. J. Thompson and R. S. Houk, Anal. Chem., 1986, 
58, 2541. 

130. H. M. AI-Swaidan, N. Lacy and G. D. Christian, 
Anal. Lett., 1989, 22, 2653. 

131. A. Stroh, U. V611kopf and E. R. Denoyer, J. Anal. At. 
Spectrom., 1992, 7, 1201. 

132. S. J. Hill, J. Hartley and L. Ebdon, J. Anal. At. 
Spectrom., 1992, 7, 895. 

133. A. N. Eaton and R. C. Hutton, Lab. Pract., 1988, 37, 
61. 

134. D. Beauchemin, Analyst, 1993, i18, 815. 
135. A. Stroh and U. V611kopf, Anal. Proc., 1992, 29, 274. 
136. X. Wang, A. Lasztity, M. Viczian, Y. Israel and R. M. 

Barnes, J. Anal. At. Spectrom., 1989, 4, 727. 
137. S. J. Hill, J. Hartley and L. Ebdon, J. Anal. At. 

Spectrom., 1992, 723. 
138. M. Viczian, A. Lasztity, X. Wang and R. M. Barnes, 

J. Anal. At. Spectrom., 1990, 5, 125. 
139. A. Lasztity, M. Viczian, X. Wang and R. M. Barnes, 

J. Anal. At. Spectrom., 1989, 4, 671. 
140. D. R. Wiederin, R. E. Smyczek and R. S. Houk, Anal. 

Chem., 1991, 63, 1626. 
141. Z. Peng, J Klingenberg, T. Beeren and W. Van Borm, 

Spectrochim. Acta, 1991, 46B, 1051. 
142. P. Richner, J. Anal. At. Speetrom., 1993, g, 927. 
143. M. B. Shabani and Akimasa Masuda, Anal. Chim. 

Acta, 1992, 261, 315. 
144. H. Mukai, Y. Ambe and M. Morita, J. Anal. At. 

Spectrom., 1990, 5, 75. 
145. k. Ebdon, A. Fisher, H. Handley and P. Jones, 

J. Anal. At. Spectrom., 1993, 8, 979. 
146. E. Liu, W. J. Chen and C. Y. Zhao, Fenxi Huaxue, 

1993, 21, 328. 
147. J. R. Pretty, E. A. Blubaugh, E. H. Evans, J. A. 

Caruso and T. M. Davidson, J. Anal. At. Spectrom., 
1992, 7, ll31. 

148. T. Akagi, T. Hirata and A. Masuda, Anal. Sci., 1990, 
6, 397. 

149. X. Wang, M. Viczian, A. Lasztity and R. M. Barnes, 
J. Anal. At. Spectrom., 1988, 3, 821. 

150. A. Stroh and U. V611kopf, J. Anal. At. Spectrom., 
1993, 8, 35. 

151. U. V611kopt, A. Guensel and A. Janssen, At. Spectrosc., 
1990, 11, 135. 

152. D. J. Curran and W. G. Collier, Anal. Chim. Acta, 
1985, 177, 259. 

153. M. de la Guardia, S. Garrigues and M. Gallignani, 
Anal. Chim. Aeta, 1992, 261, 53. 

154. S. Garrigues, M. Gallignani and M. de la Guardia, 
Talanta, 1993, 40, 89. 

155. M. Mallignani, S. Garrigues, A. Martinez-Vado and 
M. de la Guardia, Analyst, 1993, 118, 1043. 

156. S. V. Olesik, S. B. French and M. Novotny, Anal. 
Chem., 1986, $8, 2256. 

157. D. K. Morgan, N. D. Danielson and J. E. Katon, 
Anal. Lett., 1985, lg, 1979. 

158. B. E. Miller, N. D. Danielson and J. E. Katon, Appl. 
Spectrosc., 1988, 42, 401. 

159. S. Garrigues, M. Gallignani and M. de la Guardia, 
Analyst, 1992, 117, 1849. 

160. M. Gallignani, S. Garrigues and M. de la Guardia, 
Anal. Chim. Acta, 1993, 274, 267. 

161. M. de la Guardia, M. Gallignani and S. Garrigues, 
Anal. Chim. Acta, 1993, 282, 543. 

162, K. W. Siu, G. J. Gadner and S. S. Berman, Anal. 
Chem., 1989, 61, 2320. 

163. M. J. Hayward, T. Kotiaho, A. K. Lister, R. G. 
Cooks, G. D. Austin, R. Narayan and G. T. Tsao, 
Anal. Chem., 1990, 62, 1798. 

164. M. J. Hayward, D. E. Riederer, T. Kotiaho, R. G. 
Cooks, G. D. Austin, M. J. Syu and G. T. Tsao, 
Process Control Qual., 1991, I, 105. 

165. S. Pleasanse, M. A. Quilliam, A. S. W. De Freitas, 
J. C. Marr and A. D. Cerebella, Rapid. Commun. 
Mass Speetrom., 1990, 4, 206. 

166. M. S. Leloux, W. M. A. Niessen, R. A. M. Van der 
Hoeven, Biol. Mass Spectrom., 1991, 20, 647. 

167. T. A. Getek, W. A. Korfmacher, T. A. McRae and 
J. A. Hinson, J. Chromatogr., 1989, 474, 245. 

168. J. S. Canham and G. E. Pacey, Anal. Lett., 1988, 21, 
1619. 

169. J. S. Canham and G. E. Pacey, Anal. Chim. Acta, 
1988, 214, 385. 

170. J. L. Burguera, M. Burguera and D. Flores, Anal. 
Chim. Acta, 1985, 170, 331. 

171. J. L. Burguera and M. Burguera, Anal. Chim. Acta, 
1986, 186, 597. 

172. J. L. Burguera and M. Burguera, Anal. Chim. Acta, 
1984, 157, 177. 

173. J. L. Burguera and M. Burguera, Analyst, 1986, 111, 
17I. 

174. S. A, Curran and D. E. Williams, Appl. Spectrosc.. 
1987, 41, 1450. 

175. C. K. Y. Lam, Y. Zhang, M. A. Busch and K. W. 
Busch, Talanta, 1993, 40, 867. 

176. J. W, Elgersma and F. J. M. J. Maessen, Spectrochim. 
Acta, 1986, 41B, 1217. 

177. A. Gustavsson. Spectrochim. Acre, 1987, 42B, 111. 
178. A. Gustavsson, Spectrochim. Acta, 1988, 43B, 917. 
179. J. W. Elgersma, J. Balke and F. J. M. J. Maessen, 

Spectrochim. Acta, 1991, 46B, 1073. 
180. G. J. Tsai, G. D. Austin, M. J. Syu, G. T. Tsao, M. J. 

Hayward, T. Kotiaho and R. G. Cooks, Anal. Chem., 
1991, 63, 2460. 

181. H. Bergamin, F. J. Krug, E. A. G. Zagatto, E. C. 
Arruda and C. A. Coutinho, Anal. Chim. Acta, 1986, 
190, 177. 

182. H. Bergamin, F. J. Krug, B. F. Reis, J. A. Nobrega, 
M. Mesquita and I. G. Souza, Anal. Chim. Acta, 1988, 
214, 397. 

183. Danhua Chen, F. L~izaro, M. D. Luque de Castro and 
M. Valcfircel, Anal. Chim. Acta, 1989, 226, 221. 

184. F. Lfizaro, M. D. Luque de Castro and M. Valcfircel, 
Anal. Chim. Acta, 1991, 242, 283. 

185. F. Cafiete, A. Rios, M. D. Luque de Castro and 
M. Valc~.rcel, Anal. Chim. Acta, 1989, 224, 127. 

186. J. A. Garcia-Mesa, M. D. Luque de Castro and 
M. Valcfircel, Anal. Chem., 1993, 65, 3540. 

187. J. A. Garcia-Mesa, M. D. Luque de Castro and 
M. Valc~.rcel, J. Flow Injection Anal., 1993, 10, 262. 

188. I. L. de Mattos, M. D. Luque de Castro and 
M. Valc~.rcel, Talanta (to appear in 1995). 

189. V. Kuban, Fre~'enius J. Anal. Chem., 1993, 346, 873. 
190. P. Moss and E. D. Salin, Appl. Spectrosc.. 1991, 45, 

1581. 



Pergamon 0039-9140(94)00333-5 

Talanta, Vol. 42, No. 2, pp. 171 183, 1995 
Copyright i' 1995 Elsevier Science Ltd 

Printed in Great Britain. All rights reserved 
0039-9140/95 $9.50 + 0.00 

DECOMPOSITION OF DIPHENYLAMINE IN 
NITROCELLULOSE BASED PROPELLANTS--I .  

OPTIMIZATION OF A NUMERICAL MODEL TO 
CONCENTRATION-TIME DATA FOR DIPHENYLAMINE 

AND ITS PRIMARY DEGRADATION PRODUCTS 
DETERMINED BY LIQUID CHROMATOGRAPHY 

WITH DUAL-AMPEROMETRIC DETECTION 

ARNE BERGENS* and  ROLF DANIELSSON 

Uppsala University, Institute of  Chemistry, Department  of  Analytical Chemistry, P.O. Box 531, 
S-751 21 Uppsala, Sweden 

(Received 5 November 1991. Revised 2 April 1993. Accepted 4 April 1993) 

Summary- -The  consumption of diphenylamine (DPA) in two nitrocellulose (NC) based propellants 
subjected to a heat storage test at 85' has been studied. A previously developed method based on 
reversed-phase liquid chromatography with dual-amperometric detection was used to monitor the 
concentrations of DPA, 2-nitro-DPA and 4-nitro-DPA during the test. A numerical model based on first 
order rate equations was fitted to the obtained analytical data with the use of a specially written curve 
fitting program. The model implemented in the program describes the initial nitrosation and nitration 
steps of  DPA in aging NC propellants. The use of matrices in the calculation of concentration--time (CT) 
curves enables the introduction of  a general algorithm which can be readily changed in order to simulate 
any system of first order reactions. The program can therefore be used in other applications such as 
mechanistic studies in organic synthesis. The general simulation algorithm allows inclusion of unknown 
(not analysed) components  in the reaction mechanism. In this application, it was possible to simulate the 
course of N-ni t roso-DPA which is not detectable by the amperometric principle. 

The thermal decomposition of NC is a complex 
process which is believed to be catalyzed by the 
decomposition products, especially by reactive 
nitrogen oxides. A frequently used method for 
stabilization of NC is therefore to add DPA 
which reacts with the degradation products 
such as nitrogen oxides, HNO 3 and HNO2. 
The auto-catalytic decomposition of NC is 
prevented as long as there is a significant 
amount of stabilizer present in the NC material. 
Normally, about 1% is normally added depend- 
ing upon the intended properties of the pro- 
pellant. The stabilizer will hence be consumed 
with time under the formation of different 
nitro and nitroso derivatives of DPA. t 3 The 
danger of self-ignition of the NC will, therefore, 
increase with time and a good estimate of the 
safe storage time of a propellant batch is, 
consequently, a matter of great importance. 

A properly stabilized NC-propellant is stable 
for a relatively long period of time (20-50 years) 

*Present address: Pharmacia AB, Pharmaceuticals Uppsala, 
S-751 82 Uppsala, Sweden. 

at normal storage conditions. Stability testing 
must therfore be carried out by storing propel- 
lant samples at higher temperatures in order to 
obtain degradation within a reasonable time. 
By raising the storage temperature to 90 110, 
about 20 years of storage are compressed into 
one week in the laboratory. Traditionally, the 
time elapsed until red fumes appear is used as 
a measure of stability since it indicates the 
point at which the DPA is fully consumed by 
the thermal degradation products of NC. By 
performing heat storage tests at different tem- 
peratures (for example 65-100) ,  it is possible 
to estimate the time-to-fume at normal storage 
temperatures but this procedure usually gives 
estimates impaired by significant errors since an 
extrapolation is made over a wide temperature 
range. 

Today, the stabilizer consumption during 
heat storage tests can be readily monitored by 
chromatographic techniques. In order to corre- 
late results acquired at elevated temperatures 
with those obtained under normal storage con- 
ditions, the rate of stabilizer consumption in the 
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propellant at different temperatures has been 
used. Assuming first-order kinetics, the time for 
the stabilizer to be consumed at lower tempera- 
tures can be extrapolated with the use of  the 
calculated activation energy. Practice has, how- 
ever, shown that this method does not give 
sufficiently precise estimates. This is not sur- 
prising since also this approach involves an 
extrapolation over a large temperature interval 
and therefore requires extremely precise exper- 
imental data. The use of  temperatures above 
the melting point of  the stabilizer compound 
will also introduce errors, as the diffusion con- 
ditions for the reacting species in the propellant 
sample change in the vicinity of  the melting 
point. A properly manufactured NC propellant 
is, however, stable for at least 20 years at normal 
storage temperatures which means that stability 
testing at lower temperatures would require 
unrealistically long experiments. 

Another problem associated with the moni- 
toring of  the stabilizer concentration is that a 
low stabilizer concentration does not necessarily 
mean that the propellant is unstable. In the case 
of  DPA, for example, a propellant containing 
less than 0.1% DPA can for instance show 
acceptable stability according to weight loss or 
micro-calorimetric measurements for a long 
time. The stability after that the DPA has been 
consumed is largely maintained by the initial 
degradation products, e.g. 2-nitro-DPA and 
4-nitro-DPA. 2-nitro-DPA is, in fact, a common 
stabilizing additive used as an alternative to 
DPA. During the lifetime of a propellant, one 

DPA molecule can trap six molecules of  NO,. 
before it decomposes to form picric acid. ~ The 
ability of  the nitro-DPA derivatives to trap 
nitrogen oxides decreases with increasing 
number of  nitroso and nitro groups. The auto- 
catalytic reactions responsible for the red fumes 
have already started when di-nitro derivatives 
are beginning to appear. 4 In stability esti- 
mations based on stabilizer consumption it 
should, therefore, be more appropriate to 
use the time when also the initial degradation 
products have been consumed. 

The objective of  this work is to study the 
initial stages of  DPA degradation in a simple 
single base propellant by the use of  a pre- 
viously developed analytical method 5 for nitro 
diphenylamines. A further aim is to try to 
correlate analytical data with a numerical model 
describing the early stages in the degradation 
mechanism of  DPA. The nitrosation and 
nitration of aromatic amines such as DPA has 
been extensively studied and the reaction is 
described in many organic chemistry textbooks. 
The attack of  HNO3, HNO2 or nitrous gases on 
the DPA molecule is most likely to appear at the 
nitrogen in the amino group with the formation 
of a nitrosamine. 6 8 The nitrosamine can be 
further converted to 2-nitro-DPA and 4-nitro- 
DPA by the Fischer-Hepp rearrangement 9 ~2 
and oxidation of the nitroso group. The initial 
steps in the DPA-degradation in propellants are 
therefore well understood, and described as the 
reaction scheme in Fig. 1. The higher nitrated 
DPA derivatives with two or more nitro groups 

ka~ 

k23 

NO O -O k12 k25 N H  , -  , -  

k24 

Fig. 1. The dominating reaction routes of the initial DPA degradation in an aging propellant. This reaction 
mechanism served as a model reaction system for the fitting of CT curves for DPA, 2-nitro-DPA and 
4-nitro-DPA. The indexes of the parameters have been chosen on the basis of the numbering of the 
compounds which is (I) DPA, (2) N-nitroso-DPA, (3) 2-nitro-DPA, (4) 4-nitro-DPA and (5) other 

derivatives with two or more nitro groups. 
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appear late in the heat storage tests and are 
therefore only of secondary interest. 

A computer  program for the simulation of 
first-order reaction systems has been used to 
study the degradation mechanism of DPA 
(Fig. 1). The concentrations of  DPA, 2-nitro- 
DPA and 4-nitro-DPA were monitored during 
a heat storage test at 85" and the concen- 
traton data obtained were fitted to a model 
describing the reaction system in Fig. 1. With 
the dual-amperometric detector used it was, 
however, not possible to detect and quantify 
N-nitroso-DPA. 

MODELLING AND SIMULATION 

The degradation of the stabilizing agent is a 
complex process, and ideally all components 
involved should be monitored for a full under- 
standing of the process. In practice only some 
preselected substances can be analyzed during 
the experiment, and one has to resort to a 
model for a more detailed description of the 
process. Even components of  main interest 
may be unaccessible for analysis, and these 
must be deduced from what actually can be 
measured. 

This is a situation similar to a complex 
titration, where a system of equilibrium 
equations and a set of varying concentrations 
makes it possible to follow species unaccessible 
for direct measurements. In our case we need 
a set of kinetic equations relating the concen- 
trat ion-t ime (CT) profiles for the different 
components,  when only some of them are 
experimentally obtained. 

A crucial point with this approach is the 
validity of  the model. The fewer components of  
the proposed reaction scheme that are actually 
monitored, the higher the demands are put on 
the precision of the measurements and the 
degree of fit. There is no simple way of antici- 
pating a pr ior i  the validity ot  the results, it 
is rather a matter  of  combining chemical 
reasoning and numerical considerations. 

As a tool for this process we have developed 
a computer program for general use in 
modelling kinetic reaction schemes described by 
a set of  first-order rate equations. When initial 
concentrations and rate constants are assigned 
to the proposed components and selected path- 
ways, the CT curves for all components are 
simulated. A simplex procedure is then used to 
make the best least-square fit to the actually 
measured components.  

The simplex method was chosen for 
optimization of the parameters mainly because 
the number of  calculations required does not 
increase too rapidly as the number of par- 
ameters in the model increases. ~ The simplex 
algorithm used in the program was based 
on the modified simplex with variable step 
length introduced by Nelder and Mead ~4 in 
1965. No stop criterion for the iterations is 
included in the program as it is not meant 
to be operated unattended. When running the 
program, the progress of the minimization of 
the square sum is displayed. However, the 
true progress of the optimization is revealed 
by visual comparison of the experimental and 
calculated data. 

In the degradation of DPA we are monitor- 
ing the origin component  and two possible 
products. The difference between DPA and 
these two products may be assigned to other 
products, intermediate as well as final, and to 
errors of  analysis. The simulation makes it 
possible to separate these contributions, at 
the expense of the introduction of modelling 
errors. 

The question is then whether the proposed 
first-order reaction scheme results in assignment 
of  the unexplained amounts to true components 
or to mere artefacts. In the absence of chemical 
confirmation we have to rely on sound chemical 
principles and give preference to simple models. 
The validity of the model can only be judged 
by the fit, i.e. comparison of the simulated and 
the recorder CT curves. Attention must also be 
paid to the uniqueness of the assignment to 
unmonitored components. If  there is insufficient 
information in the measurements, we should 
obtain similar degree of fit regardless of the 
values for the parameters which are related to 
such components. Inspection of the CT curves 
for unmonitored components obtained with 
different starting values for the parameters in 
the minimization procedure should reveal such 
problems. Therefore, the development of a fast 
simulation procedure was an essential step to 
make such a trial-and-error mode of operation 
feasible, 

It should be emphasised that the optimized 
parameters are numerically obtained constants. 
The main purpose of the curve fitting program 
is to discern which possible reaction mechan- 
isms give the best curve fit to experimentally 
obtained data. The simulation algorithm uses 
matrix formalism to calculate the CT curves 
from the rate equations written in difference 
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form. For the reaction system given in Fig. 1 
these equations are: 

A[X, ] 
- k l , . [ X , ]  (1) 

At 

A[Xd 

At 
- k,2[X,] - (k23 + k24 + ~ ) [ ~ ]  (2) 

A [ ~ ]  
- k23 [k2] - k35 [X~] (3) 

At 

A[X4] 
- k24 [X_,] - k45[X4]. (4) 

At 

The designations Xi in equations (1)-(4) 
can be identified from Fig. 1 as: DPA (i = 1), 
N-nitroso-DPA (i = 2), 2-nitro-DPA (i = 3), 
and 4-nitro-DPA (i = 4). The subindex 5 should 
represent the di-nitro to hexa-nitro derivatives 
formed later in the storage period. The equation 
for Xs has been left out since these components 
were not included in the study. 

The concentrations [Xi] are calculated for 
rather large time intervals At without loss 
of accuracy using a novel technique based on 
matrix exponentiation. This approach enables a 
computer implementation with short execution 
time which facilitates the optimization process. 
The simulation procedure is further described in 
Appendix 1. 

The decomposition of  NC is, however, a 
complicated process with possible unknown 
steps which might affect the rate of stabilizer 
degradation. It is, therefore, difficult to obtain 
CT data with sufficient precision to allow deter- 
minations of rate constants since small vari- 
ations in storage conditions can give rise to 
large errors in the CT data. The computational 
approach described here should be more 
successful for the optimization of coupled rate 
parameters, for example, in organic synthesis 
where the surrounding conditions are more 
easily controlled. 

EXPERIMENTAL 

Apparatus 

Electrochemical detection at negative poten- 
tials suffers from oxygen interferences which 
therefore have to be minimized. The liquid chro- 
matographic system was, therefore, equipped 
with a gas tight resevoir for the mobile phase 
constructed from a I00 ml Merck solvent flask in 
which the mobile phase could be continuously 
purged with argon or helium. A small over- 
pressure was maintained inside the reservoir 

by means of two needle valves regulating the 
in and outlet gas flows. 

The pump used was a Pharmacia LKB, 
Model 2150 (Pharmacia LKB Biotechnology, 
Uppsala, Sweden) double-piston pump. The 
housing of the inlet valves was exchanged with 
stainless steel housings from two discarded 
outlet valves in order to allow stainless steel 
tubing to be used. This was done since the 
original inlet valves of this pump only allow 
connection of plastic tubing for the mobile 
phase supply tube. The walls of the commonly 
used PTFE tubing are easily penetrated by 
oxygen which means that stainless steel tubing 
has to be used exclusively. 

The injection of samples were either made 
with a Millipore Waters Model 712 WISP 
Sample Processor (Millipore Intertech, Bedford, 
MA, U.S.A.) or a Carnegie Medicin CMA200 
(Carnegie Medicin AB, Stockholm, Sweden) 
automatic injector. The separations were carried 
out using a 100×4.6  mm RP-18 Spheri-5 
column obtained from Brownlee labs Inc. 
(Santa Clara, CA, U.S.A.). The dual electrode 
amperometric detection system was controlled 
by two LC-4B potentiostats (Bioanalytical 
Systems Inc., West Lafayette, IN, U.S.A). The 
electrochemical cell was used with the electrodes 
placed in a series arrangement. The reference 
electrode was an Ag/AgCI electrode and the 
working electrodes both consisted of glassy 
carbon. The stainless steel cell body served as 
counter electrode. 

The column, detector cell and waste container 
were all placed inside a thermostatted shielded 
box constructed in the laboratory. The tempera- 
tures used in this work were 30 and 35.  The 
temperature was never observed to deviate from 
the programmed value by more than + 0 . 1 .  

The chromatograms were recorded and 
processed with a Spectra Physics, Model SP4290 
integrator (Spectra Physics, San Jose, CA, 
U.S.A.). The simulation and simplex optimiz- 
ation algorithms were programmed using 
the ASYST scientific calculation system 
(MacMillan Software Company, NY, U.S.A.) 
and run on an IBM PS/2 model 50 computer 
equipped with a mathematics co-processor. 

Chemicals 

The acetonitrile and 2-propanol used in the 
mobile phase were of Lichrosolv grade (Merck) 
and could be used without further purification 
or filtration, m-chloroacetic acid was purchased 
from BDH Chemicals Ltd., Poole, U.K. and 
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was also used as recieved. The m-chloroacetic 
acid buffer was prepared from a 0.05M solution 
by adjusting the pH to 2.7 with NaOH.  

The reference substances DPA (Merck, 
Darmstadt ,  Germany,  pro analysi grade), 
4-nitro-DPA (Aldrich-Chemie Gesellschaft 
G m b H  & Co. KG, Steinheim, Germany,  speci- 
fied purity 99%) and 2-nitro-DPA (Aldrich- 
Chimie, specified purity 98%) were all used as 
recieved. The internal standard, 4-ethyl-nitro- 
benzene was also purchased from Aldrich and 
of 99% specified purity. All standard solutions 
were prepared weekly and stored in a refrigator. 

Procedures 

Storage and extraction of propellant samples. 
The composition of the two single base NC 
propellant batches studied in this investigation 
were 0.5% DPA/99% NC and 0.7% DPA/99% 
NC. From these two batches, two series consist- 
ing of 17 different 4 g samples from each batch 
were subjected to a heat storage test at 85' 
according to the Dutch stability test. ~5 This test 
is normally employed for weight loss determi- 
nations at temperatures in the interval 95-110 :~. 
However, in this investigation the temperature 
was decreased to 8Y, as a lower rate of  NC 
decomposition was desired. 

In the Dutch stability test, the samples are 
placed ungrinded in 160 x 17 mm test tubes 
with ground glass stoppers. After a predeter- 
mined time period, a 1 g portion of the sample 
is carefully taken out for extraction while the 
rest is disposed as waste. In this case, the 
extractions were performed during 4 h using 
50 ml of methylene chloride in a Soxhlet 
extraction unit (Soxtec System 1040 extraction 
unit, Tecator, Sollentun, Sweden). Methylene 
chloride was then evaporated at ambient tem- 
perature, followed by dissolution and dilution 
of the residue in acetonitrile to known volume 
(25-50 ml). It was noticed that the residue 
needed some time to dissolve and the residue 
was therefore dissolved using several small por- 
tions of  solvent. The acetonitrile solutions were 
then further diluted with mobile phase before 
transferring them into the automatic injector. 
Analyses of  more than 20 samples were avoided 
(20 samples correspond to a maximum running 
time of 6-8 h) because of  the unstable 4-nitro- 
DPA observed in earlier work. 5 With the 
CMA200 injector the samples were refrigerated 
to +6°C while stored in the autoinjector. 

Chromatography. In this investigation two 
different mobile phase mixtures were used. In 

the analysis of  the nitro derivatives, a mixture 
consisting of 63% 0.05M m-chloroacetic acid 
buffer (pH -- 2.7), 13.5% acetonitrile and 23.5% 
2-propanol was used at a temperature of  30 .  
The analysis of  DPA was on the other hand 
performed with a mixture of  60% m-chloracetic 
acid buffer, 13.5% acetonitrile and 26.5% 
2-propanol at 35'. In both cases, the mobile 
phase compositions are given as volumetric 
percentages. DPA was analysed separately 
because of the suspected high concentration of 
DPA and low concentration of nitro derivatives 
in the beginning of the storage period. The 
m-chloroacetic acid buffer was passed through 
a 0.45 Itm filter (type HVLP, Millipore) before 
mixing with the organic solvents. As indicated 
above, the mobile phase was degassed and 
deoxygenated in its resevoir by purging with 
helium or argon for 10 15 rain before turning 
the pump on. 

All chromatograms were run at flow-rate of 
1.1 ml/min and when the chromatographic sys- 
tem was not in use, the mobile phase was left 
circulating through the system. Since the mobile 
phase was always kept in an inert atmosphere 
inside the reservoir flask the start-up time was 
hereby shortened. 

The electrochemical characteristics of  2-nitro- 
DPA and 4-nitro-DPA have been studied in an 
earlier report 5 in which the suitable potential 
settings were found to be W1 = - 1.0 V and 
W2 = + 0.4 V vs. Ag/AgCl. The potential set- 
tings used in the quantification of DPA were on 
the other hand WI = 0 V and W2 = +0 .9  V. 
These values were chosen on the basis of  
literature data L~'~7 but were also verified by the 
recording of hydrodynamic voltammograms.  

The injection volumes used were in the 
range 15 50/~1 depending on the concentration 
level to be analyzed. For the quantification of 
the nitro diphenylamines, 4-ethyl-nitrobenzene 
(4-ENB) was chosen as an internal standard 
since experiments showed that it had similar 
electrochemical properties as 2-nitro-DPA and 
4-nitro-DPA as well as a suitable retention time. 
In the quantification of DPA an external stan- 
dard method with a calibration curve was used 
and the response of the detector was checked 
at regular intervals by injections of standard 
solutions. This procedure was employed since 
oxidation of DPA is suspected to give rise to 
polymeric products 9 which deactivate the elec- 
trode surface by adsorption. Such an effect was, 
however, never observed during a typical 6 8 hr 
run including 14 19 samples. 
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RESULTS AND DISCUSSION 

The electrochemical characterization and 
evaluation of the analytical conditions for the 
determinations of 2-nitro-DPA and 4-nitro- 
DPA have been described in an earlier paper 5 
and are therefore only briefly recapitulated. 
The only reducible substances extracted from 
the NC-propellants are the different nitro 
derivatives of DPA. Selective detection of 
2-nitro-DPA and 4-nitro-DPA in samples with 
relatively high amount of DPA present can 
be achieved with the use of a dual-electrode 
amperometric detector. In such an arrangement 
the nitro group is reduced to a hydroxylamine 
at the first electrode (WI). The latter compound 
is then oxidized at the second electrode (W2) 
and it is the current arising form this oxidation 
that is used as the analytical signal. With the 
dual-electrode the interference from oxygen in 
the mobile phase is partly overcome since only 
some of the hydrogen peroxide formed during 
the reduction of oxygen is oxidized at the 
detector electrode. 

An example of a chromatogram obtained 
when analyzing a sample of the 0.7% DPA 
propellant is shown in Fig. 2(a). The DPA 
concentration in the injected sample solution 
was determined to be 19.1 /aM, which corre- 
sponds to an injected amount of 0.95 nmol. The 
concentrations of 2-nitro-DPA and 4-nitro- 
DPA were determined to be 2.63 #M (0.13 nmol 
injected) and 6.87/~M (0.34 nmol), respectively. 
The oxygen present in the sample solutions 
gives rise to a peak in the early part of the 
chromatograms due to oxidation of hydrogen 
peroxide formed at W1 during the reduction 
of oxygen. A complete deoxygenation of the 
samples with any of the two automatic injectors 
used was found to be difficult. As the hydrogen 
peroxide peak is not interfering with any analyte 
peak the problem was, however, left without 
further attention. 

DPA is oxidized at potentials above + 0.7 V 
at a glassy carbon electrode depending on 
pH, solvent and the condition of the electrode 
surface, j6'17 Figure 3 shows a hydrodynamic 
voltammogram of DPA which reveals that a 
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Fig. 2. Chromatograms recorded with dual-electrode amperometric detection with (a) Wl = - 1 . 0  V, 
W2 = + 0 . 4  V l , s .  Ag/AgCI and (b) Wl  = 0  V and W2 = + 0 . 9  V. The sample is a 0.7% DPA propellant 
stored at 85 for one day. Peak identities in Fig. l(a): ( 1, 2) unknown, (3) 4-nitro-DPA, (4) 4-ENB (internal 
standard), (5) DPA, (6) 2-nitro-DPA. In Fig. 2(b): (1) 4-nitro-DPA and (2) DPA. As explained in the 

Experimental section, the chromatographic conditions were different in the two cases. 
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Fig. 3. Hydrodynamic voltammogram for DPA. (I-1) rep- 
resents obtained peak currents from injection of 0.2 nmol 
DPA. ( , )  represents the background current at the different 

potentials. 

potential of + 0.9 V vs. Ag/AgCl is necessary 
in order to obtain a diffusion controlled current. 
Since the background current rises sharply at 
potentials more positive than + 0.95 V, a detec- 
tion potential of + 0.9 V was chosen. Based on 
10 repeated injections, the response for DPA 
was found to be reproducible within 1%. The 
calibration graphs were linear in the range of 
0.5 11 #M. 

The nitro derivatives of DPA are on the 
other hand only partly oxidized at +0.9 V vs. 

Ag/AgCI and therefore only give rise to minor 
peaks. In Fig. 2(b), the oxidation of  the eluting 
4-nitro-DPA hence only give rise to a small peak 
at 4.2 min. The different elution times for DPA 
in Fig. 2(a) and 2(b) stems from the fact that the 
analyses were carried out with different mobile 
phases and temperatures. 

The results from determinations of DPA, 
2-nitro-DPA and 4-nitro-DPA in the two 
single-base propellants during the heat storage 
experiment are shown in Fig. 4. As seen in the 
figure, only a minor part of DPA is converted 
to 2-nitro-DPA and 4-nitro-DPA, in agreement 
with previous publications, u8 It can further be 
concluded that the degradation of DPA mainly 
leads to formation of N-nitroso-DPA which in 
turn is consumed by the NC decomposition 
products. It can also be seen that 2-nitro-DPA 
and 4-nitro-DPA arc formed simultaneously 
and that the concentration of 4-nitro-DPA is 
about twice as high as that of 2-nitro-DPA 
throughout the whole storage period. At this 
temperature, the concentrations of 2°nitro-DPA 
and 4-nitro-DPA reach their maxima after 
about 15 days of storage. 

The solid curves seen in Fig. 4 are those simu- 
lated by means of the parameters obtained from 

the simplex program. Although the assumed 
first-order kinetics is a simplification, the agree- 
ment between the fitted curves and experimental 
data is good. The theoretical curves for an 
irreversible first-order reaction system predict 
asymptotically decreasing concentrations but 
the measured concentrations decrease more 
rapidly than the optimized curves predict. This 
rapid decrease could be caused by an increase of 
nitrogen oxide formation or indicate that the 
DPA is involved in other processes. 

The three compounds monitored are related 
to each other as the reaction model implies and 
the course of one component is dependent on 
the concentration changes of the others. The 
concentrations of 2-nitro-DPA and 4-nitro- 
DPA in the propellant will thus be governed 
by the change in the N-nitroso-DPA concen- 
tration through the reactions designated by k23 
and k24. The N-nitroso-DPA concentration can, 
therefore, be simulated by optimizing the par- 
ameters in Fig. ! with respect to the obtained 
chromatographic data for DPA, 2-nitro-DPA 
and 4-nitro-DPA. The predicted N-nitroso- 
DPA curve is shown by the dashed curve in 
Fig. 4. 

The guiding principle for the optimizations 
was to find a reaction system with as few 
parameters as possible giving a reasonably good 
curve fit. Parallel routes to 2-nitro-DPA or 
4-nitro-DPA with direct nitrosation or nitration 
at the aromatic rings was considered but did 
not improve the curve fits. After having tried a 
number of different mechanisms with parallel 
reactions, the reaction system originally set up 
in Fig. 1 was concluded to give the best fits 
(as shown in Fig. 4) to the experimental data. 
A general concern in curve-fitting or parameter 
optimizations based on experimental data is the 
shape of the response surface. For experimental 
data in good agreement with a theoretical model 
the response function (for example the sum of 
squared residuals) will contain a sharp, well 
defined, minimum for the parameter set giving 
the best fit. Complications may, however, arise 
due to experimental and modelling errors or 
insufficient data for model validation. Such 
conditions should give poorly defined par- 
ameters of different values depending on the 
start values used in the optimization of the same 
data set. The optimization of the parameters 
k~2-k45 was therefore tested by randomly choos- 
ing start values in the interval 0.0001-0.2 day ' 
In Table 1, the result of 12 such optimizations 
are presented. 

TAL  42 2 ( 
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From the rain-max ranges of the parameters 
it can be seen that the optimized parameters 
k~:k45 are all relatively well defined by the 
data sets, with the exception of [NNODPA]0 
and k25. The latter deviation is, however, not 
suprising since the parameter k25 is related to the 
N-nitroso-DPA component which has not been 
measured. As already indicated, the optimized 
parameters in Table 1 can be used to simulate 

the formation and consumption of N-nitroso- 
DPA during the heat storage test and in Fig. 5, 
the CT curves for N-nitroso-DPA for the 
12 different optimizations in Table I are 
shown. The different combinations of para- 
meter values result in different N-nitroso-DPA 
curves which all show realistic shapes according 
to the assumed reaction mechanism. Whether 
the curves in Fig. 5 reflect the true course of 
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Fig. 4. Resulting curves (solid) for (FT) DPA, (A)  4-nitro-DPA and (©) 2-nitro-DPA from optimizations 
of  the reaction model in Fig. l to analytical data of  propellants containing (A) 0.5% (30 gmol/g) DPA 
and (B) 0.7% (41 /Jmol/g) DPA. To the right the 2-nitro-DPA and 4-nitro-DPA curves are shown with 
enlarged scales. The data are mean values based on two determinations. The dashed curve is the curve 

for N-nitroso-DPA simulated from the optimized parameters. 
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0.5% DPA 

0.7% DPA 

k,2 k23 k~_. k, 5 k3~ k4~ [NNODPAil I 
Min 0.409 0.0260 0.0670 0.0353 0.119 0.154 0.014 
Max 0.409 0.0301 0.0770 0.0458 0.123 0.159 1.348 

A ) l o  C ( ~ m ° l g  1 ) 

Min 0.235 0.0239 0.0573 0.0355 0.090 0.106 1.954 
Max 0.239 0.0262 0.0587 0.0665 0.113 0.135 2.366 

The dimensions of rate parameter day-~. [NNODPA]~ is the N-nitroso-DPA concentration tit t = () 
given in I tmol/g.  

N-nitroso-DPA in the propellant, or not, will 
be investigated in a continuing study. ~9 Table l 
and Fig. 5 do not only show that the simplex 
algorithm converges from different start values, 
the sizes of the ranges also show that the 
assumed reaction model is able to explain the 
experimental concentration data. 

A complication discovered in this investi- 
gation was that the initial concentration of DPA 
at t = 0 only corresponded to about 50% of the 
amount used in the preparation. The low con- 
centration could be due to loss by volatilization 
of DPA during the preparation process or to 
losses in the extraction step, 

The loss of  DPA during the propellant pro- 
duction has also been noticed by other authors 
such as, for example, Schroeder e t  a l .  ~ In their 
study which was undertaken at 71 °, samples 
were stored and continuously swept by a stream 
of air which then passed through two dry-ice 
cold traps. The analyses of the traps, however, 

suggested that evaporation is not responsible 
for the loss of DPA. This is also in agreement 
with our results obtained at 85 .  After four 
days at 85', no visible amounts of DPA could 
be seen on the inside walls of the glass tubes and 
loss of DPA through evaporation is therefore 
considered unlikely. 

Losses as high as 50% are neither likely to 
be due to inefficient extraction as methylene 
chloride is a very good solvent for DPA and its 
nitro derivatives. Furthermore, the extractions 
were carried out by Soxhlet extractions which is 
a well established procedure for extraction of 
propellant samples. ~._~0 

A third possibility for the losses is coupled 
to the solvent change after the extraction 
step and the dissolution of the residue in 
acetonitrile. This step was therefore tested in 
an experiment in which five 25 ml portions of 
standard solutions containing DPA, 2-nitro- 
DPA and 4-nitro-DPA in methylene chloride 
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Table 1. Ranges of parameter values obtained from different optimizations using a randomly chosen 
start simplex 

Fig. 5. Simulated curves for N-nitroso-DPA based on the optimizations presented in Table 1: (a) 0.5°/,, 
DPA and (b) 0.7% DPA. 
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Table 2. Results of the analyses of residues dissolved in methylene chloride solutions 

DPA(mg)  2-nitro-DPA(mg) 4-nitro-DPA(mg) 
Sol. no. A B A B A B 

1 3.63 3.64 1.31 1.30 1.72 1.72 
2 3.62 3.61 1.31 1.29 1.71 1.70 
3 3.62 3.62 1.31 1.32 1.71 1.71 
4 3.65 3.64 1.32 1.32 1.73 1.74 
5 3.63 3.61 1.31 1.31 1.72 1.73 

A = Amount in the standard methylene chloride solutions. 
B = Amount found in the analysis of the acetonitrile solutions. 

were subjected to the same procedure of 
evaporation and dissolution in acetonitrile as 
the propellant samples. As seen in Table 2, the 
results indicate that this step cannot explain 
the observed loss of  DPA. Neither can the losses 
be explained by a conversion of  the DPA into 
some unknown electroactive compound since 
there was no unknown peak of the same 
magnitude as DPA in the chromatograms.  

The cause for the significant loss of  DPA is 
presently not fully understood. A remaining 
possibility is chemical interaction between 
DPA and NC which could convert DPA into 
a non-extractable compound or a compound 
which is not electroactive and therefore not 
detected. A plausible non-detectable compound 
is N-ni troso-DPA, this compound is namely 
not reduced within the potential window of the 
electrochemical detector. By experience from 
the propellant production, it is known that 
normally about 5-15% of the DPA is converted 
into N-ni t roso-DPA in the preparation pro- 
cess? ° It is therefore not likely that the 
observed 50% loss can be fully explained by 
the formation of N-nitroso-DPA. 

As other aromatic amines, DPA is known to 
produce radicals. When heated to about 70 ° in 
toluene, the radical diphenylnitrogen (Ph2 N.) is 
formed 7 which readily dimerizes to form tetra- 
phenylhydrazine. Mrzewinski, 21 applied ESR 
technique to study the transformation of DPA 
in a NC propellant. According to Mrzewinski, 
the signal recorded was due to the Ph2N- rad- 
ical. In the aging propellant environment the 
highly reactive Ph2N. radical could attack the 
weak nitrate ester bond in the NC. 

Several investigations suggest that DPA inter- 
acts directly with nitrate esters. 1.2.21-24 The amine 
nitrogen has two unshared electrons that are 
easily lost to oxidation agents producting a 
radical cation, DPA .+ which is quite stable due 
to the ability for delocalization of the unshared 
electron to the aromatic rings. The amine func- 
tionality together with the delocalized ~-elec- 

trons in the aromatic rings make the molecule a 
very good radical scavenger that could easily 
react with species having unshared electrons. 

Since NC is a widely used material, a 
number of  investigations have been performed 
concerning its decomposition mechanism. The 
thermolytic decomposition of NC has been 
shown to produce radicals in the cellulose poly- 
mer. The cleavage of nitrate ester bonds leave 
alkoxy radicals (RO.) which cause rearrange- 
ments and rupture of  the cellulose chain. 25-2v 
The reactivity of  DPA towards species with 
unshared electrons could be regarded as a 
strong indication that some of the DPA mol- 
ecules will be incorporated in the NC structure. 
As already indicated, this could occur either 
by addition of  DPA to the RO. radical sites in 
the NC structure or by attack of DPA. + at the 
nitrate ester bond. The NC-DPA structure 
formed would probably be equally reactive 
towards nitrogen oxides as the DPA itself and 
N-nitroso-DPA, 2-nitro-DPA or 4-nitro-DPA 
could subsequently be released from the 
NC-DPA structure. A comparable reaction is 
the reaction between benzoylperoxide and DPA 
to an O-benzoylhydroxylamine. 2~ 30 In the latter 
case, the reaction mixture has been observed to 
absorb nitrogen oxides from the atmosphere 
under the formation of N-nitroso-DPA. -'9'3° 

DPA dissolved in acidic media together with 
an oxidizing agent produces a blue colour and 
DPA has therefore been widely used as a redox 
indicator. The blue product is commonly 
accepted to be a derivative of  N, N'-diphenyl- 
benzidine and can also be observed if DPA is 
oxidized electrochemically. Since nitrous acid is 
known to be an especially effective oxidizing 
agent, s and also one of the degradation products 
of  NC, it can be expected that the blue oxidation 
product is formed in the NC-propellant also 
during storage. An interesting fact in this con- 
text is the initial colour change of an aging NC 
propellant is from yellow to green. The green 
colour could be produced by a mixture of  a 
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blue DPA oxidation product and the yellow 
NC polymer. The methylene chloride extracts 
of green coloured propellant are yellow while 
the remaining NC-material is green. Most inves- 
tigations have, however, been focused on the 
species extracted from the propellant and very 
little on the remaining NC material after the 
extraction. Nevertheless, it is known that the 
amounts of DPA and degradation products 
never add up to the amount of DPA used in 
the preparation of the propellant. ~'° A study of 
the material remaining after extraction would 
therefore be of significant interest. 

C O N C L U S I O N S  

The optimization of rate parameters in a 
reaction system of pseudo first order can be 
used as a model for the degradation of DPA in 
NC based propellants. Surprisingly good agree- 
ment between experimental data and theoretical 
CT curves are obtained, even though NC is a 
heterogeneous material with different properties 
depending on the quality of the original cellu- 
lose material and the NC preparation pro- 
cedure. The conditions inside a NC propellant 
stored at elevated temperatures could provide 
an environment in which the degradation of 
DPA follows pseudo first order kinetics. Such 
an assumption implies that the amount of liber- 
ated nitrogen oxides is large compared to the 
amount  of stabilizer added in the propellant. 
This implication could also be fulfilled because 
of the large amount of decomposing nitrate 
ester groups at higher temperatures. The reac- 
tion order will, however, change with time as the 
nitrate ester groups decompose and the for- 
mation of nitrogen oxides ceases. In the very 
early part of  the heat storage test, the reaction 
order would also deviate from first order as the 
concentration of nitrogen oxides will not exceed 
that of the DPA, The influence of unknown 
processes affecting the DPA decomposition 
hinders the extraction of meaningful rate 
constant values from the optimizations. 

A parallel process which could affect the rate 
of stabilizer degradation is the oxidation of 
DPA (i.e. oxygen catalyzed radical formation). 
Such a formation of reactive radicals might 
further contribute to an increased rate of DPA 
degradation with time. The influence of oxygen 
on the formation of reactive radicals is also 
believed to be the cause for the more rapid 
consumption of 2-nitro-DPA and 4-nitro-DPA 
in the later part of the heat storage period. 

Although the N-nitroso-DPA derivative was 
not detectable with the amperometric detector 
used, its CT curve could be simulated from the 
rate parameter set, given by optimizations based 
on data for DPA, 2-nitro-DPA and 4-nitro- 
DPA. In future studies of DPA degradation in 
NC materials, N-nitroso-DPA should also be 
monitored since most of the DPA is primarily 
nitrosated at the amine nitrogen and since this 
compound probably plays an important role 
for the stability of the NC propellant when 
the DPA has been consumed. Repeated heat 
storage tests are needed for a more conclusive 
interpretation of the ability of the reaction 
model to predict the course of stabilizer 
degradation. In part II of  this investigation, a 
study including determination of N-nitroso- 
DPA during a heat storage test at 80 C of the 
same NC propellants will be presented. 
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APPENDIX 

An optimization of  a theoretical model to fit experimental 
data requires an algorithm that can simulate the model 
according to given parameter values. Here the optimization 
program will be described in more detail, with emphasis 
on the mathematical operations used in the simulation 
algorithm. 

For any reaction mechanism assumed to occur under first 
order conditions, a system of linear differential equations 
can be set up. This system of  first order rate equations can 
be expressed in a matrix form that enables rapid and 
convenient calculations of  all concentration changes in the 
reaction system. The principle for the transformation to 
matrix operations used in the simulation algorithm will be 
described below for a reversible reaction system containing 
three components: 

k12 k23 
X I .  " X  2.  " X  3. (Al) 

k21 k32 

The time derivatives of compounds X t, X 2 and X~ can be 
written as equations (A2) (A4). 

d[Xl] 
. . . . .  k l2[Xl] + k2t[X2] 

dt 

diX2] 

dt 
- -  = k~2 [X~ ] - (k23 + k:~ ) [X2] + k32 [)G ] 

(A2) 

(A3) 

(A4) d[X~ ] = k2t[X2] _ k32[X3]" 
dt 

It is possible to solve this equation system and to calculate 
the CT curves for the given rate parameter values. This can, 
however, be a very tedious method for more complex 
reaction mechanisms since the exact solutions rapidly 

become complicated as the number of  reacting components 
increases. 

A different method for calculating the CT relationships 
was therefore developed for the simulation algorithm used 
in this investigation, this method is based on difference 
approximations of  the rate equations (A2)-(A4) and the 
rates of  concentration changes for the components are 
assumed to be constant over a small period of time, At. This 
assumption is valid if At is made sufficiently small, but 
the calculation error  rapidly becomes large with increasing 
At. Calculation of  the CT curves with a very small At 
leads to a long execution time and is therefore not a 
practical solution. The difference approximation, however, 
has the advantage of  being readily transformed to matrix 
formalism which gives condensed formulas for computer 
programming. The difference approximations of  equations 
(A2)-(A4) can be written as: 

A[x~] 
- kl2[Xi]+k2t[X2], 

At 

g[x,] 
At 

= k l 2 [ X l ]  - -  (k23 + k21 ) I X 2 ]  -~- k32[X3] ,  

(A5) 

(A6) 

(A7) 
Aix3] 

= k23[X2] - k32[X31, 
At 

where A[Xi] = [Xi] 12) - [ X , ]  ") and At = t 2 - t  I . [X,] lu is the 
concentration of  component i at t) and [X,] (2) the Concen- 
tration of component i at 12. The concentrations Xt (2), ~(2) 
and A~ (2) after the time At are then given by 

[X I ](2) = (1 - kl2At)[X I ](tl + k2tAt[X2](u" (A8) 

[X2](2~ = kl2At[Xi ](I) + (I - (k:3 + k2t )At)IX2] (11 

+ k~2At[X3] (I), (A9) 

[ ~ 3 ]  (2) = k23Al[X2] (I) + (1 - k32At)[X3] (0. (AI0) 

By repeated application of  equations (A8)-(AI0), the 
concentrations can be calculated for discrete points of  time 
along the time axis separated by the time interval At. The 
calculations are most easily performed using matrices and 
the first step in the matrix reformation is to place the 
concentrations at t~ and t2 of  each component as elements 
in two column vectors X (u and X(2L 

fix,],,,\ /Ix, l"-'\ 
x,,,=/[x2r,/, x,:,=/tx, l(-~,/. 

\[x,r',/ \tx, r ' /  
In order to calculate X ~2~ from X m we need to introduce 

a transition matrix, T, which specifies the flow of  mass 
through the system. The matrix T should contain the 
(1 - ,Ski~At ) and kiiAt factors in equations (A8)-(AI0) and 
will for our reaction system (AI) have the following shape: 

T =  kl2At (1 -(k23+k21)At)  M,_At . 

0 kz3At (1 -- kz,At) 

The equation system (A8) (AI0) can finally be written in 
its matrix form: 

X (-') = T ' X  (u. (Al l )  

At this stage, the advantage of  using matrix formalism 
becomes obvious. The matrix T will give an informative 
view of how the concentrations (or masses) change during 
the time step At. The rows o f t  tells us how the components 
are formed from the other components of  the system while 
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the columns describe how the mass  from one component  is 
distributed to the other components.  The first row of  T, 
thus, tells us that X~ is formed from the fraction k2~ At of  X 2. 
On the other hand,  the first column of T shows that the 
fraction ( 1 - k l z A t )  of  X I remains as X I and the fraction 
kt ,At  is converted to X,. 

In the simulation algorithm a sequence of concentration 
vectors are calculated by repeated operations of the tran- 
sition matrix T according to equation (A l l). The operations 
are initiated with the concentrations determined at t = 0 
in an initial concentration vector X t°~. 

A problem with the difference approximation method is 
that the time interval At must  be small to keep the calcu- 
lation error small. The accuracy of the calculated concen- 
trations, however, can be maintained by a refinement 
procedure in the calculation of  T. 

For this refinement, the time step At is divided in a large 
number  of  substeps, n. Let T'  be the transition matrix 
calculated for a substep of length At'  = At/n. For compu- 
tational convenience, the subdivision is performed as a 
number  of  bisections, i.e. n = 2". The matrix T for the total 
interval At is then given by (T')" which is readily computed 
by squaring T '  m times. The adjusted transition matrix is 
then used in the relation between the concentration vectors 
before and after a time step At (equation (All)) .  

For the general case, the adjusted transition matrix T 
is calculated from all possible rate constants k# in the 
following way. 

(i) Let R be a table of  the individual rate constants 

R - {~,}, 
i.e. a square matrix with zero elements for all non-significant 
reaction pathways. 

(ii) Multiply the transpose R r with A t ' =  At~m, where 
m = 2". This results in a matrix that defines the transition 
between components  

I"  = RT.At '. 

(iii) So far, . the diagonal elements of  T '  are zero. Now 
they are calculated by subtracting the sum of  the corre- 
sponding column from unity. According to the law of 
conservation of mass, the sum of each column must  add up 
to unity for a closed system. 

T i ' / = 1 -  ~T~i .  

(it') Finally, the adjusted T is calculated by squaring T'  
n times. 

T = (T') 2" = (T ' ) ' .  

Matrix formalism for the solution of  complex first-order 
reaction systems has been described in the li terature) t32 The 
system of rate equations 

d 
- -  X = K . X ,  
dt 

has the formal solution 

X(t) = eK'.X(0). 

The matrix K is the same as the matrix T'  from step (ii) 
above, except for the inclusion of ones in the diagonal 
elements and the multiplication with At'. The meaning of  
the exponential function of  a matrix can be understood from 
the series expansion, similar to that for a scalar argument: 

( ; IA ) eA= I + A +  A 2 + 2 .  3 + . . . .  

To arrive at ordinary time functions for the components  
of  X, the exponential function of  K.t can be evaluated by 
eigenvaluc diagonalization of K. 

K = B . M . B  - t  

where M is a diagonal matrix with the eigenvalues 
mr, m2 , . . ,  as diagonal elements and B is composed of the 
eigenvectors. 

Now the powers of  K can be written 

K n =  B . M ~ .  B t 

and the power expansion identified as 

/ e  . . . .  0 .) 
e~'=B I0. e .... i .la-'. 

This leads to solutions for the components  X~ that are 
linear combinations of exponential functions with apparent 
rate constants m~. 

Numerical values corresponding to a set of  rate constants 
can thus be obtained by solving the corresponding eigen- 
value problem and then evaluating the exponentials for each 
point of  time. However, for regular time intervals At, it is 
sufficient to calculate the single matrix e K~' since 

X(t + At) = e K'~'. X(t). 

Actually, the transition matrix T from step (iv) is a 
numerical approximation of  e Kat. The validity of  our 
approach is demonstrated by an alternate definition of  the 
exponential function: 

e' = ,,l!m (1 + x ) " ,  

with the matrix version 

= !im  (i + K. , , / .  

The calculation of T is nothing but an evaluation of  
the latter expression for m = 2". Another  possibility would 
have been to use a number of  terms in the series expansion, 
but the approach taken is more easily implemented and 
probably more efficient. 
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Summary--A continued investigation of  the primary steps in diphenylamine (DPA) decomposition in 
nitrocellulose (NC) propellants is presented. The study is based on analytical data obtained by reversed- 
phase liquid chromatographic separation of  the initial degradation products of DPA. Spectrophotometric 
detection, rather than the amperometric detection used in part 1 of this work (A. Bergens and 
R. Danielsson, Talanta, 1995, 42, 171), was employed in order to detect N-nitroso-DPA as well as DPA, 
2-nitro-DPA and 4-nitro-DPA. The results have been studied with the rate parameter optimization 
program described in part I and simulations suggest that the decomposition of DPA includes unknown 
reaction steps. More satisfying curve fits were, for example, obtained when the initial reaction for 
conversion of DPA into N-nitroso-DPA was considered to consist of a two step process with an 
intermediate. This intermediate could act as a stabilizer as well as DPA and N-nitroso-DPA, particularly 
at lower temperatures. 

The decomposition of the stabilizer DPA 
and the degradation products N-nitroso-DPA, 
2-nitro-DPA and 4-nitro-DPA can be moni- 
tored by reversed-phase liquid chromatography 
(RPLC) and UV/VIS detection during heat 
storage tests of NC based propellants. Such tests 
at elevated temperatures, represent a common 
strategy for the assessment of  propellant stab- 
ility and the time elapsed until red fumes appear 
is frequently used as a measure of stability. The 
time-to-fume value can, however, be regarded as 
a questionable measure of stability since the 
stabilizer is then totally exhausted and the 
dangerous rapid decomposition of  NC has 
already proceeded for some time when visible 
amounts of  nitrogen oxides appear. It has also 
been shown that the rate of  gas evolution from 
a NC propellant is increased as the nitroso and 
mono nitro derivatives of DPA are depletedJ A 
more relevant measure of propellant stability 
would, therefore, be the time at which these 
primary derivatives of  DPA have been con- 
sumed, or the time when significant amounts 

*Present address: Pharmacia AB, Pharmaceutical Uppsala, 
S-751 82 Uppsala, Sweden. 

of di-nitro derivatives appear, as suggested by 
Stine. 2 

In part I of this investigation, a method for 
optimizing concentration-time (CT) curves to 
analytical data of DPA, 2-nitro-DPA and 4- 
nitro-DPA was presented. Data were collected 
during a heat storage test at 85'-C employing a 
previously described method 3 based on RPLC 
and dual-amperometric detection. By use of a 
computer program based on simplex optimiz- 
ation of rate parameters in a reaction system, 
theoretical curves for DPA, 2-nitro-DPA and 
4-nitro-DPA could be fitted to the experimental 
data. The reaction model used was the com- 
monly accepted mechanism for the initial step in 
DPA degradation in NC based propellants, seen 
in Fig. 1. 4̀5 The theoretical curve for N-nitroso- 
DPA was also simulated on the basis of the rate 
parameters which describe the assumed reaction 
system. The N-nitroso-DPA acts as an effective 
stabilizer in the initial part of the degradation 
process 6 and the results presented in part I also 
made it desirable to complete the investigation 
by including N-nitroso-DPA as an analyte. 
Since N-nitroso-DPA is not detectable ampero- 
metrically it was favourable to replace the elec- 
trochemical detection with UV-visible detection. 
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Fig. I. Reaction scheme for DPA degradation in aging NC propellants. This scheme served as the model 
system in part I of this investigation. 

The present paper is concerned with the results 
of such a study employing the same mathemati- 
cal treatment of the experimental data as in part 
I. The propellant had, however, been subjected 
to a heat storage test at 80°C rather than at 85°C 
as in part I. 

The reaction mechanisms used in the models 
of the DPA system have been described with 
irreversible reaction steps. This was done be- 
cause the reactions involved in the decompo- 
sition of DPA are continuously driven by the 
excessive formation of nitrogen oxides, and in 
this sense, the reactions can be described as 
being irreversible. 

EXPERIMENTAL 

Apparatus 

The LC-system consisted of a Shimadzu LC- 
6A pump (Shimadzu Corp., Kyoto, Japan) a 
Carnegie Medicin CMA200 (Carnegie Medicin 
AB, Stockholm, Sweden) automatic injector, a 
home-made column oven and two spectropho- 
tometric detectors placed in series. The first 
detector was a Kratos Spectroflow, Model 757 
(Kratos Analytical Instruments, Ramsey, N J, 
USA) while the second was a Shimadzu SPD- 
6A and the detectors were connected with a 20 
cm long piece of PTFE tubing (0.1 mm I.D.) 
The column used was a 100 × 3.2 mm RP-8 
Velosep column (Brownlee labs Inc., Santa 
Clara, CA, USA). 

All chromatograms were recorded and pro- 
cessed with a Spectra Physics, Model SP4290 
integrator (Spectra Physics, San Jose, CA, 
USA) equipped with a dual channel module. 
The simulation and simplex algorithms were 

implemented on an IBM PS/2 Model 50 com- 
puter using ASYST scientific calculation system 
(MacMillan Software Company, NY, USA) as 
described in part I. Spectral characterization of 
the target compounds was carried out with a 
Perkin-Elmer Lambda 17 UV/VIS spectro- 
photometer (Perkin-Elmer Corp., Analytical 
Instruments, Norwalk, CT, USA) using 1 cm 
cells and the mobile phase as reference. 

Chemicals 

The acetonitrile and 2-propanol used as 
organic modifiers in the mobile phase were 
obtained from Merck (Lichrosolv grade, 
Darmstadt, Germany) and used without further 
purification. The m-chloroacetic acid was 
obtained from BDH Chemicals Ltd., Poole, 
U.K. and was also used as received. The m- 
chloroacetic acid buffer was prepared from a 
0.05M solution by adjusting the pH to 2.7 with 
NaOH. 

The reference substances DPA (Merck, pro 
analysi grade), 4-nitro-DPA (Aldrich Chemic 
GmbH & Co. KG, Steinheim, Germany, spec. 
purity 99%) and 2-nitro-DPA (Aldrich Chemie, 
spec. Purity 98%) were all used as received. 
N-nitroso-DPA was obtained from AB 
Nobelkrut, Karlskoga, Sweden and found to 
contain 0.13% DPA. 

Procedures 

The mobile phase consisted of 71.0% 0.05M 
m-chloroacetic acid buffer (pH = 2.7) 19.4% 
2-propanol and 9.6% acetonitrile and was 
filtered and degassed according to the same 
procedure as in part I. All separations were 
performed isochratically at a flow rate of 
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Fig. 2. Spectra of (l) DPA, (2) N-nitroso-DPA, (3) 4-nitro-DPA and (4) 2-nitro-DPA. The absorbances 
have been converted to molar absorptivities for comparison. 
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0.7 ml/min and at a temperature of 40°C. All 
compositions are given as volume percentages. 

The quantifications were done using 
calibration curves and injections of external 
standards were made at regular intervals. The 
samples were refrigerated at 6°C inside the 
automatic injector and an injection volume of 
15 y1 was used exclusively. The sample solutions 
were diluted with mobile phase using a dilution 
factor of 5 10. 

Treatment of propellant samples 

Propellant samples were taken from the two 
propellant batches investigated in part I having 
the following specified compositions, 0.5% 
DPA/99.5% NC and 0.7% DPA/99.3% NC. 
The compositions correspond to 30 pmol/g 
(0.5% DPA) and 41 /zmol/g (0.7% DPA), re- 
spectively. The samples were subjected to the 
Dutch stability test, 7 as described in part I, but 
the storage temperature was now decreased to 
80 C. The DPA and nitro derivatives were 
extracted during: 4 hr in a Soxhlet extraction 
unit, as also described in part I. 

RESULTS AND DISCUSSION 

The results presented in part I of this investi- 
gation indicated that N-nitroso-DPA may play 
an important role in the stabilizing function of 
the DPA system. Spectra for DPA, N-ni troso-  
DPA, 2-nitro-DPA and 4-nitro-DPA obtained 
with the mobile phase as solvent are shown in 
Fig. 2. These spectra are in good agreement with 
published spectra 4 obtained with ethyl alcohol 
as medium and the choice of  mobile phase does, 

thus, not seem to affect the general spectra 
characteristics. The spectral differences in Fig. 2 
also illustrates the advantage of dual wave- 
length monitoring. Aromatic nitro compounds 
absorb in the visible region and 430 nm was 
therefore chosen as detection wavelength for 
2-nitro-DPA and 4-nitro-DPA. N-nitroso-DPA 
on the other hand, shows a maximum at 292 nm 
which almost coincides with the maximum for 
DPA and this wavelength was therefore chosen 
for the detection of these two compounds. 
Single wavelength detection at, for instance 
257 nm, would also have been possible but a 
better resolution in the chromatographic separ- 
ation would have been required. 

During a heat storage test, the concentrations 
of stabilizer and degradation products can be 
expected to change over a wide range. In the 
early part of the aging process the concentration 
of nitro derivatives is low compared to that of 
DPA. Later in the storage period, the DPA 
concentration is reduced in favour of the nitro 
derivatives. The situation is illustrated in Figs 3 
and 4 in which chromatograms of two samples 
of the 0.7% DPA propellant are shown prior to 
and after the heat storage at 80'C. Only small 
amounts of nitro derivatives and N-nitroso- 
DPA could hence be found for the untreated 
sample. After 15 days of storage at 80~C 
(Fig. 4), the concentrations of the nitro deriva- 
tives had, however, increased by a factor of 
about 5 while the DPA concentration had been 
reduced to about 10% of the value in Fig. 3. As 
is seen in Fig. 4(b), the dominating derivative at 
this stage is N-nitroso-DPA which is rep- 
resented by a large peak at 7.5 rain in Fig. 4(b). 
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Fig. 3. Chromatograms obtained for an unstored sample with detection at (A) 430 nm and (B) 292 nm. 
The peaks in (A) correspond to: (1) unknown, (2) 4-nitro-DPA (51 pmol injected which corresponds to 
0.14 p mol/g in the propellant sample), (3) 2-nitro-DPA (59 pmol, 0.15 ,u mol/g), in (B): (1) N-nitroso-DPA 

(463 pmol, 1.2 ~tmol/g), (2) DPA (9.3 nmol, 24.5/~mol/g). 

The  simplex op t imiza t ion  p rog ram,  descr ibed 
in par t  I, was then appl ied  to the da ta  ob ta ined  
f rom the heat  s torage test. A t  first, the p r o p o s e d  
scheme for the deg rada t i on  mechanism used in 

par t  I (see Fig. 1) was implemented  in the 
p rogram.  The results are shown in Fig. 5(a) and  
(b) and  from the poo r  agreement  between the 
curves and the exper imenta l  da t a  it can be 

A) B) 3 

T 
2 0.01 A.u. }0.006 A.u. 

1 3 1 2 k L, ,A___ 
I I I I I . ~ _  I I I m ~ 

0 /, 8 12 16 min 0 /, 8 12 16 rain 
Fig. 4. Chromatograms obtained with detection at (A) 430 nm and (B) 292 nm after 15 days of storage 
at 80°C. The peaks in (A) correspond to: (1) unknown, (2) 4-nitro-DPA (225 pmol injected which 
corresponds to 3.0 pmol/g in the propellant sample), (3) 2-nitro-DPA (88 pmol, 1.2/~mol/g). in (B): (I) 
and (2) unknown, (3) N-nitroso-DPA (952 pmol, 13.2/~mol/g), (4) 4-nitro-DPA, (5) DPA (130 pmol, 1.7 

pmol/g), (6) 2-nitro-DPA. 
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concluded that the assumed reaction mechanism 
is not applicable for storages at 80°C. The 
curves in Fig. 5 represent the best possible 
optimizations obtained after many attempts 
with different starting values for the initial 
simplex. 

Attempts to optimize CT curves with different 
values of k,2 were made but with poor results 
since it was difficult to find a value for k,2 
compatible with both the rapid decrease in the 
DPA concentration and the slow increase in the 
N-nitroso-DPA concentration. According to 
the assumed degradation mechanism, the curve 
for N-nitroso-DPA should also reach a maxi- 
mum earlier than the 2-nitro-DPA and 4-nitro- 
DPA curves~ Curve fitting experiments with 
additional parallel routes (i.e. direct reactions 
from DPA to nitro DPAs) did not improve the 
correlation between the model and the data as 
all three curves for N-nitroso-DPA, 2-nitro- 
DPA and 4-nitro-DPA passed through their 
maxima earlier than the experimental data. The 
fact that the sum of the DPA, N-nitroso-DPA, 
2-nitro-DPA and 4-nitro-DPA concentrations is 
decreasing with time indicates that some DPA is 
lost through an unknown reaction. This reac- 
tion could involve thermal radical formation 
which is common for aromatic amines. The 
diphenylnitrogen radical is, for example, formed 
from DPA under influence of heat and oxygen s'9 
and is relatively stable due to the possible 
electron delocalization. The diphenylnitrogen 
radical and the radical cation of DPA are 
also known intermediates in other oxidation 
reactions of DPA. 8'~° ~3 

A mechanism that can explain the rapid 
decrease in the DPA concentration have not yet 
been elucidated completely. As already stated, 
the variety of results from different 
investigations might, however, be explained by 
competing processes in the aging propellant 
material. An example of such a side reaction, is 
oxygen catalyzed oxidation t4"~5 by thermally 
induced radical formation.8 ,0,14-17 Opschoor 
et al. '6 have, for instance, showa that the pres- 
ence of oxygen increases the rate of  DPA degra- 
dation in NC based propellants significantly and 
it can therefore be assumed that side reactions 
of this type will become more pronounced with 
increasing temperature is increased. 

Since this investigation was focused on testing 
the empirical model presented in part I, we can 
only speculate on the consumption of  DPA in 
side reactions. As will be shown below, it is, 
however, possible to modify the degradation 

scheme in Fig. 1 so that better agreement be- 
tween the CT data and theoretical curves is 
achieved at 80'C. The modifications include an 
intermediate step between DPA and N-nitroso- 
DPA and one additional route for DPA de- 
composition. 

Both chemical '~~ and electrochemical oxi- 
dations~S 24 of DPA are well-known. In acid 
media, N , N ' - d i p h e n y l b e n z i d i n e  appears to be 
the major product in electrochemical oxidations 
of DPA while in neutral to basic media a 
mixture of tetraphenylhydrazine and N , N ' -  
diphenylbenzidine is obtained.2, 22 Polymer 
products resulting from para para coupling of 
radicals have also been isolated and character- 
ized after both chemical and electrochemical 
oxidations.,8 20 The spontaneous thermally in- 
duced radical formation of DPA, that could 
take place in a propellant subjected to high 
temperatures, must be expected to give a variety 
of products, not only a straight para-para 
coupled poly(4-phenylaniline) chain. If the as- 
sumed DPA-intermediate is of a polymeric 
nature the question arises whether this DPA- 
polymer would degrade into N-nitroso-DPA 
when exposed to nitrogen oxides. Polymeriz- 
ation of DPA would lead to the formation of 
large aromatic ring systems which probably 
could trap nitrogen oxides and thereby act as a 
stabilizer and also result in a decreased rate of 
N-nitroso-DPA formation in accordance with 
the experimental results. Observations that fur- 
ther support this theory are: the decreasing sum 
of concentrations in the initial part of aging, and 
the absence of a peak in the chromatograms 
which could explain the loss of DPA. For 
solubility reasons, the polymer could remain in 
the NC-material even after the extraction with 
methylene chloride. A large bulky polymer 
could also be trapped by the NC fibres and 
therefore not dissolved in the extraction step. 

Another suggestion on the stabilizing mech- 
anism of the DPA system made by Urbanski 
et al. 24"25 based on thermal analysis, ESR and IR 
spectroscopic studies of nitrate esters mixed 
with aromatic amines and involves the for- 
mation of complexes between the aromatic 
amines and nitrate esters. The complexes could 
be insoluble in a medium of low dielectric 
constant such as methylene chloride and prob- 
ably act as a stabilizer giving nitroso and nitro 
derivatives of DPA as products. 

The reaction model for the optimization pro- 
gram was modified according to the properties 
of DPA discussed above. The modified reaction 
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Fig. 5. Resulting CT curves from optimizations of the reaction model in Fig. I to data for (IS]) DPA. 
(O) N-nitroso-DPA, ( , )  4-nitro-DPA and (O) 2-nitro-DPA in (A) 0.5% DPA and (B) 0.7% DPA 

propellants. The right hand figures show expanded plots for 2-nitro-DPA and 4-nitro-DPA. 

scheme is described in Fig. 6 and contains 
two additional rate parameters when compared 
with the initial model shown in Fig. 1. I f  the 
DPA-intermediate is a resonance stabilized rad- 
ical it could also give rise to other compounds,  
not measurable with the analytical procedure 
used herein. The parameter  k27 was, therefore, 
introduced to describe this reaction path. The 
dashed paths in Fig. 6 were not included in the 
model since they did not improve the fit. The 
introduction of an intermediate step in the 
formation of  N-ni t roso-DPA did, on the other 
hand, give rise to an improved agreement be- 

tween the experimental data and the theoretical 
curves. 

In Fig. 7, optimizations of  the new model to 
the data obtained in the heat storage test at 
80°C are shown. The poor fits on the consump- 
tion side of the curves for N-nitroso-DPA, 
2-nitro-DPA and 4-nitro-DPA still remain 
although the overall curve fits for all four 
analyzed components have been improved. The 
dashed curves in Fig. 7 represent CT curves 
for the DPA-intermediate simulated from the 
optimized parameters. In the optimizations 
illustrated in Fig. 7, the concentration of DPA- 
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intermediate at zero time was approximated 
with the difference between the original DPA 
content (30 ~tmol/g for the 0.5% DPA and 41 
#mol/g  for the 0.7% DPA propellant) and 
the sum of the DPA, N-nitroso-DPA, 4-nitro- 
DPA and 2-nitro-DPA concentrations at zero 
time. 

The optimization procedure with the new 
reaction model (Fig. 6) was, therefore, tested 
with different randomly chosen start values, as 
in part  1. The result is presented in Table 1 and 
the initial simplex was again defined by start 
values for k~2 t o  k56 in the range 0.0001q3.2. 

From the width of the ranges given in Table i 
it can be seen that some of the parameters are 
poorly defined, this applies especially to those 
parameters which are related to a component  
lacking in the data sets. The parameter  k27 , 

thus, exhibits the largest variation since it is 
only related to the concentration of the DPA- 
intermediate (i.e. component  no. 2). The larger 
variation in k27, however, also affects the vari- 
ation in the other parameters as a result of  
interaction effects. The parameter  k~2, describ- 
ing the rate of DPA consumption, is lower for 
the 0.7% DPA series than for the 0.5% DPA 
propellant which could indicate that the reac- 
tion is not of  first order. This could, however, 
also indicate that the degradation mechanism 
changes with the DPA concentration but this 
seems unlikely as the same raw NC material was 
used in the preparation of both batches. As 
already stated, the values obtained for the 
parameters should not be taken as true rate 
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constants since the modified model includes 
assumed reaction steps. 

In spite of  the great variations in some of the 
parameter  values, the curve fits were all compar- 
able with those in Fig. 7. Simulations of  the CT 
curves for the DPA-intermediate obtained on 
the basis of the 12 different parameter  sets also 
showed good agreement with the different op- 
timizations shown in Fig. 8. For the 0.7% DPA 
propellant, all of the 12 curves coincide even 
though significant variations in the parameter  
values between different optimizations were ob- 
tained (Fig. 8b). The curves in Fig. 8 indicate 
that the concentration of the DPA-intermediate 
increases and goes through a maximum during 
the first 10 days of the heat storage test. Fur- 
thermore, the coinciding curves show that the 
simplex converges toward solutions that give the 
same predictions for the DPA-intermediate. 

Optimization to literature data 

There are many reports in the literature where 
the concentration changes of  the stabilizer 
additive with time have been followed. Only a 
few of these contain additional data for the 
subsequently formed nitro derivatives. Curtis 
and Rogasch 26 published a straight phase LC 
method for the determination of nitro deriva- 
tives formed from DPA during propellant 
aging. The method was later applied by Curtis 27 
in a following study of the DPA degradation 
in two NC propellants subjected to heat 
storage at 80C.  The latter report is particularly 
interesting since it contains data from heat 

)--- NH - - ~  k~2 ~, k23 
DPA-Intermediate 

I k27 " ' .  

NO2 
NH ,, 

l k 34 

NO 

<D-'-C> 
l kas 

N O 2 ~  NH ~ k~, 

Fig. 6. The modified reaction model used for the optimization to heat storage test data from 80 C. The 
dashed arrows symbolize the possible reaction paths discussed in the text, but not accounted for in the 

optimizations for Fig. 7. 
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Fig. 7. Resulting curves for the same data sets as in Fig. 5 but for optimizations and curve fittings based 
on the reaction model described in Fig. 6: (A) 0.5% DPA and (B) 0.7% DPA. The dashed curves are 
the resulting curves for the DPA-intermediate simulated from the optimizations. The right hand figures 

show expanded plots for 2-nitro-DPA and 4-nitro-DPA. 

storage tests on propellants stored under com- 
parable conditions to this investigation (80°C). 
It was therefore considered interesting to apply 
the optimizat ion p rogram on the data reported 
by Curtis. 

In Fig. 9, the optimizat ion o f  our  first as- 
sumed model (Fig. l) to Curtis '  set o f  data is 
presented. It is noticeable that the decline o f  
D P A  concentra t ion does not match the build-up 
o f  N-n i t ro so -DPA and the resulting curve 
shows a poor  agreement with the experimental 
data. 

At  this stage, it was also interesting to test 
whether the modification o f  the reaction scheme 
from Fig. 6 improves or  impairs the curve fit. 
The inclusion of  the intermediate step was 
found to improve the curve fit for N-ni t roso-  
D P A  as indicated in Fig. 10. 

The improved agreement between the 
modified reaction model and our  CT data can 
therefore be verified by Curtis '  data which have 
been independently analyzed with no connec- 
tion at all to our  investigation. It is therefore 
believed that this verification supports  the 
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0.5% DPA 

kl~ k:3 kz7 k34 k35 k36 k46 k56 
Min 0.4190 0.0195 0.0186 0.0058 0.0278 0.4.10 6 0.0543 0.1030 
Max 0.4380 0.0221 0.0389 0.0576 0.0621 0.0076 0.6523 0.2150 

DPA-intermediate0 = 19.5 #mol/g. 

0.7% DPA 

kl2 k23 k27 k34 k3s k36 k46 k56 
Min 0.1664 0.0631 1.0.10 6 0.0061 0.0282 61.8.10 -6 0.0633 0.1131 
Max 0.1697 0.0634 28.9.10 6 0.0109 0.0394 0.0153 0.1104 0.1557 

DPA-intermediate 0 = 15.1 /~mol/g. The dimension of parameter values is d a y  t. 

A) 
25 

indication on the existence of an intermediate 
step in the degradation mechanism. 

The existence of the intermediate has there- 
fore to be verified with other experimental tech- 
niques since there is no indication on the 
existence of an intermediate compound with 
electrochemical or UV/VIS detection. Future 
investigations should, therefore, be focused on 
the remaining N C  material after the extraction 
step. As indicated in part I, this material shows 
interesting colour changes during the heat test 
which suggests that an investigation with mol- 
ecular spectroscopic methods might be able to 
answer the question whether DPA in any form 
is incorporated or retained in the NC material. 
In additional to the two previously mentioned 
DPA-intermediates suggested in the literature, a 
reaction between the DPA radicals and the 
radical formed in the NC polymer is also poss- 

ible. A hypothetical reaction scheme for such a 
reaction is presented (Scheme I-III). 

The steps I-II represent the formations of the 
known DPA radical cation s:°:5 and the alkoxyl 
radical in the NC chain. 2829 The incorporation 
of DPA in the NC chain could occur as de- 
scribed by step III in which the DPA can be 
bound to the NC in two different ways. It is 
reasonable to assume that the dominating route 
would be Ill(b) as the DPA radical cation is 
stabilized by delocalization of the unshared 
electron to the aromatic ring. The hypothetical 
reactions above would not affect the stabilizing 
action of DPA since the products (NC-DPA) in 
step III should be as reactive towards nitrogen 
oxides as DPA itself. In a reaction with nitrogen 
oxides, the NC-DPA could decompose to give 
the various nitro and nitroso derivatives of 
DPA. 

20 
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time (days) 
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0 
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time (days) 

C (It rnol g 1 ) 
25 

Decomposition of  DPA in NC propellants--l l  

Table 1. Ranges of  parameter values obtained from 12 different optimizations using 
randomly chosen start simplex 

Fig. 8. Simulated curves for the assumed DPA-intermediate obtained on the basis of the 12 repeated 
optimizations in Table 1: (A) 0 .50  DPA and (B) 0.7% DPA. 
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Fig. 9. Optimization of the reaction model in Fig. l to data 
presented by Curtis 27 for (El) DPA, (@) N-nitroso-DPA, 
(A) 4-nitro-DPA and (©) 2-nitro-DPA. The concentrations 
were monitored during a beat storage test at 80°C. The 
optimization is based on data from a similar figure presented 
by Curtis. The data have been transformed to the unit 

/lmol/g from weight-%. 
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Fig. 10. Optimization of the modified reaction model in Fig. 
6 to data from Curtis. -'7 Marker identities: (I-q) DPA, (O) 
N-nitroso-DPA, (A) 4-nitro-DPA and (O) 2-nitro-DPA. 
The dashed curve for the DPA-intermediate is calculated 
from the optimized parameters. The optimization is based 

on the same data as Fig. 9. 

CONCLUSIONS 

The D P A  content  o f  a propellant batch 
usually decreases relatively fast and the stabiliz- 
ing action after that  the D P A  has been con- 
sumed must, therefore, be attr ibuted to the 
N-n i t roso-DPA,  2-ni t ro-DPA, 4-n i t ro-DPA 
and to the possible DPA-intermediate(s) .  The 
interesting time to estimate would therefore be 
the time for consumpt ion  of  all o f  these four 
compounds .  However,  the curves obtained by 
the presented optimizat ion procedure fail to 
predict this time. The reason for this probably  
lies in the variations in moisture, oxygen and 
nitrogen oxide concentrat ions during the course 

o f  the heat storage test. In addition, parallel 
processes involving spontaneous  thermal radical 
format ion tT'2s o f  D P A  and nitro derivatives 
exist. The assumption of  first order  reactions is 
therefore not  valid over the entire time period 
for the heat storage test and deviations from the 
model must  therefore be expected. The overall 
reaction order would be difficult to predict and 
values in the range 0-1 have been found for the 
D P A  decomposit ion.  3° 

On the basis o f  the present results it is evident 
that  the mechanism for the initial D P A  degra- 
dation involves unknown reaction steps which 
are more  significant at lower temperatures. The 

C3--NH-- O (3--"-0 (3-' H ~ H = H (I) 

CH 20NO2 
'~H 

02 N O ~ . ~ O  ~ 

H ONO 2 

CH20, 
~H 

02 N O ' ~ _ _ ~ O  ~ 

H ONO 2 

+ NO2" (II) 

CH 2 O, 
~H 

02 N O l o  ~ 

H ONO2 

02 N H + (llla) 

H ONO2 

CH 2 0 . ~ ' ~  NH . ~ "  ~ 
~H ~ 

2N O - -  + H + (lllb) 

H ONO2 

Schemes I-Ill 
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experimental data in part II indicate the exist- 
ence of an intermediate step in the nitrozation 
of DPA. The high stability of a propellant 
containing less than 0.1% DPA could be ex- 
plained by the presence of significant amounts 
of N-nitroso-DPA, 2-nitro-DPA and 4-nitro- 
DPA. The presence of a DPA-intermediate 
would further increase the stability of a NC 
propellant with low DPA content. Since most 
heat storage tests are performed using high 
temperatures, the aging of the NC material is 
accelerated to such a high rate that any inter- 
mediate reaction steps are difficult to uncover in 
the stability tests commonly used. The reason- 
ably good fits obtained in part I at 85°C with the 
initial mechanism shown in Fig. 1 could be a 
result of the shorter life time of the intermediate 
compound. The DPA stabilization of NC is also 
an extremely temperature dependent process 
since the time-to-fume at 80°C is approximately 
120 days while at 25°C it is in the order of 20-50 
years. The strong temperature dependence 
could be an indication that radical species are 
involved in the mechanism. Furthermore, the 
diffusion conditions change around the melting 
temperature of DPA (53°C). As a consequence 
of the above mentioned aspects on the reaction 
mechanism, any extrapolations to room tem- 
peratures based on monitoring of stabilizer con- 
sumption at these high temperatures will be 
erroneous. The monitoring of DPA or its degra- 
dation products can therefore not compete with 
for example thermal gravimetry or calorimetry 
as methods for estimating propellant stabilities. 

However, the approach with simultaneous 
curve fitting has shown itself to be useful in 
mechanistic studies and could be expected to be 
applicable to, for example, studies of organic 
synthesis where the experimental conditions are 
more easily controlled. The approach for com- 
puting CT curves makes the optimization pro- 
gram easy to use and changes of reaction 
mechanisms can be made quickly. 

The loss of DPA from the NC material, 
observed in part I, and the results in the model 
optimizations in part II make it appropriate to 
focus future investigations on the NC material 
remaining after the extraction of the DPA de- 
rivatives and there are, at least, three possibili- 
ties for the observed loss of DPA which should 
be investigated in the future. First, the oxidation 
of DPA into a compound which is either non- 
electroactive and non-absorbing at 292 or 
430 nm, or completely retained on the column. 
Secondly, the DPA could react to give rise to a 

product which is insoluble in methylene chlor- 
ide. This product could be a polymer, as such 
polymers are known to be formed in both 
electrochemical oxidations ~9'2° and in oxidation 
due to the presence of oxygen. ~ Finally, DPA 
could, according to Urbanski e t  al. 24"25 form a 
non-soluble complex with NC. A study using 
molecular spectroscopic methods should most 
likely be able to answer the question of whether 
DPA is incorporated in the NC material or not. 
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Summary--Re-evaluation of DPASV procedures for determining low levels of Sb (111) and Sb (V) in 
solution identified several problem areas, e.g. anomalous ASV behaviour, possible formation of an 
intermediate valency state during the analytical cycle, and chemical interactions in acidified test solutions 
containing both valency states. Specific determination of Sb (I11) can be achieved using base solutions 
composed of 0.2M HC1 (detection limit 10 nM) or acetic acid/acetate buffer (detection limit 600 nM ). 
For the determination of Sb (V), analysis in 2M HCI is recommended [with response in 0.2M HCI being 
used to correct for any Sb (111) present]. 

Antimony species are known to be toxic but 
monitoring of environmental systems for this 
element is not a common procedure, possibly 
because the levels tend to be quite low, for 
example, the terrestrial abundance level of  Sb' is 
around 0.7 /ag/g, and sea-water 2 contains 
0.1-0.5 /~g Sb/1. [with 70-94% of the total Sb 
being present as Sb (V) species]. Much higher Sb 
levels can be found near non-ferrous smelters, 
e.g. near a lead smelter, 3 soil values ranged 
between 5 and 260/~g Sb/g, and up to 10 mg/g 
were found in soils located near a copper 
smelter. 4 

The analytical procedure used to determine 
Sb levels in non-polluted systems thus needs to 
be highly sensitive, and it should also be capable 
of  distinguishing between Sb (III) and Sb (V) 
species, because the toxicity threshold for 
antimony species varies with the valency state of  
the element. One technique which meets these 
specifications is atomic absorption spec- 
troscopy, sq° where detection limits of  0.5/~g/1. 
(4 n M )  have been achieved using hydride gener- 
ation. Another promising (but not so fully 
explored) technique is differential pulse, anodic 
stripping voltammetry (DPASV). 

Application of  a DPASV procedure b~ to 
acidified solutions 200 nM in Sb (III) or Sb (V) 
was found to yield sharp signal peaks when a 
hanging Hg drop electrode was used. The size of  
the peaks obtained varied with the molarity of  
the HCI added and the valency state of the Sb 

present. It was proposed that one could deter- 
mine the amount  of  Sb (III) species present by 
using dilute acid support solutions, and then 
determine total Sb content using an acidity level 
of 4M HCI, but no experimental data for 
mixture analyses was presented. 

In another ASV study, 12 an acetate buffer 
solution was used as the supporting electrolyte. 
With the experimental conditions adopted, the 
detection limit for Sb (III) was around 600 nM 
(i.e. much less sensitive than HCI based 
systems). Other limitations of this support 
medium were not evaluated, nor was the be- 
haviour of  Sb (V) in this medium examined. To 
remedy these omissions, further studies have 
now been made. The determination of Sb in 
HC1 solutions has also been re-examined in 
some detail, primarily because the responses 
obtained using Sb (IlI)/Sb (V) mixtures differed 
from the results expected (based on single 
valency state studies). 

EXPERIMENTAL 

Standards and base solutions 

(a) Antimony standards. Standard stock sol- 
utions (25 /aM) were prepared by dissolving 
either Univar A.R. potassium antimonyl 
tartrate (SbT) or Merck A.R. KSb(OH)6 in pure 
water (from a reverse osmosis unit). A solution 
saturated with Aldrich Gold Label Sb203 was 
also prepared [calibration against KSbT 
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standards indicated the Sb content (c. 13/~M]. 
Aliquots of these stock solutions were diluted 
with base electrolyte solution as required to 
yield test solutions having Sb levels which 
ranged from 100 nM to 10 /~M. 

(b) Acetate buffer solution. The ! M 
CH3COOH, 0.5M CH3COONa mixture used 
was prepared from A.R. grade materials. 

(c) Hydrochloric acid solutions. Base sol- 
utions varying in concentration from 0.08 to 
4M, were prepared by dilution of Univar A.R. 
HCI with pure water. For some investigations 
(e.g. identification of  baseline noise peaks) 
higher grade acids (such as B.D.H. 'Aristar' 
brand HCI and 'Volucon' standard solution 
ampules) were also utilized. 

(d) Hydrazine dihydrochloride. Small aliquots 
(e.g. 0.1 ml) of a 0.5M stock solution (prepared 
daily by dissolving A.R. grade salt (Aldrich 
brand) in pure water) were added (as required) 
to Sb test solutions (final hydrazine concen- 
tration, 0.01M). 

(e) Synthetic mixtures containing Sb (III) and 
Sb (V). Solutions containing antimony in both 
valency states were prepared by mixing 
appropriate volumes of  the Sb203 saturated 
solution and standard KSb(OH)6 solutions. The 
amount of each solution added was varied, in 
order to obtain mixtures in which the ratio of Sb 
(III) to Sb (V) was either 5:1, 2:1, 1:1, 1:2 or 
1 : 5. Different total levels of  Sb in solution were 
obtained by using different aliquot volumes and 
by diluting more concentrated dual valency 
mixtures with water. Varying volumes of HCI 
were added to aliquots of these various mixtures 
(and to aliquots of standard Sb (III) and Sb (V) 
solutions), in order to prepare test solutions 
having final acidity levels which ranged from 0.2 
to 3.0M. 

Analytical procedure 

Each mixture and standard series solution 
was analysed (by DPASV) and the peak area 
plotted as a functio,i of  the Sb content. The 
instrument used for the DPASV analysis was an 
Amel '~ Polarographic Analyser (model 473), 
connected to a hanging drop mercury electrode 
(PAR model 3038, Ag/AgC1 reference 
electrode). The operating conditions used for 
the HCI base solutions were: Nitrogen purge 
time, 2 rain; Hg drop size, small; deposition 
potential, - 4 0 0  mV; deposition time, 1 sec 
(extended at times to longer values); pause time 
3 sec; anodic scan speed, 5 mV/sec; cut-off 
potential +50  mV; X, Y recorder speed, 100 

mV/cm; FSD current, 10, 20, 50 or 100 nA. 
Similar operating conditions were used with the 
acetate buffer solutions except that deposition 
potentials were varied from - 4 0 0  to -1400  
mV. 

R E S U L T S  A N D  D I S C U S S I O N  

Irregular behaviour of  Sb in A S V  studies 

Some of the results presented in an earlier 
DPASV study tt of Sb systems indicated that 
responses could deviate from the pattern usually 
observed in ASV determinations of metals such 
as Pb, Cd, Zn. For  example, it was found that 
repeated scanning of HCI solutions containing 
Sb (III) or Sb (V), led to peaks which decreased 
in size (using a hanging drop mercury electrode 
and 5 rain deposition times). Using a thin Hg 
film electrode only the first voltage scan of Sb 
(III) solutions yielded a peak and no stripping 
peak for Sb (V) was detected. The addition of 
hydrazine to the test solutions modified this 
behaviour and determination of Sb (V) was 
achieved using a supporting electrolyte which 
was 1.2M in HCI, 1.8M in H2SO4 and 0.01M in 
hydrazine sulphate. 

In our studies, a fresh mercury drop was used 
for each scan, and the amount of Sb deposited 
in (or on) the Hg drop was kept small (e.g. by 
using a ! sec deposition time). Increasing the 
loading level (by increasing the deposition time) 
resulted in a disproportionate increase in the 
stripping peak size, e.g. the area enhancement 
obtained by using much longer times (e.g. 300 
sees) was relatively small (e.g. less than five-fold, 
cf. Fig. i). 

Calibration series behaviour was also 
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Fig. 1. Effect of deposition time on Sb peak area. (a) 1 ,uM 
KSbT in acetate buffer; E a - l.I V., 20 nA FSD. (b), (c) 5 
/~M Sb(OH) 3 in IM HCI; E d -450 mV, l /~A FSD. (d), (e) 
50/~M KSb(OH) 6 in IM HCI; Eo -500 mV, 200 nA FSD. 

In systems (b) and (d) hydrazine present. 
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atypical, because the straight lines which joined 
the points rarely passed through the origin. For 
example, the calibration line for Sb (III) in 0.2M 
HC1 was defined by the equation: peak area 
(mm 2) = 14+ 63c; where c is the Sb concen- 
tration in #M (recorder FSD setting, 50 nA). 
The magnitude of the intercept value varied 
with acid molarity and the valency of the Sb salt 
(e.g. in 2M HCI, the value for Sb (III) was 25, 
for Sb (V), 50). Area measurement errors may 
have contributed to the size of the intercepts, 
but the marked deviation from zero values 
suggests that the proportion of analyte reduced 
at the electrode decreased with increasing 
concentration. Changing the HC1 concentration 
resulted in small changes in the slope of Sb (III) 
calibration plots (e.g. from 63 in 0.2M to 70 
in 2M HCI), and large changes in the slope 
of Sb (V) plots (e.g. 0.8 in 0.2M to 28 in 2M 
HCl). 

Abnormal behaviour was most marked in 
acetate buffer base solutions (discussed in a later 
section). In this media peak size and shape 
varied, inter alia, with the magnitude of the 
deposition potential. 

The irregular behaviour noted suggests that 
the processes involved in the ASV deposition 
stage are more complex than formation of Sb ° 
(and dissolution in the Hg drop). It appears that 
some Sb species are adsorbed (or precipitated) 
on the Hg surface, and during the stripping scan 
these species influence the size of the current 
flow. 

Influence of  chemical reactions on D P A S V  
responses 

The shape, size and location of the Sb ASV 
peaks was found to vary with the composition 
of the base solution, the experimental con- 
ditions selected, and the chemical form of the Sb 
species present. The chemical form of the anti- 
mony species introduced into test solutions 
ranged from being a complex anion (in solutions 
prepared from potassium antimony! tartrate), to 
uncharged molecules or oxycations (in solutions 
containing dissolved Sb203). Equilibria in- 
volved in the dissolution of antimony (III) oxide 
in water ~3 include: 

Sb203 (s) + 3H20 ~ 2Sb(OH)3 (1) 

1/28b203 + 1/2H20,--~ SbO + + O H  (2) 

1/2Sb203 + 1/2H20,--* SbO~- + H  + (3) 

1 
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Fig. 2. Effect of HC1 concentration and the addition of 
hydrazine on the DPASV peak areas. E d - 5 0 0  mV; depo- 
sition time 1 sec: curves (a), (c), symbol o, hydrazine added; 
curves (b), (d), symbol+ ,  bydrazine absent, (A) Sb (III), 
1 #M KSbT; recorder setting 20 nA FSD. (B) Sb (V), 50 IbM 

KSb(OH)6; recorder setting 500 nA FSD. 

The addition of HC1 to the Sb203 solutions 
would have favoured formation of the cation 
SbO + (reaction 2), and this transformation was 
probably near complete at acid levels >0.2M 
(cf plateau region, Fig. 2A). With Sb (V) 
systems, addition of HC1 at levels >0.3M was 
required to achieve a gradual change of the 
Sb(OH)6 ion into a more electro-active species 
(cf. Fig. 2B). The observed differences in Sb (III) 
and (V) behaviour (e.g. HCI concentration effect 
on peak area, Fig. 2) mainly reflect variations in 
the deposition stage mechanism, because the 
stripping peak potential values for Sb (lII) and 
Sb (V) were similar, over a wide range of acid 
molarity values (~f. Fig. 3). It has been 
concluded that in the stripping cycle, chloro- 
complexes of similar nature were formed. 

The possibility of Sb (IV) species formation 
during the electro-analytical cycle has been 
raised in an earlier article. ~ In the deposition 
stage this could involve processes such as slow 
oxidation of Sb (III) at the Pt counter electrode 
and partial (one electron) reduction of Sb (V) 
compounds. During the anodic stripping stage, 
oxidation of deposited Sb metal might proceed 
beyond the Sb (III) state. The Sb (IV) valence 
state is known ~4 to form sparingly soluble 
compounds, hence formation of this intermedi- 
ate in the DPASV cycle could result in removal 
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of some Sb from solution, possibly as partial 
coatings on the electrodes. It was reported j~ that 
effects attributed to Sb (IV) could be eliminated 
by adding hydrazine to the base solutions. 

In our investigations, the addition of hydra- 
zine hydrochloride (0.1M) to test solutions led 
to some marginal increases in peak area and 
slightly sharper peaks, but there were no signifi- 
cant changes in peak potential values. The 
addition of hydrazine did not promote chemical 
reduction of Sb (V) [i.e. KSb(OH)6] to Sb (III) 
species. The hydrazine probably acts as a 
depolarising agent in the electrochemical 
process, rather than as a chemical reductant. 

~_, a. 

6 

.~ . . . .  ae-. 

2 . . ' t "  SS - ,.4...+ 
0 I 1 

-0.4 -0.6 -0 .8  -I.0 -1.2 -1.4 -1.6 
Deposition Potential (Volts) 

Fig. 4. Graph of effect of deposition potential on peak area 
values, in acetate buffer solutions. (a) 8 /~M Sb(OH)3, 
recorder setting 20 nA FSD; (b) 50 ~M KSbT, 200 nA FSD. 

Determ&ation o f  Sb (III) & an acetate buffer 
solution 

No ASV peak assignable to Sb was observed 
when Sb (V) solutions (50/~M) were subjected 
to DPASV analysis, using acetate buffer support 
solutions. Deposition times ranging from 1 to 
360 seconds were examined, and three depo- 
sition potentials ( - 300, - 500 and - 1100 mV) 
were used. The scan tracing was the same in the 
presence, or absence, of hydrazine dihydrochlo- 
ride. One can, therefore, use an acetate base 
solution to detect Sb (III) in the presence of 
pentavalent Sb salts. 

For the determination of Sb (III), however, 
the experimental conditions have to be carefully 
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. o ,~ . .  =. ~ , . ~ .  > 
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Fig. 3. Effect of HCI concentration on peak potential values. 
(A) 'acid systems' peaks, curve (c). (B) Antimony peaks. 
Curve (a) Sb (V): 50/~M KSb(OH)6; E d --500 mV, recorder 
setting 500 nA FSD, point symbols © (closed for hydrazine 
present), Curve (b) Sb (liD: I #M KSbT; E d -500  mV, 
recorder setting, 20 nA FSD; point symbol + (or x,  

hydrazine present). 

controlled. It was found, for example, that the 
area of the Sb peak(s) increased steadily as the 
negativity of the HMDE was increased from 
-400  to - 1400 mV (as shown on Fig. 4). This 
suggests that the Sb species present do not 
dissociate readily under the influence of an 
applied potential. The shape of the Sb peak 
also varied. Multiple peaks were found on many 
of the DPASV traces, e.g. applying a potential 
of -400  mV to buffer solutions containing Sb 
tartrate yielded two peaks of near equal size 
(at Ep values of -320  and -270  mV). Using 
more negative deposition potentials, the -320  
mV peak shifted in an anodic direction and the 
other peak moved in a cathodic direction. Total 
overlap (i.e. a broad symmetrical peak) 
occurred when deposition potentials of -900  
to - l l 0 0  mV were used (cf Fig. 5A, curves 
a - c ) .  

Using longer deposition times did not in- 
crease the sensitivity of the procedure propor- 
tionally (cf. Fig. 5A, curves g-i). Gains in signal 
size were offset by reduced symmetry of the 
signals and the appearance of peaks assignable 
to impurities in the acetate buffer solution (ob- 
served when using deposition times >40 secs). 
One of these impurity peaks (Ep around -300  
mV) was not resolved from the Sb peak. 

After examining the effect of different 
variables on the symmetry of Sb peaks (el 
Fig. 5A) it was concluded that the optimum 
operating conditions for quantitative studies 
would be a deposition potential of -1100 mV 
applied for one second. Using these conditions, 
the height (or area) of peaks arising from Sb 
(IIl) species was found to be directly related to 
the concentration present. The detection limit 
was around 600 nM (10 nA FSD), so the levels 
of Sb in test solutions should be >1 pM. 



Determination of  Sb (Iii) and (V) 201 

Determination of  Sb (II1) and Sb (V) in HCI 
solutions 

(a) Effect of  HCI concentration on D P A S V  
response. In a previous study ~t of the DPASV 
responses of Sb (III) and Sb (V) it was found 
that the size of Sb (III) peaks nearly doubled in 
size when the level of HCI in the base solution 
was increased from 0.1 to I M, but little further 
change in area occurred when the acid level was 
increased from 1 to 5M. Antimony (V) 
solutions, on the other hand, yielded barely 
detectable peaks at acidities less than 1M; at 
higher molarities the size of the Sb (V) peaks 
increased as the level of acid present increased. 
It was proposed that Sb (III) present in mixtures 
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Fig. 5. (A) Typical DPASV curves for Sb (111) in acetate 
buffer base solution. Effect of  deposition potential; Curves 
(a)~c), 50 yM KSbT; deposition time 1 sec; recorder setting 
200 nA FSD. (a) Eo - 5 0 0  mV, (b) E d - 8 0 0  mV, (c) E d 
- 1 . 1 0  V. Curves (d) and (e), 8 /aM Sb(OH)3; deposition 
time 1 sec, recorder 20 nA FSD. (d) E d - 6 0 0  mV, (e) Ej 
- 9 0 0  inV. Curve (f), 10 yM KSbT, O, IM in hydrazine: E d 
- 1.I0 V, deposition time l sec, recorder 20 nA FSD. Effect 
of  deposition time; curves (g)-(i) 1 /~M Sb(OH) 3, E d - 1.1 
V, recorder, 20 nA FSD. (g) 1 sec, (h) 40 sec, (i) 120 sec. (B) 
Typical DPASV curves for Sb (111) and Sb (V) in hydro- 
chloric acid base solutions. Curves (j) and (k), 1/~M Sb (Ill), 
E d - 4 0 0  mV, deposition time 1 sec, recorder setting 20 nA 
FSD, in HC1 of molarity 0.2 (j) or 1.0. (k) 1.0. Curves (1) 
and (m), 50 y M  Sb (V); E d - 500 mV, deposition time 1 sec, 
recorder setting 50 nA FSD, in acid of molarity 1.0 (1) or 

2.0 (m). 

could be determined using dilute acid (e.g. 
0.5M) support solutions, while for the determi- 
nation of total Sb contents, a base solution 4M 
in HCI was recommended. 

Inconsistent responses were obtained when 
the procedure was applied (in more recent 
times) to solutions containing the two valency 
states of Sb. In a bid to identify the problem 
areas, all aspects of the method were re-exam- 
ined. Our study, using different instrumental 
parameters, confirmed that the size of Sb (IIl) 
and (V) stripping peaks varied with the molarity 
of HCI present in the test solutions (cj~ Fig. 2), 
but transition point values differed from those 
previously reported, For example, with Sb (III) 
solutions, large variations in peak size were 
restricted to the <0 .2M HC1 region and opti- 
mum Sb (III) response occurred in 0.2 to 2M 
acid solutions. The plateau region shown on 
Fig. 2A had a slight downward slope but this 
trend had little significance because in cali- 
bration plot studies, Sb response in 2M acid was 
marginally larger than in 0.2M HC1. In the case 
of Sb (V) systems, small peaks were observed in 
0.5M HCI, and size increased with increasing 
acid molarity until maximum values were 
reached in solutions 3M in acid (~f. Fig. 2B). No 
decline in peak size at higher HC1 levels was 
observed when the Sb (V) concentration was less 
than 50/~M. Typical DPASV traces are shown 
on Fig. 5. 

With acid molarities > 3M, the Sb signal was 
partially overlapped by the side wing of a large, 
broad 'system' peak (tentatively attributed to 
the formation of Hg(II) chlorospecies). Decreas- 
ing the molarity of acid present reduced the 
system peak size (e.g. from a peak height of 110 
mm in 4M, to 5 mm in 0.2M HC1), and changed 
the peak position (cf Fig. 3c). At acid levels less 
than 3M, overlap with the Sb peak became 
minimal. 

Impurities were not a problem when 
'Volucon' acid ampules or high purity HC[ (e.g. 
B.D.H. 'Aristar" brand) were used to prepare 
the base solutions, but the A.R. acid used in our 
study contained a small of impurity (pre- 
sumably Bi) which had a peak E r value similar 
to that of Sb. Correction for this element (via 
base solution blanks) was most important when 
analysing solutions containing low levels of Sb 
(e.g.O. I #M ). The detection limit for Sb (IIl) (in 
IM HCI, using an FSD value of 10 nA) was 
around 10 nM (i.e. 1 #g/l). 

When single valency Sb solutions were 
repeatedly scanned (or replicates were 
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analysed), consistent peak area values were 
usually obtained. The precision of the procedure 
(expressed as a relative standard deviation) was 
found to vary with the type of Sb (III) solution 
being examined. For example, using KSbT stan- 
dard solutions the RSD value was + 2 % ,  with 
Sb(OH)3 solutions, the RSD value was 
+3-10%.  

(b) Analysis of  solutions containing Sb (III) 
and Sb (V). From the results summarized on 
Fig. 2 it was concluded that specific determi- 
nation of  the amount of Sb (Ill) present could 
be achieved by adjusting aliquots to an acidity 
level of 0.2 or 0.5M HCI. With acid levels > 1M, 
both valency states contribute to the total sig- 
nal, and for determination of  Sb (IIl) plus Sb 
(V) values, adjustment of the test solutions to an 
HCI level of  2.0M was selected. [Sb (V) response 
at this acidity level was less than achieved at 
higher molarities but the Sb peaks were clearly 
resolved from any 'acid system' peak]. Since the 
signal contribution from Sb (III) species varied 
little with increasing acidity (cf. Fig. 2A), any 
increase in peak area observed using the 2M 
acid solutions could be assigned to the Sb (V) 
content. Reference to an Sb (V) calibration plot 
(for the acidity level used) then allows one to 
convert the difference in peak areas to 
concentration values. 

For this procedure to yield valid results in 
mixture studies, interaction between the two Sb 
valency states in acidified solutions must be 
minimal, and the presence of  the second valency 
state must not alter DPASV response. To test if 
these conditions were met, synthetic mixtures 
containing Sb (III) and Sb (V) were prepared, 
and analysed by DPASV. In the absence of side 
reactions, the size of the peaks for the various 
mixtures should match the values obtained by 
adding together areas which correspond to the 
concentration of each component in the mixture 
[as derived from calibration curves prepared for 
both Sb (III) and Sb (V)]. 

In one series of studies, the mixtures exam- 
ined had acid levels adjustad to values ranging 
from 0.2 to 3.0M, and contained equal 
concentrations of Sb (III) and Sb (V). The 
concentration of each valency state in the 
mixtures ranged from 0.8 and 6/~M. As shown 
on Fig. 6, the peak sizes varied with acid 
molarity, and for each level of  total Sb content, 
two plateau regions are discernible on the plots. 
The first extends from 0.2 to 0.5M [contribution 
of  Sb ( l i d  only] and the second embraces the 2 
to 3M HCI region. These results confirmed that 
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Fig. 6. Effect of acid molarity and amount of antimony 
present, on the size of the DPASV peak obtained on 
analysing 1:I Sb (III), Sb (V) mixtures. Concentration of Sb 
(Ill) [and Sb (V)] in the mixtures was (a) 6/aM, (b) 4/aM, 
(c) 2/aM (d) 1 ttM. Closed symbol points, mixtures acidified 
just prior to analysis; Open symbol points, mixtures 
prepared from antimony standards stored in HCI of differ- 

ent strengths. 

analysis in 2M HCI was suitable for determining 
the Sb (V) contribution. Many of the 
experimental peak area values were higher than 
'expected' mixture responses (i.e. the sum of  
calibration curve values for each component), 
but an equal number were lower. This 
behaviour suggested that under some conditions 
the degree of  Sb (V) reduction was being 
enhanced by the presence of Sb (Ili), while in 
other conditions Sb was being lost from 
solution. 

In a bid to identify the factors responsible for 
the varied response, new series of  mixtures were 
prepared. The amount of  Sb (III) introduced 
was again varied between 0.8 and 6 pM, while 
the amount of KSb(OH)6 added was adjusted to 
give mixtures in which the ratios of Sb (III) to 
Sb (V) were 5:1; 2:1; 1:1; 1:2 and 1:5. These 
mixtures were analysed by DPASV after adjust- 
ing the HCI level to 0.2 or 2.0M. 

Using test solutions 0.2M in HC1 [i.e. ostensi- 
bly determining Sb (III) only] mixture peak 
areas matched the corresponding points on the 
Sb (III) calibration plot when the ratio of Sb 
(III) to Sb (V) in the mixture was 2: 1~ 1 : 1 or 1:2. 
With a marked excess of Sb (III) present (i.e. 
5:1), the mixture signals were 10% lower (5% 
if hydrazine added) than the peak areas ex- 
pected from the Sb (III) calibration plot. This 
behaviour was attributed to chemical inter- 
action between the valency states, leading to the 
formation of a small amount of non-reducible 
(maybe insoluble) Sb species. With excess Sb 
(V) present [i.e. 1:5 mixtures, 4-30 /IM in 
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KSb(OH)6], the measured peak areas were 
about 10% higher than Sb (III) calibration 
curve values. This behaviour was provisionally 
attributed to catalysed reduction of some Sb (V) 
(e.g. by Sb/Hg) when the level of this valency 
state was > 4/~M. Alternatively, some (or all) of 
the variance in the mixture analysis results could 
be assigned to experimental error. The RSD 
values for the peak area measurements were (on 
average) larger than those obtained using single 
valency solutions (with about one fifth having 
RSD values falling in the 10-15% range). 

The results obtained using mixtures 2M in 
HC1 are summarized on Fig. 7. One third of the 
peak area values 'matched' (i.e. within +_4%) 
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Fig. 7. Effect of Sb concentr,~tion on DPASV peak areas, in 
the presence of 2M HC1 and differing ratios of Sb (III) and 
Sb (V). Segment A. Recorder FSD 50 nA; Segment B. FSD 
200 hA. System codes: (a) antimony (V) standard solutions, 
(b) antimony (Ill) standard solutions, (c) to (e) Sb (III)/Sb 
(V) mixtures with content ratios of(c)  2:1, (d) 5:1, (e) 1:2 
and (f) I: 5. Calibration curves for the different systems are 
indicated by full lines, and open circle (O)  symbols. (For 
mixtures, calibration point values obtained by adding ap- 
propriate areas, drawn from curves (a) and (b), for the 
concentrations of Sb (Ill) and Sb (V) present. Experimental 
peak areas for mixed valency systems which were made 2M 
in HC1 just prior to analysis are shown as closed circle (Q)  
points. In another series the mixtures were stored in 2M HCI 
prior to analysis (symbol code I-7), yielding trends indicated 

by dashed lines. 

the values obtained by addition of 2M HCI 
calibration curve readings [for each specified 
level of Sb (III) and Sb (V) in the mixture]. 
Another third of the test solutions yielded 
results which were 5-10% lower than the 
calculated value; and the final third [involving 
mainly mixtures with low Sb (III) contents, i.e. 
0.8 or 1.0 /~M] had analytical values 15-20% 
lower than expected (cf. closed circles, Fig. 7). 
The predominance of 'smaller than predicted' 
peak areas has been attributed to calibration 
error and/or chemical interactions. The combin- 
ing of single valency calibration plot points (to 
yield 'expected' response values) may have led 
to overestimation of the 'baseline' contribution 
to mixture signals. [As noted earlier, the inter- 
cept value for Sb (V) calibration lines (in 2M 
HCI) was double that found for Sb (III)]. The 
main cause of smaller DPASV peaks, however, 
was considered to be formation of an 'ASV 
inert' Sb species, via a reaction enhanced by the 
presence of the higher level of acid. 

This chemical reaction appears to be a slow 
process and may only involve one valency state. 
Peaks 15-30% smaller than expected (cf. Fig. 7, 
dashed lines) were obtained when mixtures 
(valency ratios 5 : 1, 2 : 1 and 1 : 1) were prepared 
from Sb (III) and Sb (V) standard solutions 
which were made 2M in HC1 several days before 
being admixed. With an excess of Sb (V) 
present, the difference between predicted and 
actual signal size was less (e.g. with a valency 
ratio of 1:5, the values were circa 10% smaller, 
cf. Fig. 7, dashed line f; with mixtures having a 
valency ratio of I : 2, the analytical results all fell 
within + 5% of the expected value). 

When mixtures were prepared from Sb (lII) 
and Sb (V) standard solutions which were 0.2M 
in HC1, variable DPASV responses were 
observed. Using 5:1 mixtures, the peaks 
matched (in size) those obtained using the Sb 
(III) calibration value. With lower proportions 
of Sb (III) in the mixture over half of the 
experimental values deviated from the 
'expected' area, with a third being 15--20% 
higher, and about one fifth lower than expected. 
The largest deviation (15 20% lower) was 
found using 1:5 systems. 

CONCLUSIONS 

While it is possible to determine both Sb (III) 
and Sb (V) present in mixtures by control of 
analyte acidity levels, the speciation data 
derived from the DPASV studies needs to be 
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interpreted cautiously, because the accuracy of  
the analyses can be reduced by secondary 
chemical processes. For  some types o f  mixtures 
the values for Sb (III)  and Sb (V) may be in 
error by ___20% of  the Sb content,  but in most  
mixture analyses the relative variations should 
be better than +10% . This error  could be 
reduced by using a two stage calibration 
procedure (i.e. after using single valency 
calibration plots to obtain the approximate  
composi t ion o f  the mixtures, s tandard mixtures 
o f  like composi t ion could be prepared and 
analysed for both species). 

Analytical errors may have less significance 
when dealing with routine samples (e.g. 

collected from the environment)  since prelimi- 
nary sample treatments can modify the distri- 
bution o f  Sb between valency states. For  
example, with moist solids, interactions may 
occur during storage or  drying steps. Release o f  
the Sb species from the solids by hot acid 
extraction, or  stabilisation o f  water samples by 
adding acid, could also be accompanied by 
chemical changes (some of  which may partially 
reverse when acid levels are adjusted prior to 
D P A S V  analysis). 

Acknowledgements--This project has received financial 
support from the Australian Research Committee, and their 
sponsorship is gratefully acknowledged. 

REFERENCES 

I. R. W. Boyle and 1. R. Jonasson, J. Geochem. Explor. 
1973, 2, 251. 

2. S. Ghoda, Bull. Chem. Soc. Jpn. 1975, 48, 1213. 
3. R. C. Ragaini, H. R. Raison, and N. Roberts, Environ. 

Sci. Technol. 1977, ii, 773. 
4. E. A. Crecelius, M. H. Bothner and R. Carpenter, 

Environ. Sci. Technol. 1975, 9, 325. 
5. J. C. Van Loon and E. J. Brooker, Anal. Letters 1974, 

7, 505. 
6. Y. Yamamoto and T. Kumamaru, Z. Anal. Chem. 1976, 

281, 353. 
7. S. Nakashima, Analyst 1980, 105, 732. 
8. M. Yamamoto, K. Urata and Y. Yamamoto, Anal. 

Letters 1981, 14, 21. 
9. B. Mohammad, A. M. Ure, J. Reglinski and 

D. Littlejohn, Chem. Spec. Bioavailabil. 1990, 3, 117. 
10. N. Ainsworth, J. A. Cooke and M. S. Johnson, Environ. 

Pollut. 1990, 65, 75. 
11. G. E. Batley and T. M. Florence, Electroanal. Chem. 

Interfacial Electrochem. 1974, 55, 23. 
12. P. Thanabalasingam and W. F. Pickering, Water, Air 

Soil Pollut. 1989, 49, 175. 
13. K. H. Gayer and A. B. Garett, J. Amer. Chem. Soc. 

1952, 74, 2352. 
14. M. G. Tamba and N, Vantini, Analyst 1972, 97, 542. 



Pergamon 0039-9140(94)00193-6 

T, hmta. Vol. 42. No. 2. pp. 205-210. 1995 
Copyright ~ 1995 Elsevier Science Ltd 

Printed in Great Britain. All rights reserved 
003%9140/95 $9.50 + 0.00 

T H E  A P P L I C A T I O N  O F  P R I N C I P A L  C O M P O N E N T  

R E G R E S S I O N  O N  S I M U L T A N E O U S  M U L T I C O M P O N E N T  

D E T E R M I N A T I O N S  T H R O U G H  A S I N G L E  C A T A L Y T I C  

K I N E T I C  R U N  

ZHI-CHENG GU* and KlAN DE WANG~ 

Department of Chemistry, Tongji University, Shanghai 200092, China 

(Received 27 January 1994. Revised 3 June 1994. Accepted 13 June 1994) 

Summary--The kinetic behaviors of Cr(V1) and W(VI), which catalyze a common indicator reaction 
between H20.~ and I--, were studied. A new concept, 'Rate Spectrum', is proposed. The two catalysts can 
be determined simultaneously by analyzing the rate spectra of their mixtures as the rate spectra of each 
catalyst are linearly independent. Principal Component Regression (PCR) was used to analyze the rate 
spectra of the mixtures of Cr and W, and in this way the two ions were determined simultaneously through 
a single kinetic run. 

Only a few methods  have been proposed to 
determine catalysts simultaneously through a 
single kinetic run. Pardue has developed a 
method for the determinat ion o f  isoenzymes 
based on differences in the rate o f  inhibition. 1 
Bromide and iodide were determined simul- 
taneously, using the very large difference in their 
reaction rate. 2 Nitrite and iodide, 3 Cr(VI) and 
Fe(III)  4 were determined simultaneously based 
on their different properties. A method for the 
simultaneous determinat ion o f  Ru  and Os, 
based on the difference in the order  o f  the 
indicator reaction, was carried out recently with 
multilinear regression? When  this method is 
used, it is necessary that the apparent  reaction 
order  for each catalyst is kept constant  during 
the reaction. However,  this is not  always the 
case. In order to find a more general method,  we 
studied the application o f  other  chemometrics 
methods,  such as princioal componen t  re- 
gression (PCR),  on the catalytic kinetics. In this 
paper  Cr and W, which catalyze the reaction 
between H 2 0  2 and I ,6.7 were used as an 
example to investigate the characteristics of  
applying PCR to simultaneous mul t icomponent  
determinations through a single kinetic run. 
PCR has been used in many  cases to resolve 
spectra of  mixtures in chromatography ,  s mass 

*Author to whom correspondence should be addressed. 
"l'Present address: Department of Research & Development, 

Shanghai Jawa Complex, Shanghai 200080, China. 

spectrometry 9 and spectrophotometry.  ~ The 
application o f  PCR in multivariate calibration 
is more effective than M L R .  

THEORY 

A catalyzed indicator reaction can be written 
as: 

a A  + b B - - ~  x X  + y Y  

and its reaction rate equation is: 

t,~ = - d [ A ] / d t  = d[X]/dt = k~[A]P~[BHQ]. (1) 

According to stoichiometric relationships: 

[B] = [B]0 - (b/a)([A]o - [A]). (2) 

where [B]0 and [A]0 are the initial concentrat ion 
o f  B and A, respectively. Substituting equation 
(2) into equation (1), we have: 

t,~ = k~[C,][A]r'{[B]o - ( b / a ) ( [ A ] o -  [A])} 'j'. (3) 

For  simplification, an approximate  equation is 
used: ~ 

[B] u = {[B]0 - (b / a ) ( [A]o  - [A])} q = T[A] p'' 

and equation (3) becomes: 

t'~ = k ;' [A]P~'[Q] = [ i  [C,], (4a) 

where 

k i' = k, 7", p;  = p~ + p ;, and f = k ;' [A] '~ . 

Since ki' is constant  under the experimental 
conditions and p;  varies with the concentrat ion 
o f  A, f, is the function of  concentrat ion o f  
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indicator substance A. This is also the case 
when the product (X or Y) is used as indi- 
cator substance, owing to the following relation- 
ships: 

[X] = ( x / a ) ( [ A ] o  - [A]). (5) 

A comparison with spectrophotometry is given 
in the following: 
According to Beer's law: 

A ' = c b C .  (6) 

The absorbance for a mixture of  n components 
is additive. Let A = A ' / b ,  we have: 

A = ZciCi, (7) 

where c can be described as a function of 
wavelength 2. While a plot of  A vs. 2 is defined 
as spectrum the simultaneous multicomponent 
determinations can be carried out when their 
spectra are linearly independent. Similarly, in 
catalytic kinetics, when n components behave 
independently, the reaction rates are additive 
and equation (4) may be written as: 

v = Y.f[c;]. (8) 
Compared with equation (7), f in equation (8) 
corresponds to E; in equation (7) and concen- 
tration of A corresponds to the wavelength. 
Consequently, the plot of  v vs.  [A] corresponds 
to the spectrum. We define the plot of  v vs.  [A] 
as a rate spectrum, and the simultaneous multi- 
component  determinations by catalytic kinetics 
can be carried out when the rate spectrum of 
each component  is linearly independent. 

When m reaction rate data v i at m different 
concentrations of  A for each sample are col- 

lected, a rate matrix [v],, × ; can be set up, where 
j = 1 . . . . .  m, l is the number of  samples. And 
the concentration of the catalysts can be solved 
from the rate matrix by PCR, as described by 
Kowalski.t2 

EXPERIMENTAL 

A p p a r a t u s  

An F7230 spectrophotometer equipped with 
a thermostat and an IBM personal computer  
were used. 

R e a g e n t  

Solutions of  3.0M H202 and 0.1M KI were 
prepared weekly and diluted freshly before 
use. 

Solutions of  100/tg/ml Cr and 100/~g/ml W 
were prepared and diluted before use. 

All the chemicals used were of  analytical 
reagent grade. Redistilled water was used. 

P r o c e d u r e s  

A suitable portion of  KI  solution was mixed 
with sample solution containing Cr and W and 
diluted to 25 ml with water (solution A). 

Solutions of  H202, H2SO4 and starch were 
mixed to the required concentration (solution 
B). 

After being thermostatted at 20°C for more 
than half an hour, solutions A and B were mixed 
in a proportion of 1:2 in a cell as quickly as 
possible. The absorbance change with time was 
measured at 580 nm against water. The ab- 
sorbance at intervals of  10 sec was recorded 
automatically. 

Fig. 1. 
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Absorbance-time curves. [H202]=2.4x 10--', [ K l ] = 6 x  10 4 [H2SO4]=2.7x 10 2M. 
(A) [Cr]=6.41 x 10-6M; (B) [W]=l.81 x 10 7M; (C) blank. 
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Fig. 2. Reaction rate-time curves. [H202]=2.4 x 10-:, [ K I ] = 6  x 10 4 [H:SO4]=2.  7 × 10 -'M. 
(A) [Cr]=6.41 × 10-6M; (B) [W]=1.81 × 10 7M: (C} blank. 

D a t a  processing 

The reaction rate v was calculated by the 
Savitzky-Golay method ~3 from the plot of A vs. 

t. Based on Beer's law, the absorbance A was 
used in equation (5) instead of [X]. As described 
in Ref. 11, the l l  points smooth curve of the 
second order polynomial were used to derive the 
first-order derivative, i . e . v .  The rate spectrum 
was calculated from the plot of A vs. t and the 
plot of v vs. t. The data of rate matrix was 
obtained from the plot of v vs. A by using the 
method of  linear interpolation. Principal com- 
ponent regression was calculated by PCRRATE 
program prepared by our laboratory using 
PASCAL. 

RESULTS AND DISCUSSION 

The possibil i ty  o f  s imul taneous  determinat ion 0[" 

Cr  and W 

The plot of absorbance A vs. time t and 
reaction rate v vs. t are shown in Figs 1 and 2, 
respectively. The plot of v vs. A (the rate spec- 
trum), which is calculated from Figs 1 and 2, is 
shown in Fig. 3. Obviously the curve B, which 
is calculated from C and D, is almost over- 
lapped with the experimental one (curve A). 
It supports the additive assumption, at least 
under the experimental conditions, and the 
interaction of the two catalysts can be neglected. 
The patterns of the curve C and D are quite 

2O[ 

16~----....A 

8 4 i I I I 
0 I 
0.10 0.14 0.18 0.22 0.26 0.30 

A 

Fig. 3. Rate spectra 
[H2504] = 2.7 x 10 2M. 

of the catalyzed reaction. [H202] = 2.4 × 10 -', 
(A) Cr(6.41 × 10 6M)+W(I .81  × 10-TM): (Bt 
[Cr] = 6.41 x 10-6M; (D) [W]= 1.81 × 10 7M. 

0.34 

[ K l ] = 6 x  10 4. 
C + D; (C) 



208 ZHI-CHENG GU and XIAN DE WANG 

-4.°~.__ A 1 
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10001T 

Fig. 4. Active energy curve of the reaction. [H202] = 2.4 x 10 -2, [KI] = 6 x 10 -a, [H~SO4] = 2.7 × 10-2M. 
(A) [Cr] = 6.41 × 10-6M; (B) [W] = 1.81 x 10 7M; (C) blank. 

different. It suggests that the simultaneous de- 
termination of these two catalysts is possible. 

R e a c t i o n  condi t ion  

The maximum absorption was at 580 nm, so 
580 nm is specified as the measuring wavelength 
in the procedure. The concentration of  starch is 
specified at 0.02%. If  the concentration of 
starch is too high, the blue I2-starch compound 
will segregate during measuring, and the blank 
will increase. On the other hand, the sensitivity 
decreases with decreasing concentration of 
starch. The effect of  temperature on the reaction 
rate is shown in Fig. 4, 20°C is specified in the 
procedure. 

The rate of  W-catalyzed reaction was almost 
unchanged with A (Fig. 3), while the rate of  

Cr-catalyzed reaction decreased with the in- 
crease of  A at the start, and the reaction pro- 
ceeded with a constant rate after a certain time. 
This means the kinetic behaviors of  W-catalyzed 
and Cr-catalyzed reaction are different only in 
the initial period of  the reaction. It has also been 
found that although the rate of  the W-catalyzed 
and the blank reaction varied with the concen- 
tration of H2SO4, H202 and I - ,  the slope of the 
plot of  v vs. A remained unchanged. On the 
other hand, of  the Cr-catalyzed reaction, both 
the rate and the slope of the plot of  v vs. A 

varied with the concentration of H2504, H202 
and I . The plot of  t, vs. A in different reactant 
ratios is shown in Fig. 5. It shows that the larger 
[KI]/[H202] is, the longer the time is in which 
the reaction rate changed. Obviously the 
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Fig. 5. Rate spectra of Cr-catalyzed reaction at different initial concentration ratios. [Cr] = 6.41 x 10-6M, 
[H2SO4] = 7 x 10 XM. (A) [H202]: [KI] = 8:15; (B) [H.,O_,]: [K1] = 8:3; (C) IH_,O,]: [KI] = 8: I. 
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-4.20 

Table 1. Concentrat ion of  simulated catalysts solution 

C I x 107(M) I 2 3 4 5 
C 2 X 10 7 ( M )  5 4 3 2 1 

Table 2. Results of  PCR on simulated data 

c I x 107(M) c2× 107(M) 

Added Found  % E  Added Found  % E  

5 5.045 0.9 1 0.093 - 0 . 7  
4 3.988 - 0 . 3  2 2.004 0.2 
3 2.988 - 0 . 4  3 3.009 0.3 
2 1.996 - 0.2 4 4.008 0.2 
1 1.009 0.9 5 4.965 - 0 . 7  

behavior of the kinetics of Cr and W are 
different only in the range of time in which the 
Cr-catalyzed reaction rate changed. So it is 
favorable to choose the reactant with high 
[I-]/[H202]. The length of time in which the 
reaction rate changed increased with decreasing 
concentration of H2 SO4, so a low concentration 
of H2SO4 seems feasible. However, it is prefer- 
able to choose a suitable reaction rate, neither 
too fast nor too slow. Thus 7 × 10 -s, 4 × 10 -4 
and 1.5 x 10 SM, H2SO4, H202 and KI,  re- 
spectively, are specified in the procedure. 

The rate spectrum range for calculations 

The data from A =0.14) .34 was used for 
calculations. The kinetic behavior of  Cr- and 
W-catalyzed reaction was not additive in 
the range A < 0.1, because the induction time 
of  W-catalyzed reaction was shortened when 
Cr was present. The difference in their kinetic 
behavior decreased with increasing A. In the 
range A >0 .34  the difference becomes indis- 
tinct. 

0.70 

0.61 

0,53 

0.44 

a. 0.36 

0.27 

0.19 

0.10 , . ,  I I I I 
2 3 4 5 6 

n 

Fig. 6. Dependence of  PRESS on number  of  principal 
components .  

Error caused by calculation 

The error due to calculation was investigated 
by computer simulation. Suppose the catalytic 
effect of  the two catalysts c~ and c2 are additive, 
and the absorbance A is used instead of the 
concentration of reactant, the rate equation of 
the mixture can be written as: 

- d A  /dt = ktlclA (k12 + A ) 

+k21cz(A + k22) + ko, (9) 

where k,,,ktz,k2~,k2: and k0 are constants. 
After integrating we have A = f  (t, ct, c~_). 

Synthetic data sets were obtained using 
equation (4) and the values of  c~, c, are given in 
Table 1, At = 10 sec. A set of A at different 
times was obtained, and the plot of  A vs. t was 
set up. Then the rate spectrum and the PCR 
were calculated by the methods described 
in data processing. The results are shown in 

-4.45 

-4.70 

-5.20 -- 

-5.45 

-5.70 
-0.3 

-4.95 

I I I I 
-0.28 -0.21 -0.14 -0.07 0.00 

Simultaneous determinat ions through catalytic kinetic run 

l n V  

Fig. 7. In v-In A relationship curves. (A) Cr; (B) W; (C) linear fit of  A. 

TAI_ 42 2~ ~1¢ 
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Table 3. Analysis of  mixtures of  Cr and W with PCR and MLR 

[Cr] x 106 (M )  [W] × 107 (M)  

PCR M L R  PCR MLR 

Added Found %E Found %E Added Found %E Found %E 

4.17 4.58 9.8 4.86 16.5 4.53 4.30 -5 .1  4.08 - 9 . 9  
5.45 5.78 6.1 6.27 15.0 4.08 3.89 - 4 . 7  3.70 - 8 . 2  
6.73 6.16 - 8 . 5  7.29 8.3 3.63 3.87 6.6 3.37 - 7 . 2  
8.01 8.40 4.9 7.95 - 0 . 7  3.17 3.09 - 2 . 5  3.28 3.5 
9.29 9.60 3.3 8.52 - 8 . 3  2.72 2.68 - 1.5 3.01 10.7 

10.58 10.01 - 5 . 4  10.04 -5 .1  2.27 2.35 3.5 2.56 12.8 
11.86 11.15 - 6 . 0  11.47 - 3 . 3  1.81 1.67 - 7 . 7  2.02 11.6 
13.14 1Y86 5.5 12.60 -4 .1  1.36 1.27 - 6 . 6  1.62 19.1 
14.42 14.06 - 2 . 5  13.56 - 6 . 0  0.91 0.99 8,8 1.07 17.6 

Table 2. The maximum relative error was 0.9%. 
Thus the error caused by calculation is small 
compared with the error derived from the exper- 
iment. 

Number  o f  principal components 

The number of  the principal component  can be 
obtained by cross-validation. The plot of  predic- 
tion residual sum of squares (PRESS) vs. num- 
ber of  components (n) is shown in Fig. 6. n is 
specified as 2 when PRESS gets to its minimum. 

Comparison o f  the P C R  method with multiple 
linear regression 

The M L R  method was described in detail in 
Ref. 11. When taking the logarithm, equation 
(4) becomes: 

In v~ = In k~' + p ;  In[A] + ln[Ci], (10) 

p~ and k~' can be obtained from the plot of  In vi 
vs. ln[A] by calibration with standard solutions 
of  Ci. For a two-component mixture, 

v = Ek;'[A]P;'[C~] = Zrz[A] e'', (11) 

r~ and r 2 can be obtained by two linear re- 
gressions of  v vs. [A] p, and [A] r2 and [C~] can be 
solved from r~ and ki'. The prerequisite con- 
dition for using this method (MLR) is that the 
apparent reaction order for each catalyst should 
be kept constant during the reaction, because 
accurate data of  the parameters p; and ki' can 
be obtained only if the plot of  In vi vs. In A is 
linear. The plot of  In v vs. In A of both catalysts 
is shown in Fig. 7. As shown, the plot of  the 
Cr-catalyzed reaction is nonlinear. The par- 
ameters give a large error and, consequently, the 
error of  the simultaneous determination of Cr 
and W is large. However, this is not the case for 
PCR. When PCR is used, the concentration of  
both catalysts can be solved from equation (8) 
which is based on the rate matrix [V] and can be 
set up using the reaction rate data v/a t  several 

different concentrations of  A for each sample as 
a vector, just as the absorbance matrix set up by 
the absorbance data at different 2 in spectro- 
photometry.  One advantage is that it is not 
necessary to obtain the exact mathematical form 
of v as the function of [A] and to obtain the par- 
ameters ki' and p; in advance; the other is that 
it can be used whether the apparent reaction 
order is kept constant or not. As the apparent 
reaction order for most catalytic reaction is 
frequently not constant during the changing of 
the reactant concentration in the reaction, PCR 
is more suitable for simultaneous determination 
in kinetics. 

Some synthetic samples were prepared and 
the data were treated with the PCR and M L R  8 
methods. The results of  analyses with both 
methods are listed in Table 3. It can be seen that 
the error of  M L R  is larger than that of  PCR 
because the In v/ln A plot of  the Cr-catalyzed 
reaction is not linear. 
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Summary--A method for the quantitative preconcentration of lead based on an existing batch process 
was developed for implementation in a flow system including a flame AAS detector. Lead can be 
quantitatively preconcentrated as pyrrolidinedithiocarbamate or dithizonate on an activated carbon 
minicolumn. The chelates are eluted in methyl isobutyl ketone and introduced directly into the 
nebuliser-burner. An enrichment factor of 50 is typically obtained for a prcconcentration time of 2 rain 
(lead can be determined at concentrations between 15 and 400 ng/ml), which results in a throughput of 
ca. 25 samples per hr. The sensitivity achieved with the two reagents is similar, but the selectivity provided 
by APDC exceeds that of dithizone. Based on the results obtained in the determination of lead in reference 
materials (minerals and skim milk), the proposed APDC method is applicable to real samples. 

Ana ly t i ca l  separa t ion  techniques p lay  a central  
role in t oday ' s  analyt ica l  chemistry.  They are 
typical ly  used to enrich one o f  the sample  
fract ions with a given c o m p o n e n t  in trace analy-  
ses, as well as to remove  complex  matr ices  for 
enhanced  sensit ivity or  selectivity, respectively,  
in c o m m o n  place analyt ica l  methods .  The 
p reconcen t ra t ion  technique has been used to 
improve  the sensit ivity and selectivity o f  t race 
analyses  by replacing the or iginal  sample  mat-  
rix with a new, non- in ter fer ing  matr ix .  The  
enr ichment  technique has often been used to 
collect t race elements  on solid surfaces; ~ acti- 
vated ca rbon  can also be used for  the pre- 
concen t ra t ion  of  trace elements  from acid 
sample  solut ions  p rov ided  the trace elements  
concerned  form neutra l  chelates in the acid 
medium.  Thus,  a m m o n i u m  pyr ro l id ined i th io -  
c a r b a m a t e  (APDC) ,  2 8-h idroxyquinol ine ,  3 pot-  
ass ium ethyl xantha te ,  45 di thizone,  6 C h r o m e  

Azuro l  S v and the a m m o n i u m  sa;'~ o f  the d i th io-  
phosphor i c  acid o-o-d ie thyles te r ,  8 have all 
been used for chela t ion  o f  t race metals  and  
back-col lec t ion  on ac t iva ted  ca rbon  fol lowing 
desorp t ion  in a small  volume o f  acid for subse- 
quent  measuremen t  o f  the metal  concen t ra t ion  

*Permanent address: University of Los Andes, Faculty of 
Sciences, Department of Chemistry, M+rida, Venezuela. 

tAuthor to whom correspondence should be addressed. 

by a tomic  absorp t ion  spec t romet ry  (AAS)  or  
ICP-AES.  

On-l ine  p reconcen t ra t ion  systems have been 
used in conjunc t ion  with A A S  for the deter-  
mina t ion  of  lead. Thus,  lead traces in tap  water  
can be p reconcen t ra ted  by using a con t inuous  
p rec ip i t a t ion -d i s so lu t ion  system 9 and a me thod  
based on lead prec ip i ta t ion  with a m m o n i a  
and subsequent  dissolut ion of  the precipi ta te  
(retained on a filter) with a nitric acid stream; 
p reconcen t ra t ion  factors o f  up to 700 can thus 
be achieved with a 250-ml volume. Lead 
can also be coprec ip i ta ted  with the i ron(I I ) -  
hexahydroazep in ium hexahydroazep in - l -y l fo r -  
mate  complex,  collected in a knot ted  reactor ,  
and dissolved in methyl  isobutyl  ketone;  an 
enr ichment  factor  of  20 can thus be ob ta ined  
with 2 ml of  sample.  ~° Var ious  organic  reagents  
have been used in non- immobi l i zed  forms for 
the ext rac t ion  o f  lead as a chelate from aqueous  
samples.  The chelate  is sorbed on C~s bonded  
silica and then eluted with methanol :  the pre- 
concen t ra t ion  factor  thus achieved is 5.3 for 
I ml of  sample.  ~ A sorbent  ex t rac t ion  system 
including a C~s column was also used for the 
de te rmina t ion  of  traces of  lead and o ther  metals  
by use o f  d i e thy ld i t h ioca rbama te  and e thanol  
as chela t ing agent  and eluent,  respectively; ~2 
the sensit ivity o f  the graphi te  furnace technique 
was enhanced by a factor  of  ca. 20 for a 
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40-#1 injected volume with only 3 ml of sample. 
Lead traces were preconcentrated on a column 
packed with alga immobilized on controlled 
pore glass, and eluted with nitric acid to obtain 
a detection limit of 2.5 ng/ml lead with the sole 
interference of mercury. ~3 A cellulose collector 
containing immobilized triethylenetetramine- 
pentaacetic acid groups was developed for 
multi-element preconcentration; ~4 however, the 
recoveries obtained were influenced by inor- 
ganic and organic substances present in aquatic 
samples. 

Dithizone is one of  the few chelating agents 
that permits the separation of  trace metals from 
acid solutions; on the other hand, APDC is a 
chelating agent usually employed for preconcen- 
tration of metals in FAAS. Both reagents were 
previously used for trace enrichment of lead by 
using a flow system similar to that described 
above for the preconcentration and determi- 
nation of copper in water. ~5 In the proposed 
method, the lead chelate is quantitatively pre- 
concentrated on a miniature column packed 
with activated carbon, prior to its determination 
by FAAS. The analyte is eluted quantitatively 
from the column with 200 #1 of methyl isobutyl 
ketone (MIBK); no dispersion occurs during 
transfer of  the eluate because a water stream is 
used as the carrier. The time-based sampling 
mode allows the preconcentration factor to be 
further increased through an increased analyte 
volume. The accuracy of the results obtained 
with APDC was checked by using it to analyse 
reference materials. 

E X P E R I M E N T A L  

Apparatus 

A Perkin-Elmer 380 atomic absorption spec- 
trometer equipped with a bead impact system in 
the burner chamber and a hollow cathode lead 
lamp was used. The wavelength and lamp cur- 
rent used were 283.3 nm and 10 mA, respect- 
ively. Deuterium arc background correction was 
employed throughout. The acetylene flow rate 
was 2.0 l./min and an air flow rate of 21.5 l./min 
was employed to ensure a clean blue flame. The 
spectrometer output was connected to a 
Radiometer REC-80 Servograph recorder. The 
flow manifold comprised a Gilson-Minipuls-2 
peristaltic pump furnished with poly (vinyl 
chloride) tubes, two Rheodyne 5041 injection 
valves and a laboratory-made adsorption mini- 
column packed with 70 mg of  activated carbon. 
The minicolumn (2.5 cm long x 3 mm i.d.) was 

made of PTFE capillary and sealed on one end 
with a small glass wool bed to prevent material 
losses. The column was initially flushed with 0.1 
mol/1, nitric acid and the subsequent use of 
methyl isobutyl ketone as eluent in each oper- 
ational cycle was sufficient to make it ready for 
re-use. A Hetosicc CD 53-1 Freeze Dryer was 
also employed. 

Reagents and standards" 

A 1000 mg/l. lead stock solution was prepared 
by dissolving 1.598 g of lead nitrate in 14.4 x 
10 2M nitric acid and diluting to 1 1. with 
14.4x 10 2M nitric acid. Freshly prepared 
0.1% (w/v) ammonium pyrrolidinedithiocarba- 
mate (Aldrich, Germany) was also used. A 
saturated solution of dithizone (Riedel, 
Germany) was prepared as follows: 4 mg of 
dithizone was shaken electromagnetically in a 
100 ml vessel containing 50 ml of  0.4M 
ammonia for 3 min; the solution was then 
filtered and the filtrate diluted with water in 
a 100-ml calibrated flask. Methyl isobutyl 
ketone (Probus, Spain) was also used. Darco 
20-40 activated carbon (Aldrich, Germany) 
and polygosyl bonded silica reversed-phase 
sorbent containing octadecyl functional groups 
(RP-C~8), 60-100/~m particle size, from Waters 
(Millipore, Spain), were employed as sorbents. 
Standard solutions (100 ml) containing 15400 
ng/ml lead were all freshly prepared in 0. IM or 
0.01M nitric acid by appropriate dilution of a 
stock standard solution (1000 mg/1). 

Preparation of samph's 

Several reference materials were analysed; 
minerals were supplied by the Bureau of 
Analysed Samples (BAS, U.K.) and were 
Standard Reference Materials (SRM) No. 70b, 
41dG and 5g, while the skim milk powder was 
obtained from the Community Bureau of Refer- 
ence (BCR) and was material No. 150. The 
reference standards were dried to constant 
weight by freeze-drying at 6 Pa (0.04 mm Hg) in 
the case of spiked skim milk powder and by 
heating in a furnace at 150C for 24 hr in 
the case of the mineral reference materials. 
Once dry, an accurately weighed amount of 
ca. 50-100 mg (minerals) or 4 g (spiked skim 
milk powder) was mineralized in a glass vessel 
as follows: zinc concentrate and lead-vanadium 
concentrate were mixed with 5 ml of 14.4M 
nitric acid and 2.5 ml of I I.2M hydrochloric 
acid; brass and spiked skim milk powder were 
mixed with 5 and 20 ml of 14.4M nitric 
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acid, respectively. The vessels were heated at 
ca. 180-200°C in a sand bath until the samples 
were completely dissolved and nitrogen fumes 
were given off. The vessels were then allowed to 
cool and the digestion procedure was repeated 
(about five times) with multiple additions of  the 
acids until a clear solution remained and nitro- 
gen oxide fumes ceased to evolve. Once cold, the 
solutions were quantitatively transferred into 
volumetric flasks of 50, 100 or 500 ml capacity 
and made to volume with ultrapure (Milli Q) 
water. Reagent blanks were also prepared in 
parallel. Sub-samples of 0.5 1 ml (for all 
minerals) were diluted to 100 or 250 ml, 
adjusted to pH 1.0 with 2M nitric acid and 
immediately analysed by introducing them into 
the manifold shown in Fig. 1. The spiked skim 
milk powder required no further dilution. 

lar to that depicted in Fig. 1, and 6.0 ml of 
standard containing 200 ng/ml of  Pb(II) in 0.1M 
and 0.01M nitric acid for complexation with 
APDC and dithizone, respectively, was used. 
The injected eluent volume was 200 /~l in all 
instances. The best results (difference between 
sample and blank signals) were provided by 
MIBK because the chelate was the easiest to 
dissolve and hence to desorb; in addition, the 
blank signal (0.020 units) was the lowest and no 
dispersion was observed during transfer to the 
detector since MIBK is water-immiscible. Other 
extractants provided worse results, either be- 
cause they water-miscible and the plug dispersed 
to some extent or because the chelate could not 
be dissolved. Peak height was selected as the 
analytical measurement because elution with 
MIBK was quantitative in 200 /~1 of solvent. 

Procedure 

The flow manifold depicted in Fig. 1 was 
employed for the continuous preconcentration 
and determination of lead. It operated as 
follows: the standard or sample solution, con- 
taining 15-400 ng/ml of  Pb(II) in 0.1M (for 
APDC) or 0.01M (for dithizone) nitric acid, was 
continuously pumped through the system for 2 
min and thoroughly mixed with the chelating 
reagent (0.1% APDC or saturated dithizone in 
0.2M ammonia).  The chelate was retained on 
the activated carbon minicolumn located in the 
loop of the injection valve and the sample 
matrix was driven to waste (W). During the 
preconcentration step, a water carrier was 
pumped to the instrument in order to flush the 
nebuliser after each measurement. In the elution 
step, both injection valves were switched simul- 
taneously, so 200 /~1 of MIBK solvent was 
passed through the adsorbed chelate to desorb 
it and sweep the lead to the detector. Peak 
heights were used as analytical measurements 
and a blank consisting of 200 /~1 of MIBK 
injected prior to sample preconcentration was 
also used (A _~ 0.020 units). 

RESULTS AND DISCUSSION 

The two reagents, Hz. O. 1% (w/v) APDC and 
a saturated dithizone solution in ammonia 
(4 mg in 100 ml of  0.2M ammonia),  were tested 
for lead preconcentration in an acid medium. 
Elution of the adsorbed chelate from the 
column was assayed with several organic 
solvents (ethanol, acetone, 1,2-dichloroethane 
and MIBK)  in an automated configuration simi- 

Optimization of experimental eariables 

The experimental procedure was optimized 
by using the univariate method. Chemical vari- 
ables were studied first; for this purpose, a 
standard solution containing 100 ng/ml lead 
was continuously introduced into the flow sys- 
tem. A time-based technique equivalent to using 
only 6.0 ml of  sample (sample flow rate, 3.0 
ml/min; pumping time, 2 rain) was chosen. The 
effect of  the sample pH, adjusted with dilute 
nitric acid, was studied between 0.5 and 4.0. The 
maximum chelate adsorption was achieved at 

A) 
ml/m~n 

,-, o -'-r- ' l ' A s l  

B) 
ml/min 

 hTooo ;1o31 , 

Fig. 1. Flow manifold used for the determination of lead at 
low concentrations. Bold lines represent channels relevant to 
the adsorption (A) and elution (B) step. 1V, Injection valve: 
W, waste: MIBK, methyl isobutyl ketone: AAS, atomic 

absorption spectrometer. 



214 Y. PETIT DE PEi~A et  al. 

uJ 
(j, 
Z 
LU 

UJ 
,, 0.080" u_ 

uJ 0.060- o 
z 
< 

0.040- 
o 
nn 

/ 
S A M P L E  pH 

Fig. 2. Effect of pH on lead absorbance following on-line 
preconcentration with APDC ( • )  or dithizone (O). Analyte 

concentration, 100 ng/ml lead. 

pH 0.8-1.1 and 1.9-2.5 for APDC and dithi- 
zone, respectively (Fig. 2). A further plateau was 
obtained near pH 3 for APDC that was 10% 
lower than the first plateau. The influence of 
various acids used to adjust the sample pH was 
also studied by using samples containing 100 
ng/ml lead at pH 1 and 2 for APDC and 
dithizone, respectively, adjusted with nitric, 
hydrochloric and sulphuric acid; the absorbance 
in hydrochloric and sulphuric acid was 70 and 
45% lower, respectively, than that nitric acid, 
probably because the presence of chloride and 
sulphate anions hindered the chelate formation 
by precipitation of  their inorganic lead salts. 
Previous experiments involving a similar flow 
system ~5 had shown the Cu-APDC chelate to be 
adsorbed as a soluble, precipitated chelate on an 
activated carbon minicolumn (which acted as a 
mixing filter/adsorption device); the adsorption 
increased relative to lead in inorganic salts as a 
result. Therefore, 0.1 or 0.01M nitric acid for 
APDC or dithizone, respectively, was selected as 
the optimal medium for sample preparation. 
The effect of the APDC concentration was 
studied in the range of 0.001-0.5%; the analyti- 
cal signal remained constant above 0.05%, so 
a 0.1% concentration of APDC in water 
was chosen. The effect of the dithizone 
concentration was studied in the range 
4 x 10 s-4 x 10 4M by dissolving different 
amounts of the reagent (1 10 mg) in 100 ml of 
0.1~).4M ammonia. The signal increased with 
increasing dithizone concentration up to 
1.5 x 10-4M (4 mg of dithizone in 100 ml), 
above which it remained constant because the 
solution was saturated; the signal also increased 
with increasing ammonia concentration up to 
0.2M at any of the dithizone concentrations 

tested, but decreased at higher ammonia con- 
centrations through neutralization of the 
sample. The effect of  the dithizone and ammo- 
nia concentrations on the lead analytical signal 
is shown graphically as a three dimensional plot 
in Fig. 3. Based on the response surface, a 
dithizone concentration of  i.5 × 10-4M (4 mg in 
100 ml) in 0.2M ammonia was an experimen- 
tally realistic condition, so it was selected for 
subsequent experiments. Replacing the sample 
stream with 0.1 or 0.01M nitric acid (blanks) or 
the chelating reagent stream with a water stream 
(the sample was also circulated) resulted in a 
similar absorbance in the elution step as that 
obtained by successively injecting 200 /~1 of 
MIBK solvent before the preconcentration step; 
no blank was therefore required, and the sample 
absorbance was obtained by difference from the 
extractant signal (A "~ 0.020 units). 

The flow-rate of sample (6.0 ml of  a solution 
containing 100 ng/ml lead), the effect of which 
was studied between 0.6 and 4.0 ml/min, 
resulted in very small variations over the range 
1.5-3.0 ml/min. Above 3.0 ml/min, the analyti- 
cal signal decreased because the residence time 
also decreased. Increasing the chelating reagent 
(APDC or dithizone) flow-rate, which was 
equivalent to increasing the reagent concen- 
tration, resulted in concomitant sample dilution 
and hence in decreased atomic signals. A 
reagent flow-rate of  0.3 ml/min and a sample 
flow-rate of 3.0 ml/min were chosen as compro- 
mises. The influence of the length of  the precon- 
centration coil (located in the loop of the 

0.05 

0.04 

,..9 0.03 / 
Z 

°oo, ~ , ~  / 
ce 

o~n 0.01 ~ / ~ ~  

m 0.00 / < / 
-001 

• o~... ~" ...~.q~ 9 
~. 0.3 ~ . . . / ?  6 . ,~,~ 

• %// /  

Fig. 3. Response surface for the determination of 50 ng/ml 
lead at pH 2 and different dithizone and ammonia concen- 

trations. 
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injection valve before the activated carbon mini- 
column) was investigated over the range 50-450 
cm (0.5 mm i.d.) by using both chelating 
reagents. Maximum adsorption was achieved in 
both instances by using a 300-350 cm precon- 
centration coil. With coils longer than 350 cm, 
the chelate formed was carried along the system 
and probably adsorbed on the inner walls of the 
PTFE tubing, so it was incompletely dissolved 
by the injected MIBK, thereby resulting in 
diminished signals. The effect of the MIBK 
volume was studied between 25 and 300/~1. The 
adsorbed chelate was eluted throughout this 
range, but some carry-over (incomplete elution) 
was observed with volumes below 200 /~1. On 
the other hand, volumes above 200 /~1 caused 
the signal to decrease through dispersion of the 
analyte in the organic solvent. Based on 
the above results, flow variables affect the 
determination of lead to the same extent, 
whichever chelating agent (APDC or dithizone) 
is used; therefore, the same flow system can be 
used for both reagents. A 300 cm long reaction 
coil (0.5 mm i.d.) and an injected MIBK volume 
of 200 ktl were selected as optimal for the 
preconcentration/determination of lead. 

Analytical features 
Several calibration graphs were constructed 

by introducing the MIBK eluate from the acti- 
vated carbon minicolumn into the flame using 
aqueous standard solutions processed along the 
preconcentration flow system depicted in Fig. 1. 
Table I lists the figures of merit of the graphs 
and the analytical features of the determination 
of lead(II) in the range 15400 ng/ml with a 
time-based sampling for 2 min, equivalent to a 
sample volume of 6.0 ml (sample flow-rate, 
3.0 ml/min). The detection limit was calculated 
as three-fold the standard deviation of the peak 
absorbance for 15 injections of 200 #1 of MIBK 
(blank). The precision achieved with APDC and 
dithizone (as relative standard deviation) was 
checked on 11 standard solutions containing 

50 ng/ml lead each. 
Automatic preconcentration methods for the 

determination of lead by AAS are based 
on sorbent preconcentration by use of mini- 
columns packed with reversed-phase silica sot- 
bent (RP-C~8); therefore, a comparative study of 
the chelate retention on a RP-C~ minicolumn 
was performed. The RP-C~ minicolumn was 
packed with 70 mg, as was the activated carbon 
minicolumn. The characteristic parameters for 
the calibration graphs obtained with APDC and 
dithizone are listed in Table 1. The results allow 
one to draw the following conclusions: (1) the 
sensitivity of the method (slope of the cali- 
bration graph) does not depend on the chelating 
reagent used (APDC or dithizone), but only 
slightly on the minicolumn packing material 
(thus, it was higher for activated carbon than 
for RP-Ct8 by a factor of 1.14); (2) the precision 
was 3.0% or better in all instances; (3) a precon- 
centration factor of up to 110, calculated as 
the ratio between the slopes of the cali- 
bration graphs obtained with dithizone for a 
sampling time of 5 min (i.e. a sample volume 
of 15 ml), whether by using the activated 
carbon minicolumn or by direct aspiration 
(A = 0.003 + 1.6 × 10 ~ [Pb 2~ ], lead being 
given in ng/ml), was achieved. 

Study 0[" interJerences 
Under the optimal chemical conditions, the 

manifold depicted in Fig. 1, an activated carbon 
minicolumn and a sample volume of 6 ml 
(sampling time, 2 min) were used to carry out an 
exhaustive study of potential interferences with 
both chelating reagents. In previous work, ~5 
APDC was used for the quantitative preconcen- 
tration of copper at pH 1 in the presence of 
several cations; only Co -~ ~ and Ni 2+ were found 
to interfere at concentrations 10 times higher 
than that of Cu. Also, dithizone was found to 
be less selective than APDC, so it must be 
subject to a great number of interferences. By 
using both reagents, the effect of Zn -'+. Co-'*. 

Table l. Determination of lead by preconcentration on a sorbent minicolumn (sampling time, 2 min) 

Regression Linear range Detection limit RSD CE 
Packing material equation* ( n g / m l )  ( n g / m l )  (%) (rain ~)t 

APDC-activated carbon A = 0.004 + 0.0008X 15 365 10 2.3 21 
APDC-RP-Cj8 A = - 0.002 + 0.0007X 20~400 15 2 7 19 
Dithizone-RP-Cj8 A = 0.002 + 0.0007X 20-350 10 2.9 19 
Dithizone-activated carbon A = -- 0.005 + 0.0008X 20400 15 3.0 21 
Dithizone-activated carbon++ A = 0.004 + 0.0018X 5-80 2 2.0 18 

*A, absorbance; X, lead concentration (ng/ml). 
tConcentration efficiency = enrichment factor x sampling frequency (rain - i ). 

J;Sampling time 5 min. 
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,+ .,+ ,+ Fe3+ AI 3+ Cu e+ , Cd e+, Hg- , Nt- , Sn- , , Bi 3+, , 
and Mn -'+ was checked. Table 2 lists the toler- 
ated levels of foreign cations for APDC and 
dithizone. APDC is the better choice for precon- 
centration of  lead because of  its higher selectiv- 
ity relative to dithizone. In fact, with APDC, 
only Cd -'+, Bi ~+, Ni -'÷ and Hg -'+ interfered at 
low concentrations (tolerated ratio lower than 
5). Zinc(II) was the ion causing the most 
markedly different effect on the two reagents; 
thus, it interfered at the same concentration as 
lead with dithizone but did not interfere at 
concentrations up to 20 ltg/ml with APDC for 
100 ng/ml lead (i.e. a Zn/Pb ratio of 200 : 1 ). The 
interference decreased the lead signal in all 
instances. The effect can be ascribed to the 
chelating reagent concentration being in- 
adequate for the lead and interferent chelates to 
be formed (that of the species present at the 
higher concentration would be preferentially 
formed); otherwise (if the chelating agent con- 
centration were sufficient and both chelates were 
formed), the eluent volume used (200 /al of 
MIBK) may be inadequate to fully elute the 
chelates from the minicolumn. In conclusion, 
dithizone is a scarcely selective reagent for lead 
determination. 

Determination o1" lead in reference materials 

The accuracy of the proposed method using 
APDC for the analysis of reference materials 
with high metals contents was tested in the 
determination of lead. Each sample was miner- 
alized in duplicate (in triplicate for the skim 
milk sample) as described under "sample prep- 
aration", together with a similarly prepared 
blank which allowed the contribution of lead 
ion present in the reagents to the digestion 

Table  2. Tolera ted  concen t ra t ions  of  foreign 

cat ions  in the de te rmina t ion  of  50 or 100 
n g m l  Icad with d i th lzone  or A P D C  method,  

rcspectively 

Tolera ted  a m o u n t  (,'tg m/) 
Foreign 
cat ion Di th izone  A P D C  

AI ~ ' 500 50,000 
M n "  250 40,000 
Sn z' 1000 20,000 
Fe ~ + 1000 4000 
l--lg -~' 250 400 
N i "  250 400 
C u : '  100 4000 
Bi' ' 100 300 
Cd -~' 100 100 
Co-" ' 50 I 0,000 
Zn" ~ < 50 20,000 

sample used to be assessed. Each dissolved 
sample was analysed in triplicate. Blank 
absorbances corresponded to a lead concen- 
tration below the detection limit (10 ng/ml). The 
results are shown in Table 3. Consistency 
between the results obtained with the proposed 
APDC method and the certified values was 
acceptable in all instances. 

C O N C L U S I O N S  

Two classical chelating reagents were tested 
for the preconcentration of lead by adsorption 
of their chelates on an activated carbon mini- 
column. APDC was found to be more selective 
than dithizone for the determination of lead, 
probably because the APDC chelate is formed 
at a lower pH than is the dithizone chelate. 
Table 4 summarizes the features of alternative 
preconcentration flow methods for the determi- 
nation of lead by atomic spectroscopy. Two 
types of column packing materials were tested 
for lead preconcentration and matrix removal, 
t,iz. ion exchangers and sorbent materials such 
as silica gel Cis (no reference has so far been 
reported to the use of an activated carbon 
minicolumn for this purpose). The eluting 
solvent materials used in all of ion-exchange and 
sorbent-extraction applications are water- 
miscible, so they result in higher dispersion of 
eluted lead during transfer to the detector. The 
preconcentration factors achieved range from 
20 to 500: higher preconcentration factors call 
for larger sample volumes and hence longer 
sampling times, to the detriment of sample 
throughput. The preconcentration limit is seem- 
ingly determined by the availability of sample 
solution and the operator's patience. The pre- 
cision (as RSD) achieved is quite acceptable in 
all instances. As regards application, all the 
methods listed in Table 4 were applied to water 
samples (there are only three uses for soldering 
smoke, urine and biological materials). The 
main differences between the proposed method 

Table  3. Results  for the de te rmina t ion  of  lead in reference 
mater ia ls  (all values are in % lead) 

Reference mater ia l  Certified Found  (n = 6) 

BAS N" 70b, lead vanad ium 
concent ra te  42.5 41.1 __+ 1.3 

BAS N" 4 l d G ,  zinc 
concent ra te  0.91 0.89 _4- 0.03 

BAS N" 5g, brass 2.23 2.29 ___ 0.08 
BCR N" 150, spiked skim 

milk powder  1.00 _+ 0.04* 1.02 + 0.05 

*Value ill ILgg lead. 



Detection 

FAAS 
FAAS 
FAAS 
FAAS 

FAAS 
FAAS 
1CP-AES 
FAAS 
FAAS 
1CP-AES 
FAAS 
ETAAS 
ETAAS 
ETAAS 
FAAS 

FAAS 
FAAS 
FAAS 

Table 4. Features of automatic preconcentration methods for the determination of lead by atomic spectroscopic techniques 

Concentration 
efficiency RSD 

Preconcentration method Eluent (rain -~ ) (%) Applications Reference 

I-E (Chelex-100) 2M HNO~ 15 Seawater 16 
I-E (Resin-122) 2M HNOIa 16 1.5-4.1 Water 17 
I-E (8-Quinolinol) (a) (I HCI + 0.1 HNO3)M 17 Tap water 18 
1-E (Chelex-100, 8-Quinolinol 

Resin-122) 2M HNO3 50 1.2-3.2 19 
I-E (TriPEN) (a) 6M HNO~ 22 20 
I-E (Dowex A-I) I M HCI " 2.0 Soldering smoke 21 
I-E (Chelex-100) 2M HNO~ 10 6.0 22 
I-E (Muromac A-I) 2M HNO~ 29 1.28 23 
I-E (8-Quinolinol) (a) 2M HCI " 60 1.8 Seawater 24 
I-E (IDAEC) 2M HNO~ 8 1.5 3.0 Seawater, urine 25 
Sorbent-extraction (C~,) (b t ) Methanol 1 I 
Sorbent-extraction (C~x) (b~) Ethanol 7 2.0 Sea- and drinking water SRM 12 
Sorbent-extraction (Cl~) (b~) Ethanol 10 1.9 Sea- and riverine water SRM 26 
Sorbent-extraction (C~) (b 2) Acetonitrile 5.0 Antarctic seawater 27 
Sorbent-extraction 2M HNO 3 42 5.0 Drinking water 28 

(activated alumina) 
Sorbent-extraction (cellulose) (c) 2M HNO 3 2.0 River and seawater 14 
Continuous precipitation (d) 2M HNOa 11 2.8 Tap water 9 
Co-precipitation (e) Methyl isobutyl ketone 30 2.7 Biological materials 10 

FAAS Biosorption (f) 0.5M HNO 3 27 1.1 13 

FAAS, flame atomic absorption spectrometry; ETAAS, electrothermal atomic absorption spectrometry; ICP-AES, inductively coupled plasma atomic emissio. 
spectrometry: I-E, ion exchange; TriPEN, N,N,N'-tri (2-pyridylmethyl)ethylene diamine; IDAEC, iminodiacetic acid/ethylcellulose; (a) immobilized on CPG 
(b) 1 and 2, chelation by diethyldithiocarbamate and pyrrolidine dithiocarbamate, respectively, with subsequent adsorption: (c) triethylenetetraaminepen- 
taacetic immobilized on cellulose: (d) lead precipitation with ammonia and collection on a filter; (e) co-precipitation with the iron(ll)-hexahydroazepinium 
hexahydroazepine-l-ylformate (hexamethyleneammonium hexamethylenedithiocarbamate) complex, collected without a filter: (f) Seh,nestrunt c~q~ricornltttmt 

algae immobilized on CPG. 
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and existing alternatives using Cjs minicolumns 
lie in the preconcentration step, during which 
both the sample matrix and the eluent are sent 
to waste in our method; also, the eluent (MIBK) 
is water-immiscible, so the analyte is not dis- 
persed on transfer to the instrument nebuliser. 
Finally, the methods listed in Table 4 are gener- 
ally used for preconcentration and determi- 
nation of heavy metal (none was investigated in 
relation to the potential interference of lead). 
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Summary--A method for elucidating metal ion binding mechanisms with water-soluble polymers has been 
developed in which the polymer is treated as a collection of monomeric units. Data obtained from 
potentiometric titrations are analysed by the ESTA library of programs and apparent formation constants 
may be calculated. From this information, predictions may be made as to metal ion separation using 
complexation-ultrafiltration techniques. The polymer used in this study was Polymin Water-Free and its 
complexation with Hg(ll), Cd(ll), Pb(ll), Co(lI) and Ni(II) was successfully modelled. 

Interest in the use of  water-soluble polymers in 
conjuction with ultrafiltration membranes to 
separate metal ions from aqueous solutions has 
steadily grown since the work of Geckeler et al. 

was published in the early eighties, j The possi- 
bility of synthesizing derivatives of commer- 
cially available water-soluble polymers such as 
polyethyleneimine, in order to achieve selective 
metal ion complexation, was recognized early 
on. A wide range of applications have been 
investigated 2 including the nuclear industry 3 and 
the removal of toxic heavy metal ions such as 
Pb(II), Cd(II) and Hg(II).  4 As the field ofl igand 
design produces more complicated and selective 
complexing agents, it has become an attractive 
option to attach these reagents to polymer 
backbones in order to minimize losses of ex- 
pensive compounds.  

At this time, little effort has gone into the 
understanding of metal ion complexation mech- 
anisms of water-soluble polymers in aqueous 
solution. Recent work by Rumeau et al. 2 used 
potentiometry to calculate stability constants of  
these polymers with metal ions. We have devel- 
oped a method to elucidate metal ion bonding 
mechanisms to chelating resins using two-phase 
potentiometry. 5 In this paper, we extend this 
method to water-soluble polymers (although the 
term "two-phase" may not be entirely appli- 
cable here). The repeating unit of  the polymer is 
considered to be the ligand and potentiometric 

*Polymin is a registered trademark of the BASF company. 

data are submitted to the ESTA library of 
programs. 6 Apparent  formation constants may 
be accurately calculated and this allows predic- 
tions to be made on metal ion separation. 

The complexation of Hg(II),  Cd(II) and 
Pb(II) were studied and comparisons could be 
made with previous ultrafiltration studies. 4 The 
complexation of Co0I )  and Ni(II) were also 
studied in order to make predictions as to the 
possible use of  complexation-ultrafiltration as a 
method to separate these two metal ions. 

EXPERIMENTAL 

Reagen t s  

Polymin* Water-Free, a polyethyleneimine 
product in which the ratio of primary, sec- 
ondary and tertiary amine groups is 1:1:1, was 
obtained from BASF and used as received. The 
repeating unit is as follows: 1 

- - C H  2 - - C H , - - N - - C H  2--CH 2 - - N H - -  
I 
CH~ 
I 
CHe 
L 
NH_, 

All other reagents used were of  analytical grade. 
Where necessary, metal ion solutions were aci- 
dified to prevent hydrolysis and standardized by 
ICP. Standardized sodium hydroxide solutions 
were obtained by using Merck Titrisol am- 
poules. 
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Potentiometry and computing 

Titrations were performed by a Met rohm 
Titroprocessor  670 using a Met rohm 665 dosi- 
mat  and a Met rohm combina t ion  glass elec- 
trode. The titration solutions were contained in 
a jacketed vessel through which water at 
2 5 + 0 . 1 ° C  was circulated from a Gran t  W14 
thermostat ted bath. The composi t ions o f  the 
titration solutions are listed in Table I. These 
were performed beginning at low and ending at 
high pH by the addit ion o f  0 .050M N a O H  in 
0 .95M N a N O  s. All ti tration solutions were held 
at a constant  ionic strength o f  1.0M N a N O  3 and 
vigorously stirred. Ni t rogen gas was bubbled 
through the solutions during the titrations. 
Under  these conditions, it appeared as though 
equilibrium was attained within a number  o f  
minutes (stable E M F  readings were obtained). 
The Ti t roprocessor  was p rogrammed not to add 
titrant until the electrode drift was less than 0.5 
mV/min or  a time of  10 min had elapsed. Most  
data  points were obtained using the former  
criterion. The remaining points were given low 
weights by the program ESTA2A.  Da ta  were 
submitted to ESTA which was loaded on a 
mainframe computer .  The above repeating unit 
o f  Polymin Water-Free  was considered to be the 
ligand. The module  ESTA0 was used to calcu- 
late the experimental p ro tona t ion  format ion 
function, ZH---the average number  o f  protons  
bound  per ligand; and the deprotonat ion  func- 
tion, 0 = the average number  o f  protons  re- 

leased on complexat ion per metal ion. Where 
these were insensible, the data points were re- 
jected for refinement. All optimization was done 
using ESTA2A with the data weighted. 7 Appar-  
ent pK~ values obtained in the titrations without  
metal ions were fixed during optimization o f  
metal ion titrations. Hydrolysis  constants and 
pKw were obtained from Smith and Martell s 
and also held constant.  The electrode constant  
(E0) was calculated regularly using a strong 
acid-base titration. Once a model had been 
obtained, ESTA2A was allowed to refine E0 
resulting in small changes with improved stan- 
dard deviations for fl values and the Hamil ton  
R-factor .  

R E S U L T S  A N D  D I S C U S S I O N  

Equilibrium modelling 

The results o f  modelling are given in Table 2. 
The low standard deviations o f  the fl values and 
Hamil ton  R-factors  indicate the applicability o f  
the method.  Calculated and experimental for- 
mat ion and deprotonat ion  curves were all in 
good agreement indicating that the chosen 
models were plausible. 

Protonation o f  Polymin Water-Free 

The pro tona t ion  format ion curves (Fig. 1) 
show no marked inflections indicating that 
the iigand's deprotonat ion  reactions overlap 
in the pH region studied. F rom the species 

Table 1, Compositions of experimental solutions 

Metal ion 0.010M 0.050M HNO 3 
IM NaNO~ solution* Polymin 2M NaNO 2 in 0.95M NaNO3 

Cation Titration (rnl ) (ml ) (ml ) (ml ) (rnl ) 
H + 1 35.0 5.0 10.0 

2 33.0 7.0 10.0 
3 30.0 10.0 10.0 
4 40.0 5.0 5.0 
1 30.0 5.0 5.0 5.0 5.0 
2 28.0 5.0 7.0 5.0 5.0 
3 25.0 5.0 10.0 5.0 5.0 
1 30.0 5.0 5.0 5.0 5.0 
2 28.0 5.0 7.0 5.0 5.0 
3 25.0 5.0 I0.0 5.0 5.0 
1 36.0 2.0 5.0 2.0 5.0 
2 34.0 2.0 7.0 2.0 5.0 
3 31.0 2.0 10.0 2.0 5.0 
1 18.0 5.0 12.0 5.0 10.0 
2 15.0 5.0 15.0 5.0 I0.0 
3 10.0 5.0 20.0 5.0 10.0 
1 18.0 5.0 12.0 5.0 10.0 
2 15.0 5.0 15.0 5.0 10.0 
3 10.0 5.0 20.0 5.0 10.0 

Pb(ll) 

Cd(ll) 

Hg(II) 

Co(ll) 

Ni(ll) 

*Solutions made up as follows: 0.00941M Pb(NO 3 )2 in 0.050M HNO~, 0.00955M Cd(NO 3 ),. 4H, O 
in 0.050M HNO~, 0.00911M Hg(NO02 in 0.050M HNO 3, 0.00999M Co(NOO_,.6H_,O and 
0.00980M Ni(NO3).,. 6HzO. 



Metal ion binding to water-soluble polymers 

Table 2. Apparent protonation and formation constants for Polymin Water-Free* 

Hamilton 
R-factor Number of 

Cation Equilibriumf logK (R-limit) data points 

H + H + L = HL 9.71 __+ 0.005 
HL + H = H,_L 7.70 + 0.006 
H2 L + H = H 3 L 2.64 + 0.04 
2 L +  3H = H3L ., 30.87 +0.01 
2L + 5H = HsL 2 41.58 + 0.02 

Pb(ll) 

Cd(H) 

Hg(II) 

Co(ll) 

Ni(lI) 

M + OH = MOH 6.4++ 
MOH + OH = M(OH)_, 4.5++ 
M(OH)2 + OH = M(OH)3 3.0++ 
MOH + M = MzOH 1.2+ 
3M + 4OH = M~(OH)4 32.1++ 
M:~(OH) 4 + M = M4(OH) 4 3.9++ 
M + 2L = ML 2 12.53 + 0.02 
ML2 + H = ML.,H 8.64 __+ 0.02 
2M + 3L = M2L ~ 23.06 +_ 0.06 

M + OH = MOH 3.4++ 
MOH + OH = M(OH)., 3.6+ +. 
M(OH) 2 + OH = M(OH) 3 2.6++ 
M(OH) 3 + OH = M(OH) 4 1.7++ 
MOH + M = M2OH 1.0:~ 
4M + 4OH = M4(OH)4 24.2++ 
M + L = ML 8.57 + 0.03 
ML + OH = MLOH 4.91 + 0.04 
M LOH + OH = ML(OH), 4.42 __+ 0.04 
ML + L = ML 2 7.84 + 0.03 
ML~ + H = ML2H 6.66 + 0.04 
M L  2 + OH = ML2OH 4.22 + 0.03 

M + OH = MOH 10.0+ + 
MOH + OH = M(OH)2 I 1.1++ 
MOH + M = M2OH 14.6++ 
3M + 3OH = M3(OH)3 35.4++ 
M + L = ML 16.06 + 0.03 
ML + L = ML 2 13.46 + 0.04 
ML, + H = ML2H 4.35 __+ 0.04 
ML: + OH = ML2OH 2.64 + 0.05 

M + O H  = MOH 4.0:~ 
MOH + OH = M(OH) 2 4.7++ 
M(OH) 2 + OH = M(OH) 3 1.2++ 
M + 4OH = M(OH)4 9.2++ 
2M + OH = M2OH 2.5+ + 
4M + 4OH = M4(OH)4 25.0++ 
M + 2L = ML 2 16.62 _+ 0.03 
M L  + H = ML, H 6.75 4- 0.03 

M + OH = MOH 3.7+ + 
M(OH) + OH = M(OH), 5.0++ 
M(OH) 2 + OH = M(OH) 3 3.0+ + 
2M + 20H = M2(OH)2 4.7++ 
4M + 4OH = M4(OH)4 27.9+ + 
M + 2L = ML2 19.00 _+ 0.02 
ML 2 + H = ML~H 6.04_+ 0.02 

0.00850 
(0.00116) 436 

0.0256 
(0.00184) 183 

0.0230 
(0.00163) 227 

0.00370 
(0.00176) 244 

0.0256 
(0.00347) 240 

0.0130 
(0.00281) 299 

*All data at 2 5 C  in 1.0M NaNO 3. pKw was fixed at 13.79 under these conditions? 
f ln these equilibria, charges on metal ions, the ligand and complexes have been omitted 

for simplicity. L =  Monomeric unit of Polymin Water-Free, M = metal ion, 
H = proton and OH = hydroxide ion. 

++Estimated from Ref. 8, 

221 

d i s t r i b u t i o n  p l o t  (F ig .  2), it is c l ea r  t h a t  c o m -  

p l e t e  p r o t o n a t i o n  o f  P o l y m i n  W a t e r - F r e e  d o e s  

n o t  o c c u r  in t h i s  p H  r e g i o n .  T h i s  p h e n o m e n o n  

h a s  b e e n  p r e v i o u s l y  r e p o r t e d .  9 E v i d e n c e  f o r  

p o s s i b l e  n e a r e s t  n e i g h b o u r  i n t e r a c t i o n  in w h i c h  

i n t r a m o l e c u l a r  h y d r o g e n  b o n d i n g  is t a k i n g  

p l a ce ,  is g i v e n  b y  the  p r e s e n c e  o f  s p e c i e s  i n v o l v -  

i ng  t w o  r e p e a t i n g  un i t s .  A l t e r n a t i v e l y ,  w h e n  
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Fig. 1. Experimental (points) and modelled (lines) protonation formation curves for Polymin Water-Free. 
ZH is the protonation formation function (the average number of  protons bound per ligand) and pH is 
the negative logarithm of  the free hydrogen ion concentration. The compositions of the solutions are in 
Table 1. The titrations are represented by ((3) titration 1, (A)  titration 2 and (V-I) titration 3. All solutions 

were at 2 5 C  and 1.0M with respect to NaNO 3. 

going from low to high pH, the sequence of 
deprotonation gives some insight as to what is 
happening at the molecular level. Species in- 
volving two repeating units are found between 
those involving one. This means that, when 
going from H3L to H2L or from H2L to HL, 
every second repeating unit becomes deproto- 
nated in preference to each unit giving rise to the 
intermediate species HsL 2 and H3L2, respect- 
ively. The species H6L2, H4L2 and H2L2, were 
also submitted to the model but were rejected 
with ESTA2A preferring to retain species with 
the same stoichiometric ratios but containing 
one repeating unit (i.e. H 3 L, H2 L and HL). Evi- 
dence for the species HL2 could not be found. 

Hg(II), Cd(II) and Pb(II) complexation by 
Polymin Water-Free 

The deprotonation curves (Figs 3 5) show 
good agreement between observed and calcu- 
lated values. (~ values for Hg(II) rise above zero, 
indicating complexation, at low pH. This is in 
contrast with Cd(II) and Pb(II) where (~ be- 
comes sensible above pH 5 and 6, respectively. 
Thus it may be seen that Hg(II) is more strongly 
complexed by Polymin Water-Free. 

Interpretation of the (~ curves is diffficult--as 
is often the case. However, with the Hg(ll) 
system, some prediction of complexes for the 
model is possible. It can be seen (Fig. 5) that at 
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Fig. 2. Species distribution curves for the protonation of  Polymin Water-Free at 25 C and 1.0M NaNO~, 
as calculated from the apparent formation constants in Table 2. 
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Fig. 3. Experimental (points) and modelled (lines) deprotonat lon curves for Pb(II) complexat ion by 
Polymin Water-Free. ~ is the deprotonation function (the average number of protons released on 
complexation per metal ion). The dashed line is the ri curve, where a is the protonation state of  the ligand 
in the absence of  the metal ion. The compositions of  the solutions are in Table 1. The titrations are 
represented by (O) titration I, (A)  titration 2 and (I-I) titration 3. All solutions were at 25 'C and 1.0M 

with respect to NaNO~. 

pH 6, the dashed curve which represents ~q, the 
protonation state of the ligand in the absence of 
the metal ion, is at a value of 2. At this point, 

has an inflection at 4. Therefore, the existence 
of a complex in which a total of five protons 
have been lost from the ligands in the complex 
per metal ion is possible. This corresponds to an 
MLEH species which was indeed found during 
modelling. 

The ME L3 species in the Pb(II) system was 
essential for obtaining a good Q fit. The exist- 

ence of this complex may be due to the large 
ionic radius of Pb(II) with a repeating unit 
preferring to bridge two Pb(II) ions. 

Species involving one repeating unit in the 
Pb(II) system were not accepted into the model 
by ESTA2A. A possible explanation for this 
may be advanced from comparing the pH values 
in the deprotonation curves where Q rises above 
zero. It may be seen that Pb(II) is not as well 
complexed by Polymin Water-Free as Cd(II) or 
Hg(II). Complexation begins for Pb(II) at pH 6 
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Fig. 4. Experimental (points) and modelled (lines) deprotonation curves for Cd(lI) complexation by 
Polymin Water-Free. The compositions of  the solutions are in Table I. The titrations are represented by 
(O) titration l, (A)  titration 2 and ( n )  titration 3. All solutions were at 25 C and 1.0M with respect to 

NaNO 3 . 
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Fig. 5. Experimental (points) and modelled (lines) deprotonation curves for Hg(lI) complexation by 
Polymin Water-Free. The compositions of the solutions are in Table 1. The titrations are represented by 
(O) titration 1, (A)  titration 2 and (IS]) titration 3. All solutions were at 25°C and i.0M with respect to 

NaNO3. 

where each repeating unit has already lost a 
proton hence making species involving two re- 
peating units more possible. For Cd(II) and 
Hg(II) where complexation begins at pH 5 and 
below pH 2 respectively, species also involving 
only one repeating unit are possible. 

The three metal ions are complexed over a 
wide pH range. Cd(II) and Pb(II) would be best 
removed at high pH by ultrafiltration. The pH 
dependence of Hg(II) removal would not be so 
critical. These observations are in complete 
agreement with the complexation-ultrafiltration 
work performed by Buckley and co-workers. 4 

Co(II) and Ni(II) complexation by Polymin 
Water -Free 

Ni(II) is somewhat better complexed by 
Polymin Water-Free than Co(II). This may be 
seen by comparing the deprotonation curves 
(Figs 6 and 7). This is a source of optimism that 
separation between these two metal ions may 
be achieved using complexation-ultrafiltration 
by carefully fixing the pH of the feed stream. 
However, a more complete picture is obtained 
by comparing species distribution curves gener- 
ated by task SPEC in ESTAI. The Co(II) 
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Fig. 6. Experimental (points) and modelled (lines) deprotonation curves for Co(li) complexation by 
Polymin Water-Free. The compositions of the solutions are in Table 1. The titrations are represented by 
(O) titration 1, (A) titration 2 and (I-1) titration 3. All solutions were at 25 C and 1,0M with respect to 

NaNO3. 
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Fig. 7. Experimental (points) and modelled (lines) deprotonation curves for Ni(ll) complexation by 
Polymin Water-Free. The compositions of  the solutions are in Table I. The titrations are represented by 
(O) titration 1, (A)  titration 2 and (IS]) titration 3. All solutions were at 25 C and 1.0M with respect to 

NaNO~. 

system is shown as an example in Fig. 8. If only 
the curves representing the free metal ions are 
shown, then plots such as Fig. 9 may be ob- 
tained. Here it may be seen that these are close 
together, making separation difficult. It is, how- 
ever, hoped that such plots may be used to 
predict the separation of other metal ions from 
one another using complexation-ultrafiltration. 

For both Ni(II) and Co(lI), the ML2 and 
ML2H species retained by ESTA2A during 
modelling are consistent with the deprotonation 
curve information. It may be seen that 
reaches an inflection at roughly a value of three 

indicating that three protons have been lost on 
complexation per metal ion. At pH values 
around 7-8, ~ is close to 1.5. Thus for two 
repeating units, three protons are lost in the 
absence of  the metal ions. The total number of 
protons lost for an ML2 species is six which is 
consistent with the addition of (~ plus 2 x (total 
protons on completely protonated repeating 
unit, ti) which gives a value of six. At lower pH 
values, where ti equals two, the same argument 
may be used to arrive at the M L2H species. 
This confirms the best-fitting model reported 
in Table 2. Species involving one repeating 
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Fig. 8. Species distribution curves for the complexation of Co(ll) at 25 C and 1.0M NaNO~ (titration 3), 
as calculated from the apparent formation constants in Table 2. 
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Fig. 9. Species distribution curves for the complexation of  Co(ll) and Ni(ll) at 25 C and 1.0M NaNO~ 
(titration 3), as calculated from the apparent formation constants in Table 2. Only the uncomplexed metal 

ion plots are shown. 
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Fig. I0. Plot of  log//,(Polymin Water-Free) rs. Iog/] z (ethylenediamine) for the metal ions studied in this 
paper. 

unit were not accepted by ESTA2A into the 
model. 

Linear.D'ee energy correlations 

A plot of  Iog/~_. (Polymin Water-Free) ob- 
tained in this study t's. log#_~ (ethylenediamine) '~ 
shows a linear correlation (Fig. 10) for the 
metal ions studied. Such a correlation may 
be expected. The fact that this was indeed 
obtained is gratifying and lends credibility 
to the method of treating the polymer as a 
collection of monomeric units for modelling 
purposes. 

.4ckmm'/ed, k, eme,t.s The authors v, ish to lhallk the Atomic 
Energy Corporation for permission to publish this v.ork and 
Annah Rangoaga for performing some of thc polentiomct- 
ric titrations. 

R E F E R E N C E S  

I. K. Geckeler, G. Lange, H. Eberhardt and E. Bayer. 
Pm'e Appl. C/tent.. 198[), 52, [883. 

2. M. Rumeau,  F. Persin, V. Sciers, M. Persin and J. 
Sarrazin, J. Memhr. Sci., [992, 73, 313. 

3. A. P. Novikov. V. M. Shkincv. B. Ya. Spivakov, B. F. 
Myasoedov. K. E. Geckcler and E. Bayer. Radiochim. 
,4eta, 1989. 46, 35. 

4. L. P. Buckley. V. T. Le. G. J. McConeghy and J. F. 
Martill. ,{;eh'ctil'e Remora/ ~[ Di.ssoh'ed Toxic .14etals 
/i'OIll Gl'Olllldwtllcq" /).l Ullrt4/lllrdtion ill Comhhldlion with 
Chemh'a/ 7)'eatme,I. AECL-[0030, 1989. 

5. N. V. Jarvis and J. M. Wagener, T~thl,ta, 1994 (in press). 
6. P. M. May, K. Murray and D. R. Williams. Tahmta, 

1985. 32, 483. 
7. P. M. May and K. Murray. Tuhmtu, 1988. 35, 927. 
8. A. E. Marlell and R. M. Smith. ('riticul Stahililr 

('o,~ta,t.~', Vols I 6. Plenum, Ne~' York, 1974 1988. 
9. O .  H o r u ,  in Po/vmel'ic .~nl/ll('3 and.*~llllllOllilllll StilLs', E. J. 

Goethals (ed.), p. 335. Pergamon Press, London. 1980. 



~ Pergamon 0039-9140(94)00232-0 

Tahmt~t, Vol. 42. No. 2, pp. 227 234, 1995 
Copyright ~' 1995 Elsevier Science Ltd 

Printed in Great Britain. All rights reserved 
0039-9140,95 $9.50 + 0.00 

C A T A L Y T I C  C A T H O D I C  S T R I P P I N G  V O L T A M M E T R Y  O F  

O X I D I Z E D  G L U T A T H I O N E  A T  A H A N G I N G  M E R C U R Y  

D R O P  E L E C T R O D E  I N  T H E  P R E S E N C E  O F  N I C K E L  I O N  

FLORINEL G.  B,ANICA, t ARNOLD G.  FOGG 2 a n d  JOSINO ( ' .  MOREIRA: 

Department  of  Analytical Chemistry, The University Politehnica of Bucharest, Spl Independentei 313, 
Bucharest, Romania 

-'Chemistry Department,  Loughborough University of  Technology, Loughborough,  
Leicestershire LEl l  3TU, U K .  

(Received 22 April 1994. Revised 11 July 1994. Accepted 1 August 1994) 

Summary--Oxidized glutathione (GSSG) can be determined after previous accumulation on the H M D E  
at E > --0.2 V (vs. the Ag/AgC1 reference electrode). GSH is formed during the accumulation, possibly 
by a mercury-ion-assisted hydrolytic disproportionation of  GSSG. In the subsequent cathodic scan GSH 
is released and catalyses the reduction of  nickel ion, giving a peak located at - 0 . 6  V. This enables the 
determination of  GSSG by differential-pulse cathodic stripping voltammetry at pH 7.0 in the phosphate 
acetate or MOPS buffer containing 0.5 1.0 m M  Ni(lI). The detection limit is 10 nM. The calibration graph 
is linear even in the presence of  small amounts  of  human  serum albumin, HSA. However, HSA increases 
the detection limit (20 nM  for 3 x 10 4% HSA). Acetyl-cysteine in small excess or Cu(lI) present as 
reagent impurity do not interfere. Glutathione, cysteine and similar compounds,  which accumulate as 
mercury salts and form stable nickel complexes, will interfere. The method is put forward as a novel 
alternative stripping voltammetric method to those involving accumulation and determination as mercury 
or copper salts and complexes, in the knowledge that it may have advantages in particular analytical 
situations. In particular the method discriminates against compounds  which accumulatc as mercury salts 
but  which do not form stable nickel complexes. 

Oxidized glutathione (GSSG, formula I) is an 
important component of biological media, in 
close connection with its reduced form, GSH. ~ 
Owing to their outstanding biological import- 
ance, this couple has been extensively studied 
from both the biochemical and physico-chemi- 
cal standpoints. The redox reaction (1) makes 
the electrochemical methods very useful for the 
investigation of its reactivity, as well as for the 
analytical determination. 

G S S G +  2e + 2 H + ~ 2 G S H .  (1) 

The results of early polarographic investigations 
on GSSG are summarized in Ref. 2. Accord- 
ingly, GSSG gives a single reduction wave 
with a pH-dependent half-wave potential 
(E t2=  - 0 . 56  V at pH 7). The shape of the 
wave, however, is not in accord with the 
equation derived under the assumption of a 
reversible reduction. 

The advent of the new polarographic tech- 
niques renewed the interest in the polarography 
of this compound. 3 Particularly, cathodic strip- 
ping voltammetry (CSV) of GSSG appeared 

very promising. The best results are obtained if 
traces of Cu(II) are present. 4 From this point of 
view, GSSG mostly behaves as cystine (Cys, 
formula II). 5 The main characteristic is the 
breaking of the disulphide bridge during the 
accumulation step. The plated compound is a 
metal thiolate, the metal being either Hg(II) or 
Cu(I) [provided Cu(II) is present at the 50~tM 
level]. As in the case of GSH, the stripping peak 
is due to the reduction of the metal ion in the 
plated compound. The Cu(I) thiotate is reduced 
at more negative potentials as compared with 
the Hg analogue. 46 

Although very sensitive, the CSV of thiols 
and disulphides is less selective, because the 
accumulation step is based on the general prop- 
erty of cysteine-like compounds to act as mono- 
functional ligands (through the sulphydryl 
group) in the complexes with soft metals. 7 It was 
recently shown that a better selectivity could be 
achieved by CSV in the presence of nickel ion. s~ 
The analyte (CysH, Cys ~ or GSH ~ is accumu- 
lated on the mercury electrode at E > - 0 . 3  V. 
During the subsequent cathodic scan, the thiol 
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catalyses the reduction of  Ni(II) giving a char- 
acteristic peak in differential-pulse cathodic 
stripping voltammetry (DPCSV). The same 
principles are applied in this paper aiming to 
find the best conditions for the determination of 
GSSG. 

EXPERIMENTAL 

GSSG, GSH, Cys, N-acetylcysteine (Ac- 
CysH) and human serum albumin (HSA) were 
Sigma products. Two different buffer systems 
were used as supporting electrolyte: (1) the 
phosphate-acetate buffer (PA), which consists 
of Na2HPO4 and CH3COONa, 0.025M each. 
The pH was adjusted by proper additions of 
10% H2SO 4. (2) 0.05M 3-(N-morpholino)- 
propanesulphonic acid (MOPS), with the pH 
adjusted by 10% NaOH. 

The Metrohm 663 VA stand in conjunction to 
the Metrohm 626 Polarecord were employed 
in the DPCSV experiments. Linear-sweep and 
cyclic voltammograms were recorded on a PAR 
174 instrument. The working electrode was an 
H M D E  (larger size available for the device 
employed). The cell also included an Ag/AgCI 
(3M KC1) reference electrode and a glassy car- 
bon rod as auxiliary electrode. The working 
parameters were as follows: pulse height, 50 
mV; pulse interval, 0.5 sec; scan rate, 10 mV/sec. 
During the pre-concentration step the test- 
solution was stirred by a Teflon rod usually at 
the medium speed. Oxygen was expelled by pure 
nitrogen. Other experimental details are given in 
Ref. 8. 

R E S U L T S  

Behaviour o f  GSSG in the absence of  nickel ion 

Since no previous data on the CSV of  GSSG 
in the buffers here employed are available, its 

behaviour was tested by several preliminary 
experiments. Thus, the linear-sweep cathodic 
stripping voltammograms in Fig. 1 show that 
after accumulation for !-2 min at - 0 . 2 0  V, a 
cathodic peak forms at -0 .47  V. The cyclic 
voltammogram recorded under similar con- 
ditions (Fig. 2) demonstrates that the height of  
the cathodic peak decreases for successive 
cycles. On the anodic side, a very small peak 
appears only during the first scan. It lies in the 
same potential range as the cathodic one. 

The data in Figs 1 and 2 suggest that GSSG 
is accumulated on the H MD E at potentials 
close to 0.0 V. In accord with Ref. 4 it may be 
assumed that the disulphide splits during the 
plating step and the product of the anodic 
reaction is a mercury thiolate in the adsorbed 
state. At more negative potentials this product 
is reduced and simultaneously the free ligand 
thus produced desorbs and diffuses back into 
the bulk of the solution. 

T 

1 

I I I 
-0.8 -0.6 -0.4 -0.2 

Potential/V 

Fig. 1. Linear-sweep cathodic stripping voltammograms 
(scan-rate, 25 mV/sec) of GSSG (50 nM) in the PA buffer 
(pH 7). Accumulation time (at -0.20 V): (I) 0. (2) 1, (3) 2 

min. 
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0 -0.2 -0.4 -0.6 -0.8 

Potential/V 

Fig. 2. Cyclic voltammogram of GSSG (50 nM ) in the PA 
buffer (pH 7). Start potential, 0.0 V; scan rate, 20 mV/sec. 

First scan: after 3 min of accumulation at 0.0 V. 

DPCS voltammograms recorded under the 
same conditions also display a symmetrical peak 
located at - 0.47 V; as in the case of GSH 9 this 
will be termed the cathodic stripping peak 
(CSP). The height of this peak (recorded in the 
PA buffer) is dependent on the accumulation 
potential (E, cc), being slightly larger for 
E, cc = -0 .30  V, followed by a sharp decrease at 
more negative values of E~c~. It vanishes at 
E,~c _< -0 .45 V. 

Influence of nickel ion 

As in the case of GSH, 9 the DP cathodic 
stripping voltammograms recorded in the pres- 
ence of both GSSG and Ni(II) display a new 
peak at -0 .60  V (Fig. 3). It shows a striking 
analogy with the peak produced under similar 
conditions by GSH, 9 CysH and Cys. s That is 
why this peak is ascribed to the reduction of 
Ni 2+ catalysed by GSH which forms by the 
splitting of GSSG and will be termed the cata- 
lytic cathodic stripping peak (CCSP). 

The peak potential is not dependent on Ni(II) 
concentration. However, as shown in Fig. 4, the 
DP peak current increases with the rise of NI(II) 
content, both in the MOPS (curve 1) or PA 
buffer (curve 2). As usual 8"9 a high excess of 
Ni(II) is required to achieve good sensitivity. 
Nevertheless, Ni(II) concentrations higher than 
l mM were avoided, because the current due to 
the diffusion-controlled Ni(lI) reduction may 
overlap the CCSP. 

CSP 
CSP 

CCSP 

0.2V / 
F-- q 

-0.4 -0.2 

Potential/V 

Fig. 3. Effect of nickel ion on GSSG behaviour in DP 
cathodic stripping voltammetry. MOPS buffer, pH 7.0. 
GSSG, 50 nM. Accumulation: at -0.20 V for 2 rain. Ni -~ ~ 

(raM): (1) 0, (2) 1. 

As in the case of GSH 9 the base-line for the 
measurement of the CCSP current is defined by 
the lowest level of the voltammogram at the foot 
of the peak. Tests under various conditions 
proved that this gives the best relationship 
between the peak current and GSSG concen- 
tration. 

The CSP of GSSG is only slightly influenced 
by Ni(II) (Fig. 3). This behaviour is similar to 
that of GSH, 9 but strongly contrasts with that 
of Cys and CysH, 8 whose CSP peaks are sup- 
pressed by Ni(II) in high excess. 

Effect of pH and buffer composition 

Owing to the competition between proton 
and Ni(II) for the binding sites in the gluta- 
thione molecule, the pH is a very important 
parameter. In addition, the pH may influence 
the conversion of GSSG into GSH. Conse- 
quently, the effect of pH in the GSSG-Ni(II) 

4 - y J ~  

3 -  
< 

I 

I I I I 
0 0.5 1.0 1.5 2.0 

Nickel concentration/mM 

Fig. 4. The dependence of the CCSP DP current on nickel 
ion concentration, pH 7.0; GSSG 50 nM. Accumulation: at 

-0.20 V for 2 min (I) MOPS, (2) PA buffer. 
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-0.4 -0.2 
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Fig. 5. DP cathodic stripping voltammograms of GSSG 
(50 n M )  at various pH-values (MOPS buffer) in the presence 
of  nickel ion ( lmM) .  Accumulation: at -0 .20  V for 2 min. 
Potential scale: -0 .10  V/div. pH: (1) 6.40, (2) 6.72, (3) 7.00, 

(4) 7.36. 

system was investigated in both the PA and 
MOPS buffers. Typical DP voltammograms 
recorded at various pH-values are presented in 
Fig. 5. Curve 1 in this figure shows that at pH 
6.40 only the CSP forms (E~, k = 0.45 V). The 
occurrence of the CCSP at -0 .60  V requires 
higher pH-values (curves 2-4). The rise of pH 
produces a negligible shift in the CCSP poten- 
tial, but an appreciable increase in the peak 
height. However, at pH > 7 (curve 4) the cata- 
lytic process is partly overlapped by the diffu- 
sion-controlled Ni(II) reduction, which slightly 
shifts towards less negative potentials. This 
trend was noted in both the PA and MOPS 
buffer. 

The dependence of the CCSP DP current on 
pH is presented in Fig. 6 for both the MOPS 
(curve 1) and PA buffer (curve 2). Although pH 

4 • 
< 

2 

/ 
0 • [ 1 I I I 
6.50 6.25 7.00 7.25 7.50 7.75 

pH 

Fig. 6. Dependence of  the CCSP DP current on pH in the 
MOPS (curve I) or PA buffer (curve 2). Same conditions as 

in Fig. 5. 

values higher than 7 seem to offer a better 
sensitivity, this pH-range was avoided owing 
to the overlapping effect depicted by curve 4 in 
Fig. 5. Typically, the pH was adjusted to 7.0 in 
both buffers. At this pH value, the PA buffer 
gives a higher peak current, but a better separ- 
ation of the CCSP from the main nickel peak 
was noted for MOPS. 

Influence of accumulation conditions 

The effect of Ea~ in the MOPS buffer on the 
DP current is presented in Fig. 7a for both the 
CSP (curve 2) and the CCSP (curve 3). For 

(a) 

5/  2 

4, 

<= 3' 

o = 
~ 2  

I 

I I I I I 
+0. l 0 -0. I -0.2 -0.3 -0.4 

Accumulation potential/V 

(b) 

6 -  

1 
< 

,/ 
r 1 i 
I 2 3 

A c c u m u l a t i o n  time/min 

Fig. 7. Effect of accumulation potential (a) and accumu- 
lation time (b) on the DP cathodic stripping behaviour of 
GSSG (50 nM ) in the MOPS buffer (pH 7. I), in the absence 
of  Ni-'* (curve I) or in the presence of  0.5 mM Ni 2+ (curves 
2 and 3). Curve 2: CSP, curve 3: CCSP. (a) t,~¢¢= I min 

(curve 1); 2 min (curves 2 and 3). (b) E~,~,. = - 0 . 2 0  V. 
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comparison, curve 1 in the same figure shows 
the variation of  the CSP in the absence of Ni(II). 
The CSP sharply decreases for E,~ < - 0 . 2 5  V, 
no matter whether Ni(II) is present or not. 
Conversely, the CCSP decreased gradually for 
E,cc < -0 .1  V. 

Figure 7b shows the effect of  the accumu- 
lation time in the MOPS buffer on the DP 
current. It is seen that the CSP recorded either 
in the absence (curve i) or in the presence of 
Ni(II) (curve 2) strongly increases with the 
accumulation time. The CCSP current tends to 
level off after a few minutes' accumulation. The 
effects of  the accumulation conditions in the PA 
buffer are analogous to those found with 
MOPS. 

Calibration graph, sensitivity and detection limit 

The CCSP current depends linearly on GSSG 
concentration. The results of  data processing by 
the least-squares method are summarized in 
Table 1. From the table it is seen that the 
intercept of  the regression line (peak current vs. 
GSSG concentration, in the form i = a + bc) is 
very small. That  is why the parameters of  the 
regression line were also calculated by assuming 
the direct proportionality (i.e. i = b'c) .  These 
lines were compared by means of the F test, as 
described in Ref. 9. For all the three sets of  data 
included in Table 1, F [99%, 1, (n - 2)] > Fc~, 
proving that the direct proportionality relation- 
ship can be accepted. 

The values of the slope b '  in Table 1 show 
the influence of some experimental factors on 

Table I. Parameters of the linear calibration graph for 
GSSG [tacc = 2 min, E,c c = - 0 . 2  V (1 and 2), 0.0 V (3)] 

1 2 3 

Concn range (nM)  10-200 10-130 I(~200 
Buffer and pH PA, 7.10 PA, 7.10 MOPS, 7.10 
[Ni 2+ ] (raM) 1.0 1.0 0.5 
No. of points (n) 13 8 13 
L i n e i = a + b c  

a (nA) -0.31 - 1.19 -0 .67  
b (nA/nM) 0.084 0.019 0.102 
s 0 (nA) 0.22 0.05 0.40 

0.999 0.998 0.999 r 
Line i = b'c 

b'  (nA/nM) 0.082 0.019 0.098 
s o (nA) 0.27 0.05 0.59 

Fc,j~ 6.61 0.29 5.38 
F (99%, 1, (n-2) 9.65 13.7 9.65 
Detection limit (nM) 10 8 18 

r = Regression coefficient, s 0, s '  = Standard deviations of 
the fit; i = peak current (nA), c = analyte concentration 
(nM). 

(2): Pulse height = 10 mV; calibration graph bent down- 
ward for [GSG] > 130 nM. 

(3): Maximum stirring speed. 
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the sensitivity of  the method. For instance, the 
accumulation at 0.00 V (3rd column) brings 
about a slight improvement in sensitivity as 
compared with that found for E, cc = - 0 . 2 0  V 
(lst  column). As expected, the decrease of the 
pulse-height from 50 to 10 mV (2nd column) 
produces a strong decrease in sensitivity, but 
simultaneously the standard deviation of the fit 
is much improved. The detection limit in Table 
1 is the concentration corresponding to the peak 
current equal to 3 s o . The higher value in the 3rd 
column results from the unfavourable effect of 
the higher stirring rate on s o . It is obvious, 
however, that GSSG may be quantitated even at 
the level of 10 riM, as shown by the data in the 
1st and 2nd columns. 

Interference o f  some related compound 

Since the CCSP is also produced in the pres- 
ence of Cys, s the effect of  this compound on the 
GSSG-Ni( I I )  system was investigated. If  the 
CCSP current in the absence of Cys is taken as 
reference, the peak current increases about  two 
times for a [Cys]/[GSSG] ratio of  0.5 and about 
three times for this ratio equal to 1. Certainly, 
this increase is due to CysH which forms by the 
splitting of Cys. 

The mutual interference of GSH and GSSG 
was also studied. In the presence of each of these 
compounds the CCSP appears at the same 
potential. However, under similar conditions, 
the slopes of  the calibration graphs are different, 
even if it is taken into account that two mol- 
ecules of  GSH could result from one molecule 
of  GSSG. 

As in the case of  CysH ~ or GSH 9 Ac-CysH 
has only a minor effect on the CCSP recorded 
in the presence of GSSG, although, under the 
same conditions the CSP is strongly enhanced. 
Thus the CCSP is diminished only by 8% in the 
presence of a 10 times excess of Ac-CysH. 

Effect o f  H S A  

The effect of  HSA may be typical for some 
proteins that are present in biological samples. 
That is why its effect was studied in Ni(II)-con- 
taining solutions, both in the presence or in the 
absence of GSSG. 

In the absence of GSSG, after the accumu- 
lation at - 0.20 V (2 min), HSA gives a shoulder 
on the DP vol tammogram at about - 0 . 6  V 
(Fig. 8, curve 2). This shoulder is hardly observ- 
able for 1 0 4 %  HSA, but sharply increases for 
higher concentrations. Its height tends to level 
off for HSA concentrations above 5 x 10 4%. 
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Fig. 8. Effect of HSA on the DP cathodic stripping 
N r  , 0.5 m M ;  behaviour of GSSG. pH 7.0 (PA buffer); "+ 

HSA, 3 x 10-4%. Accumulation: at - 0 . 2  V, for 2 min. 
(I) B u f f e r + N i  2+, (2-9) 3 x 10-4% HSA added. GSSG, 
nM:  (1 and 2) 0, (3) 10, (4) 20, (5) 30, (6) 40, (7) 60, (8) 80. 

In the absence of the accumulation step in the 
stirred solution (but after 30 sec of contact of 
the quiescent solution with the HMDE), the 
shoulder is hardly observable. This shoulder 
may be ascribed to the reduction o~" Ni(II) 
catalysed by HSA. Its increase after the accumu- 
lation at -0 .20  V in the stirred solution proves 
the adsorption of HSA on the HMDE. 

At constant concentrations of GSSG (50 nM)  
and Ni 2÷ (0.5 m M )  the increase of HSA con- 
centration from zero to 6 x 10-4% produces a 
two-fold effect: (1) the CSP is slightly depressed 
and (2) the CCSP is lifted on the current scale 
and also its height is increased. By comparing 
these effects it is observed that the accumulation 
of GSSG at - 0 . 2  V suffers only minor inter- 

ference from HSA. The main interference occurs 
in the catalytic reduction of Ni 2+, in accord 
with the above-described effect of HSA in the 
absence of GSSG. 

Another experiment was aimed to detect the 
influence of HSA on the calibration graph. To 
this end, cathodic stripping voltammograms 
were recorded at constant concentrations of 
Ni(II) and HSA and various concentrations of 
GSSG (curves 2-8 in Fig. 8). Curve 3 in Fig. 8 
shows that for I 0 nM GSSG the CCSP does not 
develop properly. However, for higher GSSG 
concentrations (curves 4--8) the peak assumes 
the usual shape, enabling the study of the 
current-concentration relationship. By the same 
procedure as that described in section, "cali- 
bration graph, sensitivity and detection limit" it 
was found that the peak current is directly 
proportional to GSSG concentration within the 
range 20-100 nM. The slope is 0.047~ nA/nM 
(standard deviation of the slope, 0.001), and the 
standard deviation of the fit is 0.20 nA (under 
the conditions of Fig. 8). 

The above data suggest that there is compe- 
tition for Ni(II) binding between GSH (formed 
by the cleavage of GSSG) and HSA. This 
explains the removal of the disturbing effect of 
HSA at higher values of the [GSSG]/[HSA] 
ratio. 

On the same basis it can be concluded that in 
the presence of HSA the statistically defined 
detection limit is unrealistic, the actual one 
being higher. For example, under the conditions 
of Fig. 8 the statistical treatment of data gives 
a detection limit close to 10 nM, but at this level 
HSA strongly disturbs the signal and the actual 
detection limit (suggested by the examination of 
voltammograms) seems to be about 20 nM. 

Despite these disadvantages, it is seen that 
GSSG can be determined in the presence of a 
moderate amount of HSA. Moreover, the direct 
proportionality between the CCSP current and 
GSSG concentration permits the use of the 
standard addition method for the analysis of 
HSA-containing samples. 

Effect of copper ion 

The influence of Cu(II) is similar to that noted 
in the case of GSH. 9 Thus, for 40 nM GSSG 
and accumulation at -0 .20  V, the addition of 
0.1/~M Cu(II) shifts the CSP to -0 .50  V, partly 
overlapping the CCSP. For 0.2/~M Cu(ll) the 
CCSP is almost completely overlapped. The 
accumulation at more positive potentials (0.0 or 
+0.1 V) diminishes the effect on Cu(II), but its 
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interference cannot be completely removed in 
this way. Also, the accumulation at a more 
negative potential ( - 0 . 4  V) does not improve 
the shape of the voltammogram. Under such 
conditions, the catalytic reduction of Ni 2+ gives 
only a small shoulder, although the peak due to 
the copper complex is well developed. The inter- 
ference of Cu(II) is not removed by EDTA even 
in excess over Cu(II). Nevertheless, traces of 
Cu(II) present as an impurity in the reagents will 
not interfere. 

DISCUSSION 

A common feature in the CSV of disulphides 
is that the stripping peak lies at the same 
potential as that of the corresponding reduced 
form. This behaviour was noted both in the 
absence m~ or in the presence of  Cu(II) 4'5"~2 and 
is explained by the formation of  the thiol during 
the accumulation step of disulphide. In this 
connection, the occurrence of  the CCSP in 
systems containing either Cys 8 or GSSG (this 
work) is an additional proof  for disulphide 
cleavage. Usually, the accumulation is effected 
at a potential too positive to allow the occur- 
rence of disulphide reduction, according to 
equation (1). The absence of  a characteristic 
peak on the stripping voltammogram demon- 
strates the absence of such a reaction during the 
redissolution step. An alternative explanation is 
founded on the reduction of  disulphide by the 
reaction with mercury ~° or copper amalgam? 

RSSR + 2M = 2MRS~d~, (2) 

where M = Hg or Cu. The occurrence of  such a 
reaction has been rejected for both thermodyn- 
amic and experimental reasons, at least for 
mercury. ~-~ 

A more reliable explanation is given in Refs 
14, 15, where it is demonstrated that the hydro- 
lytic disproportionation of the disulphide is 
promoted by Cu(II) ion, according to the reac- 
tions: 

2RSSR + 2OH = 2RS- + 2RSOH (3) 

2RSOH = RSH + RSO2H. (4) 

In the absence of Cu(II) these reactions occur 
only at high pH (0.2M NaOH). ~6 The above 
reactions occur at pH < 9 for lmM Cu(II) and 
offer an explanation for the decrease of the 
cathodic stripping peak of Cys recorded in the 
presence of Cu(II) when the pH changes from 
9.2 to 4.6. 5 Under the typical conditions of CSV 
(no Cu(lI)), the above reactions might be as- 

sisted by mercury ions resulting from the anodic 
oxidation of the mercury electrode. The reaction 
rate could be sufficiently fast even at pH < 9 
owing to the high concentration in the adsorbed 
state. Another pathway for disulphide degra- 
dation leads to S-sulphocysteine.~7 This reaction 
involves an oxidative step with the participation 
of dioxygen which would not be applicable in 
CSV. 

In conclusion, it may be inferred that both in 
the case of Cys ~ or GSSG (this work), the 
disulphide turns into thiol by the mercury ion- 
assisted mechanism represented by reactions (3) 
and (4). The plated compound is always a 
mercury thiol further represented as HgSR (or 
HgSG). 

In connection with the accumulation mechan- 
ism it is worth recalling the main difference 
between glutathione (either reduced or oxidized) 
on the one hand, and CysH (or Cys) on the 
other hand. This consists in the effect of Ni(II) 
on the CSP of the mercury thiolate. The CSP is 
suppressed by a large excess of Ni(II) in the 
cases of CysH or Cys s, but only slight effects are 
observed for GSH 9 and GSSG (this work). This 
difference is a consequence of  the different kind 
of Ni(II) binding. Very strong chelates form in 
the case of CysH, involving both the amino and 
sulphydryl groups, but much less stable com- 
plexes are formed by GSH~ which mainly binds 
by the terminal groups? ~ It can be assumed, 
therefore, that Ni(II) strongly interferes in the 
accumulation process involving CysH, no mat- 
ter whether CysH is initially present in the 
solution or forms by the cleavage of Cys. Con- 
versely, in the case of GSH the formation of 
chelates involving the sulfur site is less probable 
at medium pHI  9 Consequently, as in the case of 
Ac-CysH, GSH gives a well developed CSP even 
in the presence of Ni(II). This remark also 
applies to GSSG in view of reactions (3) and (4). 

As shown, even in the case of  GSSG, the 
actual catalyst is GSH produced by reactions (3) 
and (4), giving only three molecules of GSH 
from two molecules of GSSG. This character- 
istic, as well as the sluggishness of reactions (3) 
and (4), accounts for the difference in sensitivity 
noted when GSSG is replaced by a two-times 
higher concentration of GSH. 

During the cathodic scan GSH is released 
according to the reaction 

G S H g + H  ÷ + e  ~ G S H + H g .  (5) 

Its catalytic effect must be produced in the same 
way as previously described? Studies by DC 
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p o l a r o g r a p h y  2°'2~ have a l ready  proved that  G S H  
is less ca ta ly t ica l ly  active than CysH owing to 
the differences in the complex ing  propert ies .  
Nevertheless,  the C C S P  enables  the determi-  
na t ion  o f  G S S G  at the level o f  10 n M  with good  
accuracy.  Only  slight interference is p roduced  
by A c - C y s H  and the de te rmina t ion  can be 
pe r fo rmed  even in the presence o f  small  
amoun t s  o f  pro te in  (HSA for example) .  

The  me thod  is not  able  to dis t inguish between 
G S S G  and G S H .  However ,  the overal l  a m o u n t  
o f  g lu ta th ione  in the sample  could  be evalua ted  
after  the convers ion  o f  one form into the o ther  
one by an a p p r o p r i a t e  react ion.  Other  com-  
pounds  which accumula te  as mercury  salts, and  
which form stable complexes  with nickel, will 
interfere,  and  the me thod  presented here does  
not  have a par t icu la r ly  low detec t ion  limit,  as 
the catalysis  is s imply on a one to one basis and  
does  not  increase the sensitivity. The  me thod  is 
put  fo rward  as a novel a l ternat ive  s t r ipping 
vo l t ammet r i c  me thod  to those involving ac- 
cumula t ion  and de te rmina t ion  as mercury  or  
copper  salts and  complexes,  in the knowledge  
that  it may  have advan tages  in par t i cu la r  
analyt ica l  s i tuat ions.  In  pa r t i cu la r  the me thod  
d iscr iminates  agains t  c o m p o u n d s  which ac- 
cumula te  as mercury  salts but  which do  not  
form stable nickel complexes.  Vo l t ammet r i c  
methods ,  including s t r ipping methods ,  are being 
appl ied  increasingly in d i sposable  sensor  
devices, and  accumula t ion  and reduct ion  o f  
nickel complexes  might  prove  advan tageous  
here too.  
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Summary - -A  sensitive and relatively selective high performance liquid chromatographic method for the 
determination of  Gentian Violet (GV) in human  urine and chicken feed is described. The method is based 
on solid-phase extraction, with subsequent reversed-phase chromatographic separation on a cyano column 
and amperometric detection using a carbon fibre microelectrode flow cell operated at + 1,3 V. The peak 
currents were directly proportional to GV concentration over the concentration range l 30 ppb (for urine 
samples analysis) and 1-20 ppm for poultry feed analysis. Using this method, the minimum detectable 
concentration was estimated to be 0.5 ppb. The method was applied successfully to the determination of 
GV in human  urine and in chicken feed, and it was concluded that the method could be applied to the 
quantitative analysis of  GV in the presence of its major metabolite, leuco GV. In the proposed procedure, 
the occurrence of matrix effects during urine analysis was significant. The electrochemical pretreatment 
regime described in this paper was used to overcome these effects. Recovery studies were performed on 
both the human urine and chicken feed samples. The recovery of GV ranged from 92 to 96% in both 
matrices, with a relative standard deviation of  less than 5.5%. 

Gentian Violet (GV; hexamethyl pararosaniline; 
also known as Crystal Violet) is classified as a 
triphenylmethane dye, and has been marketed 
since 1951 for a variety of uses. It has an- 
thelmintic properties and has been ilsed in the 
treatment of strongyloid infestation. ~ The com- 
pound has also been used in humans, as an 
antimicrobial agent in the treatment of burn 
victims, to treat umbilical cords of infants as a 
vaginal cream, for various purposes in veteri- 
nary medicine, and as a pH indicator substance. 
At present, the U.S. Food and Drug Adminis- 
tration (FDA) permits the use of GV (8 ppm) in 
poultry feeds as a mould inhibitor. GV has 
however been determined to be mutagenic to 
Bacillus subtilis, Escherichia coli, and Salmonel la  

typhimurium,  2 and cytotoxic to mammalian 
cells) Au et al. 4"5 demonstrated its genetic cyto- 
toxicity to Chinese hamsterovary (CHO) cells. 
Concern about the health risks and carcino- 
genicity associated with the use of GV requires 

*Author  to whom all correspondence should be addressed. 

that a routine laboratory method be developed 
to monitor the drug and its metabolite. 

Typical approaches for determining GV have 
involved the use of potentiometry, 6 spectropho- 
tometry 7 and mass spectrometry, 8 and lately by 
HPLC with amperometric detection using 
macroelectrodes such as the glassy carbon elec- 
trode. 9 The virtues of microelectrodes are well 
known,~0 t2 and the advantages of studying their 
steady-state voltammograms are well docu- 
mented. ~3H Use of microelectrodes (typically 
micron to submicron sizes) has recently made 
inroads into the use of LC-EC in clinical appli- 
cations. The main advantage is the ability to 
construct extremely low volume cells (as low as 
a few picolitres for a carbon- fibre microcylinder 
electrode). ~5 Other advantages include: (1) de- 
tection limit improvements, as reported in the 
determination of norepinephrine (sub-pmol) 
using a carbon fibre electrode; ~6 (2) a lower 
dependency on flow rate, and thus lower noise 
associated with flow-rate fluctuations; ~~7 (3) 
higher current densities, time-independent 
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currents and better signal-to-noise ratios; (4) the 
possibility of using very high scan rates or 
simpler instrumentation, and (5) the capability 
of  carrying out measurements in solutions with 
very low conductivity? ~'~9 The major drawback 
with microelectrodes is that fabrication 
difficulties increase as the size of  the microelec- 
trode decreases, 2° and so far they have relatively 
limited commercial availability. Hence, most 
workers normally prepare their own microelec- 
trodes by sealing thin wires or fibres in glass 
capillaries, either by melting the glass or by 
using an epoxy resin. 2~ 23 Sealing wires or fibres 
into glass is technically demanding, and there is 
always a risk that the relatively high tempera- 
tures needed to melt the glass might change the 
characteristics of the electrode material. It has 
been reported that carbon fibres which had been 
in contact with a flame were more fragile and 
needed longer electrochemical conditioning. 24 It 
is necessary, therefore, to ensure the highest 
possible activity of the electrode surface, by 
establishing the most suitable and convenient 
pretreatment procedures for the electrochemical 
detector, following studies relating to the fea- 
tures of the analyte and sample matrix to be 
dealt with. 

This paper describes the development of a 
LC-EC method using a microelectrode flow cell 
based on a carbon fibre working electrode, for 
the determination of GV at concentration 
ranges of 1-30 ppb in human urine, and at 1-20 

ppm in poultry feed. The method could also 
determine GV in the presence of its major 
pharmacologically active metabolite (leuco 
Gentian Violet). 

EXPERIMENTAL 

Reagents and materials 

Carbon fibres, 14 pm in diameter, were ob- 
tained from Avco (Lowell, MA, U.S.A.). 
Chemicals were used without further purifi- 
cation. All chemicals were of analytical-reagent 
grade, unless otherwise indicated. Gentian Vio- 
let (USP, 25 Crystal Violet 96%) and leuco 
Crystal Violet were obtained from Sigma and 
were used to prepare reference standards. 

Chicken basal diet containing GV at 0 ppm 
and fortified feed containing GV at 2.5, 5.0 and 
10.0 ppm were kindly supplied by the National 
Food Centre (Dublin, Ireland). Human urine 
for control and recovery analyses were provided 
by healthy volunteers. The urine specimens were 
collected in polycarbonate bottles and were 
stored at - 4 ° C  until analysis. Stock standard 
solutions equivalent to 0.20 mg/ml GV were 
freshly prepared in LC grade methanol, mixed 
and then stored in a cool place (ca. 4°C) and 
protected from light. These were diluted and 
added to GV-free urine aliquots to generate 
spiked urine standards in the concentration 
range 1-30 ppb. The "spiked" samples were left 
for at least 1 hr before they were analysed to 
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Fig. I. (a) Method of fixing a carbon fibre into polyethylene tube. (b) The structure of the carbon fibre 
microelectrode flow cell consisting of: I, silver wire coated with Ag3PO4; 2, reference electrode body; 3, 
internal reference solution; 4, T-tube; 5, ceramic rod; 6, stainless steel counter electrode; 7. carbon fibre 

flow electrode. 
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permit any possible interactions between the 
drug and urine constituents. 

Fabrication of  microelectrode flow cell 

The method of inserting the carbon fibre into 
a polyethylene tube is shown in Fig. 1. An 
injection needle (o.d. 0.4 ram, i.d. 0.2 mm) was 
inserted through the centre of  a 15-ram piece of 
polyethylene tube (o.d. 2 mm, i.d. 0.5 mm). A 
carbon fibre (diameter 14 gin) was inserted into 
the injection needle, which was then removed 
from the tube, leaving the fibre behind. The 
needle holes were sealed by gentle heating with 
an electric iron. A copper wire of  0.5 mm 
diameter was wound around the sealed area for 
a few turns. The area was then covered with a 
layer of  silver epoxy resin. The resin was diluted 
with ethyl acetate to a suitable viscosity before 
application to the tube. After ! hr the electrode 
was ready for use. The copper wire was used as 
a lead for electrical connection. The silver phos- 
phate reference electrode was prepared by con- 
necting a silver wire (0.1 mm in diameter) to the 
anode and a platinum electrode to the cathode 
of a 1.5 V battery, while immersing the assembly 
for 2 min in a solution of I M  phosphoric acid. 
The wire was then inserted into a polyethylene 
tube, which was 15 mm long and 1 mm in 
diameter, and a porous rod (2 mm long and 
1 mm in diameter) was fitted to one end of the 
polyethylene tube. The reference electrode tube 
was then filled with an internal reference sol- 
ution containing I M  phosphoric acid, and this 
end was closed by heating. A length (2 cm) of 
stainless steel tubing (1 mm x 0.2 mm i.d.) 
served as the counter electrode. The working, 
reference, and counter electrodes were mounted 
in a T-tube arrangement, and the working elec- 
trode was connected to the outlet of the HPLC 
column (downstream of the working electrode). 
Hence the mobile phase eluent passed first 
through the working electrode and then via the 
counter electrode to waste. 

Cyclic voltammetry 

Cyclic voltammetric experiments were in- 
itially recorded on blank solutions of  0.05M 
acetate buffer, followed by solutions containing 
1 x 10 3M GV dissolved in 0.05 acetate buffer 
solution (pH 5.5) at a glassy carbon electrode. 
Voltammetric conditions were as follows: initial 
potential 0 V; final potential 1.6 V and scan rate 
50 mV/sec. Prior to scanning, the electrode was 
cleaned by washing with distilled water, polish- 
ing the surface with aluminium oxide powder 

(0.3 #m),  rinsing again with distilled water 
followed by acetone and finally drying with a 
tissue-paper. The glass cell and the counter 
electrode were soaked in HNO3 solution, and 
then rinsed thoroughly with triply-distilled 
water. The presence of any adsorption process 
was investigated by multiple CV scanning with- 
out pretreatment of  the glassy carbon electrode. 

Extraction and clean-up procedures 

Poultry feed. The sample preparation and 
clean-up procedures were reported previously 
by Roybal et al. ~ Blank chicken feed and sample 
feed were ground to pass through a 1 mm sieve 
(Pascal Engng Co. Ltd, Crawley, U.K.), stored 
in a quart glass jar, and kept in a cool, dry place. 
Ground feed (20 g) was then accurately weighed 
into a 500 ml centrifuge bottle, 200 ml 
methanol/1M HCI (99:1) was added and the 
mixture was shaken vigorously for 1 hr on a 
mechanical shaker, then left to stand overnight. 
An appropriate aliquot of  the supernatant was 
then pipetted into a 15 ml centrifuge tube 
according to the following schedule: GV (ppm), 
aliquot (ml): 10 ppm, 1 ml; 5 ppm, 2 ml and 2.5 
ppm, 4 ml. The aliquot was then diluted to 10 
ml with mobile phase and mixed. The solution 
was then filtered through a disposable, 5 l~m 
polytet rafluoroethylene (PTFE) membrane 
(Millipore Corp., Bedford, MA, U.S.A.) into a 
25 ml Erlenmeyer flask. Then 20 #1 of filtered 
solution was injected into the liquid chromato- 
graph. The concentration of GV (ppm) in feed 
was calculated as follows: 

ppm = (P /S )  × ( C / W )  x (D), 

where P = peak height (ram) obtained t¥om 
injection of filtered solution, S = average peak 
height (ram) obtained from injection of stan- 
dard, C = concentration (ppm) of injected stan- 
dard, D = final volume (ml) of filtered solution. 
and W = initial weight of  feed sample taken for 
analysis. 

Human urine. The procedures for extracting 
GV from urine specimens were based on the 
work of Rushing and Bowman. :<' A 100 ml 
portion of spiked human urine in a 165 ml 
culture tube was adjusted to pH 7.0 with 6M 
NaOH.  After the addition of 50 ml of 
dichloromethane the tube was gently shaken by 
hand for 3 min with care taken to prevent 
emulsification of the contents. The tube was 
then centrifuged for 5 rain at 500 rpm and the 
dichloromethane layer removed by syringe, 
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percolated through 20 g of sodium sulphate in 
a glass funnel (3.0 cm diameter), and collected 
in a 250 ml round-bottom flask. The extraction 
process was repeated with two additional 20 ml 
portions of  dichloromethane, the sodium sul- 
phate washed with 5 ml of dichloromethane, 
and the combined extracts evaporated to dry- 
ness on a 30°C water bath using water pump 
vacuum. The dry residue was transferred to a 50 
ml round-bottom flask by using four successive 
! ml rinses of  the dichloromethane which were 
then evaporated to dryness as described. The 
residue was finally dissolved in 1.0 ml of 
methanol and 100 pl were injected for analysis. 

The stability of  the urine samples at room 
temperature was tested by making 10 consecu- 
tive injections of the same urine sample over a 
period of approximately 5 hr. There were no 
significant changes in the peak current between 
the first five and the last five samples. In ad- 
dition, urine samples spiked with the test com- 
pound were stable for more than 5 days at 
_4°C.  

H P L C  

The HPLC separation used in this study for 
the chromatographic separation of  the 
triphenylmethane dye is similar to those re- 
ported by Roybal et al. 9 The system consisted of 
a stainless steel column (250 × 4.6 mm i.d.) 
packed with cyano packing material (particle 
size 5 ~m) (Hichrom Ltd, Reading, U.K.). The 
mobile phase was acetonitrile-acetate buffer 
(60:40); the acetate buffer was prepared by 
adjusting 0.1M sodium acetate solution (8.2 g 
sodium acetate/l 1. deionized water) to pH 4.5 
with glacial acetic acid (ca. 8 ml). Sample injec- 
tions to the column were introduced via a 
syringe-loading Rheodyne valve (Cotai, CA, 
U.S.A.). The analytical column was protected 
by a 20 mm direct-connect guard column, (LC- 
18-DB, Supelco, Inc., Bellefonte, PA, U.S.A.) 
packed with CN packing material (Lichrosorb 
10 CN, HPLC Technology, Macclesfield, U.K.). 
All solvents used in the HPLC system were 
filtered through a disposable 0.5 pm fluoropore 
filter (No. FHLP 04700, Millipore, Bedford, 
MA, U.S.A.). Oxidative amperometric measure- 
ments were performed using an EG&G Prince- 
ton Applied Research Model 400 EC 
potentiostat connected to the flow cell by 
crocodile pins. GV was detected amperometri- 
cally by employing a potential of + 1.3 V at the 
working electrode. The resultant signals were 
recorded on a Philips Model PM8261 X-t 

recorder (Eindhoven, The Netherlands) at a 
chart speed of 300 mm/hr. 

The peak currents as a function of concen- 
tration were then measured for quantitative 
analysis. Operating conditions: LC mobile 
phase at room temperature; the mobile phase 
flow rate was maintained at 1.0 ml/min through 
the analytical column: column temperature, am- 
bient; column pressure, ca. 1500 psi; the normal 
operating current range was set at 2 and 20 nA 
for full-scale deflection for the analysis of GV in 
human urine and poultry feed respectively. 

RESULTS AND DISCUSSION 

Cyclic voltammetric behaviour 

A typical cyclic voltammogram for a 
1 × 10-3M solution of GV obtained using a 
glassy carbon working electrode in 0.05M acet- 
ate buffer (pH 5.5) supporting electrolyte is 
shown in Fig. 2. The voltammogram showed 
one peak on anodic scanning between 0 and 
+ 1.4 V, with no peak on the reverse scan. The 
appearance of a single anodic peak in the first 
cycle only, with no cathodic peak on the reverse 
scan, is indicative of the irreversible nature of 
the oxidation process. Further cycling without 
reactivation of the electrode (scan B) showed 
complete suppression of the anodic peak 
indicating that the reaction product is strongly 
adsorbed on the electrode surface. 

_..... / 
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Fig. 2. Cyclic vol tammogram of I x 10-~M GV in 0.05M 
acetate buffer (pH 5.5) at a stationary glassy carbon elec- 
trode (A). The inset in (B) shows the cyclic vol tammograms 
obtained after recycling without intervening activation of 

the electrode. 
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Optimization of LC-EC conditions 

In order to determine the optimum applied 
potential for amperometric detection following 
liquid chromatography, a hydrodynamic 
voltammogram was constructed for GV (Fig. 3) 
by injecting 100 /d of 30 ppb GV standard 
solutions of the compound and recording the 
detector response at intervals of 0.10 V over the 
range +0.40 V to 1.40 V. The voltammogram 
verifies that GV undergoes a single oxidation 
within this potential range. The maximum cur- 
rents were achieved at a potential of + 1.40 V; 
however, the magnitude of the background cur- 
rent was about 0.004 nA at this applied voltage. 
It was found that reducing the potential to 
+1.30 V afforded a significant reduction in 
background current, which resulted in better 
signal-to-noise ratios; therefore, an applied po- 
tential of + 1.30 V was selected for the remain- 
der of the LC-EC studies. Using cyclic 
voltammetric data, existing HPLC information 
and the hydrodynamic voltammogram, the 
chromatographic system was developed to meet 
the requirement of both separation and detec- 
tion of GV in poultry feed and in human urine. 

Pretreatment of the carbon fibre working 
electrode 

The electrode response is usually affected by 
the features of the sample matrix. Urine is a 
complex medium that contains many complex 
biological materials that can interfere with the 
performance of  the analysis. In the proposed 
procedure, the occurrence of matrix effects 
(defined as the relative sensitivity in the presence 
of a matrix to that in the absence of  a matrix) 
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Fig. 3. Hydrodynamic vol tammogram obtained for 30 
ng/ml GV standard solution. Mobile phase: aceto- 
nitrile-acetate buffer (60:40), pH 5.5; working electrode: 14 

/~m carbon fibre. 
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Fig. 4. Chromatogram obtained by analysis of  human urine 
extract spiked with 5 ppb GV. Chromatographic  conditions 

(see text). 

during urine analysis was significant. It was 
necessary to counteract the matrix effect when 
the carbon fibre electrode surface became con- 
taminated. Electrochemical pretreatment was 
used to solve this problem. The working elec- 
trode was treated by applying -1 .4 0  V for 40 
sec and then +1.40 V for 40 sec 0's. 
Ag/Ag3PO4) followed by equilibration for 3 
min. When the upper potential limit was ex- 
tended to +1.5 V, many fibres were either 
broken or provided noisy and erratic oxidation 
peaks. When this pretreatment procedure was 
applied to the analysis of the urine specimens 
obtained from healthy volunteers, the interfer- 
ences from other urinary constituents were 
effectively eliminated. The pretreatment regime 
also improved the correlation coefficient for the 
calibration graph and the sensitivity of the 
method; making the pretreatment of the elec- 
trode an essential step for the determination of 
GV using the microelectrode flow cell. A similar 
improvement was observed when the pretreat- 
ment procedure was applied during the analysis 
of the animal feed. One explanation of this 
behaviour is the increase of the effective rates of 
electron transfer by generating electrocatalytic 
functional groups at the surface of the electrode 
due to pretreatment. 

Chemical pretreatment of the carbon fibre 
electrode were also tried. The working electrode 
was immersed for 20 rain in HNO~, H~SO4, 
H202 and concentrated acid dichromate sol- 
ution. In all these cases the resulting test voltam- 
mograms showed poor defined peak shapes. The 
flow system used provides short contact between 
the sample and the active surface allows mini- 
mal contamination of the electrode surface. 
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Table I. Precision of the assay in (a) urine and (b) 
chicken feed 

Mean 
concentration 

Concentration found* RSD 
spiked (ppb ) (ppb ) (%) 

(a) 
4.0 3.6 3.5 
7.5 7.1 2.3 

10.0 9.4 5.1 
(b) 

2.5 2.4 4.2 
5.0 4.7 2.5 

10.0 9.6 1.7 

*n = 5. 
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Determination of  Gentian Violet in human urine 
and poultry feed 

The analytical procedure was then applied to 
control human urine and poultry feed samples 
to establish the limit of  detection and recovery 
of  the method. 

Linear range. A series of  external GV stan- 
dards were prepared in a mixture consisted of  
methanol : water (95 : 5), and a calibration graph 
based on the mean (n = 5) detector response 
values was constructed by injecting between 1 
and 30 ppb of GV for standard solutions for 
urine samples analysis and between 1 and 20 
ppm for poultry feed analysis. Peak currents 
were measured and graphs of peak current vs. 
amount  injected were constructed. The linear 
calibration curves indicated that the oxidation 
of GV at the carbon fibre working electrode is 
reproducible over these ranges using the micro- 
electrode flow cell and the chromatographic 
conditions, with correlation coefficients of  
greater than 0.996 for both studies. The charac- 
teristics of  these curves were slope: 2.1 × 10 -3 
nA/ppb and 9.1 × 10 2 nA/ppm, and intercept 
1 x 10 -3 and 2 x 10 -3 nA for human urine and 
poultry feed analysis, respectively. These call- 

Table 2. Recovery of  (a) GV from spiked urine specimens 
and (b) chicken feed 

Sample 

GV concentration (pph) 

Mean amount Mean recovery 
Present found* (%) 

(a) 
A 2.0 1.8 90 
13 5.0 4.6 92 
C 15.0 14.1 94 
(b) 
A 2.5 2.4 96 
B 5.0 4.7 95 
C 10.0 9.6 95 

* n = 5 .  

2 I 

~=_-- 

Time (min) 

Fig. 5. Typical chromatogram of the separation of leuco 
Gentian Violet and Gentian Violet at + 1.3 V for (A) blank 
urine extract and (B) spiked human urine containing 15 ppb 

of (I) leuco and (2) chromatic form of  Gentian Violet. 

bration ranges were considered suitable for the 
applications being undertaken in this study. The 
limit of  detection was taken to be the concen- 
tration at which the signal was three times 
greater than the noise of  the base line. The 
minimum detectable concentration was found 
to be 0.5 ppb. 

Precision. The method described has been 
applied to a number of  samples of  human urine 
and poultry feed. The LC-EC chromatograms 
obtained for GV extracted from human urine 
and chicken feed as described earlier, showed a 
well defined peak for GV with a retention time 
of 11.0 min (Fig. 4). The precision was measured 
as the relative standard deviation of a repeated 
injection of  the same quantity of  a sample at 4, 
7.5, and 10 ppb urine samples and at 2.5, 5, and 
10 ppm feed samples. The results summarized in 
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Table l(a) and (b) display an acceptable level of 
accuracy and precision, with the RSD ranging 
between 1.9 and 4.2%. These results are in good 
agreement with those published by other 
authors. 

Recovery studies. The extraction procedures 
produced a "clean" extract and consequently 
good recoveries of GV. Table 2(a) and (b) show 
the overall recovery of GV, which was assessed 
by comparing the representative peak currents 
for spiked urine specimens and poultry feed 
sample taken through the study with the peak 
current for corresponding standards. The recov- 
eries of GV from spiked urine blanks and from 
chicken feed ranged from 91.69 to 94.09% at 
ppb levels and from 94.85 to 95.70% at ppm 
levels and averaged 94.06%. These recovery 
levels are satisfactory, and the concentration of 
the "spiked samples" did not appear to influ- 
ence the recovery of GV residues in urine spec- 
imens. 

Interference' study. In many cases quantitation 
of metabolites in addition to the parent drug 
will be required if these metabolites are pharma- 
cologically active. Intestinal microflora, under 
anaerobic conditions, are capable of metaboliz- 
ing GV by reduction to its leuco (colourless) 
form. 27 According to the U.S.A. National 
Centre for Toxicological Research, 28 this leuco 
derivative (LGV) is then "structurally similar to 
the classical aromatic carcinogens". The poss- 
ible potential interference of the leuco derivative 
in the determination of GV was tested using the 
proposed method. 

Figure 5 shows the chromatogram observed 
for simultaneous determination of spiked hu- 
man urine containing 15 ppb of GV and LGV. 
It can be seen from this figure that both forms 
are well resolved and there were no significant 
effects due to the added interferent. This meta- 
bolic product would not be expected to interfere 
in real samples as the level of spiking was 
considerably higher than that normally found in 
human urine. 

CONCLUSION 

This research describes a sensitive LC-EC 
method for quantitative analysis of GV in hu- 
man urine and chicken feed using an electro- 
chemical microelectrode flow cell. The detector 
has been found to exhibit a considerable im- 
provement in the limit of detection over a 
previously reported method which involved am- 
perometric detection using a glassy carbon 

macroelectrode. 9 The use of the carbon fibre 
overcame many problems associated with the 
use of glassy carbon electrodes. The method 
eliminates interferences from other urinary con- 
stituents and provided a reliable and fairly 
precise tool for biological monitoring of GV. 
The ability of simultaneous determination of the 
parent drug (GV) in presence of its major 
demethylated metabolite (LGV) could be of 
great importance in studying the biotransform- 
ation of GV into its leuco form. It is considered 
that the method will be useful for both clinical 
and pharmacokinetic studies. 
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Summary--Potentiometric titration was used to determine the logarithms of the stepwise equilibrium 
constants for the species formed between morpholine and formaldehyde in aqueous solution, ionic 
strength 0.5 and 2.5M (KCI) at 25:'C. The instrumental and computational techniques developed for 
metal-ligand stability constant determination were applied. Formaldehyde is equivalent to the metal-ion 
and is represented by M while neutral morpholine is equivalent to the ligand and is represented by L. 
The stability constants of the following equilibria were determined by non-linear regression (figures in 
parentheses are at ionic strength 2.5M KCl): M+L~,~-ML (hemi-aminal) 1ogK~=2.90+0.02 
(2.980 + 0.004); ML + L ~- ML 2 (bis-aminal); log K_, = 1.3 +_ 0.2 ( 1.41 + 0.07); MLH ~- ML + H + (proto- 
nated hemi-aminal) pK~ = 5.87 + 0.01 (6.411 __ 0.005); ML2H ~ ML., + H + (protonated bis-aminal) 
pK, = (7.6 _+ 0.2). The pK~ of the protonated bis-aminal could only be determined at the higher ionic 
strength. The results are in good agreement with reported values determined using the classic formol 
titration. The automated titration system acquired the full time course of the pH change upon each titrant 
addition allowing a kinetic analysis to be performed as well as an equilibrium analysis. The forward and 
reverse rate constants for M + L~.~ML were 0.77M ~ sec -~ and 8.1 x 10 4 sec t respectively. 

The species known to form when formaldehyde 
and a secondary amine are mixed in aqueous 
solution are shown in Scheme 1. The equi- 
librium constants  o f  this system have been 
determined by Kallen et al. using the formol 
titration. ~ This involves measurement  o f  the 
change in pH  of  amine/aminium composi t ions 
as a function o f  formaldehyde concentrat ion.  
The analysis o f  data  in that work involved a 
number  o f  elegant graphical extrapolat ions and 
linearisations. The high pH at which formal- 
dehyde-morphol ine  solutions undergo changes 
in speciation simplifies the algebra because the 
free p ro ton  concentra t ion can be neglected in 
conservat ion equations. However,  it is useful to 
recognise that the mul t i -component  formal- 
dehyde-morphol ine  equilibrium system is de- 
scribed by a set o f  conservation equations and 
equilibrium equations in an identical fashion to 
metal- l igand equilibrium systems. Multi-para- 
metric non-linear regression of  potentiometric 
titrations has been widely used to determine 
metal- l igand stability constants  and a number  
o f  sophisticated algorithms and computer  pro- 
grams have been developed to handle this type 
o f  data  analysis. 2 This work examines the appli- 
cation o f  the experimental and computa t ional  

techniques developed for metal ligand stability 
constant  determination to the entirely organic 
formaldehyde-morphol ine  system. (See over for 
Scheme 1 ). 

The set o f  conservation equations 1 3 and the 
equilibrium equations 4 describe the system. M~, 
L~ and H~ are the total analytical concentrat ions 
o f  formaldehyde,  morphol ine  and proton:  m, l 
and h are the free concentrat ions o f  formal- 
dehyde, morphol ine and proton at equilibrium 
and pj, qj and rj are the stoichiometries of  
formaldehyde,  morphol ine  and proton in t he j th  
complex species Sj with formation constant  /~j 
and Kw is the ion product  o f  water. The notat ion 
is consistent with most  metal- l igand titration 
studies if formaldehyde is considered to be the 
metal-ion ligated by morpholine.  

Mt = m + ZpiS i ( 1 ) 

L, = 1 + EqjS/  (2) 

H, = h + E r ~ S j -  K , / h  (3) 

S I = flimPlqh '. (4) 

The set o f  equations can be solved 
by Gaus s -Newton  iteration in the three 
variables m, / and h as described in many 
previous publications on potentiometric 
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titrations of metal-ligand equilibria. 3"4 The 
stability constants and other parameters de- 
scribing the model system may then be 
optimized non-linearly by least squares 
regression analysis of the potentiometric 
data. The use of these equations in the non- 
linear regression program NONLIN 15 
(QuickBasic 4.5) has been described 
previously. 3 

The only potential difficulty is the slow 
kinetics of the formaldehyde morpholine system 
compared with many metal-ligand systems. 
An automated potentiometric titration system 
developed for metal-ligand titrations was 
modified to allow acquisition of pH v s  time 
after each titrant addition to ensure that equi- 

librium had been achieved. The glass electrode 
response is relatively rapid (about 5 sec to reach 
a stable reading in calibration titrations of HC1 
with KOH) so the pH variation after 5 sec 
reflects the kinetics of hemi-aminal and bis-am- 
inal formation. This slower change is exper- 
imentally found to be exponential as expected 
for a small amplitude perturbation from equi- 
librium. Fortunately, the half-times of the 
exponentials obtained in the formal- 
dehyde-morpholine system are short enough to 
make the titrimetric technique practical. The 
time course, together with the speciation deter- 
mined from the equilibrium pH titration permit- 
ted the determination of some of the rate 
constants involved. 
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Fig. 1. Titrations of morpholinc in the presence of form- 
aldehyde at increasing concentrations giving morpho- 
line: formaldehyde ratios of: curve 1 A, 7.87 : 1; curve 2 Q, 
2.62:1; curve 3 O, 0.784:1 and curve 4 73, 0.0784:1. The 
solid lines are titrations simulated with the parameters 

optimized by non-linear regression. 

E X P E R I M E N T A L  

Data were collected by an automated titration 
system operated by a PC and software devel- 
oped to permit pH to be recorded with time for 
each titrant addition. The instrument comprises 
a stepper motor driven, micrometer mounted 1 
ml syringe (Agla) and a Coming A250 pH 
meter. The computer program which controls 
the titrator continues to acquire values of pH 
until the slope of pH against time, plus twice the 
standard error of the slope is less than 0.0002 
pH units per second. The water jacketed ti- 
tration vessel was maintained at 25.0°C + 0.01 
by a Grant-Barrington thermocirculator. Stock 
solutions of formaldehyde and morpholine were 
all maintained at the same ionic strength (0.5 or 
2.5M KCI). Formaldehyde solutions were pre- 
pared from 37% w/w solution containing 10% 
methanol stabilizer (Aldrich); morpholine from 
the free base (Aldrich). A glass electrode and 
calomel reference electrode were used. Acid was 
HCI (1.022 or 5.00M ) base was KOH (0.984 or 
5.00M) both Aldrich standard solutions. Water 
was distilled and deiomzed (18 M~/cm). 

Typical titration procedure 

KC1 (10 ml) was acidified with 100 /zl of 
1.022M HCI and titrated with 200 pl of 0,984M 
KOH to calibrate the electrodes. Then 400 #1 of 
HCI and 1 ml of the morpholine solution were 
added and titrated with 470 #1 of KOH in 10 #1 
aliquots. Thereafter, acidification and titration 
were repeated after additions of 30, 170 and 
1800 p l of formaldehyde solution. Thus all 
titrations were performed by additions to the 

same solution without removing the glass 
electrode. 

RESULTS 

Stability constants 

Titrations with fixed morpholine and increas- 
ing concentrations of formaldehyde are shown 
in Fig. !. Introduction of formaldehyde leads to 
a decrease in pH in the buffer region because the 
hemi-aminal (ML) and bis-aminal (ML2) are 
weaker bases than the free morpholine. The pKa 
of the hemi-aminal (5.87) is 2.7 units below that 
of morpholine itself (8.545) while the pK~ of the 
bis-aminal is only 1.5 units below morpholine so 
the decrease in pH that results from formation 
of  bis-aminal is less dramatic than that resulting 
from hemi-aminal formation. Increasing the 
formaldehyde concentration gives a buffer re- 
gion of progressively lower pH with the limiting 
buffer region of pK, 5.87 corresponding to 
quantitative formation of the hemi-aminal. The 
pK, of formaldehyde hydrate (12.78) becomes 
significant at high formaldehyde concentrations 
(Fig. 1, curve 4). This ionization is entirely 
analogous mathematically with the hydrolysis 
of metal-ions to metal-hydroxides and is dealt 
with as such by the computational analysis. 
Speciation for the titration curve 2 is shown in 
Fig. 2. High concentrations of formaldehyde 
and morpholine were required to give concen- 
trations of  bis-aminal and the protonated ami- 
nals ( M L +  H ÷, ML 2+ H +) which could be 
detected. A correspondingly high concentration 
of KC1 was required in these titrations to keep 
the ionic strength constant. The parameters 
optimized by non-linear regression are summar- 
ized in Table 1. The sequence of  analysis was as 

1.0 

0.8 

~ 0.6 

~ o.4 
.~, 

I.t. 0.2 

0.0 

vlLH 

100 200 300 

Volume of 5M KOH/Ial 

i , , , 

400 500 

Fig. 2. Speciation of formaldehyde morpholine solution 
during titration curve 2 (~) of Fig. I. Species are shown as 

the mole fraction of formaldehyde involved. 
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Table I. Globally optimized parameters and comparison with values determined by Kallen e t a / .  ~ 
(calculated from Kallen e t  al .  j Table I) 

log/3 (25.0 'C) 

This work 

0.5M 2.5M Kallen e t  a l .  ~ 

m / h KCI KCI 1.0M KCI 

Morpholinium 0 I 1 
Hemi-aminal 1 1 0 
Protonated hemi-aminal I I 1 

Bis-aminal 1 2 0 

Protonated bis-aminal 1 2 1 

Formaldehyde pK a 1 0 - 1 

8.545 (0.003) 9.116 (0.009) 8.88 
2.90 (0.02) 2.98 (0.004) 2.97 
8.77 9.391 9.06 
pK a = 5.87 (0.01) pK d = 6.411 (0.005) pK~ = 6.09 
4.2 4.389 4.23 
log K, = 1.3 (0.2) log K 2 = 1.410 (0.07) log K, = 1.26 
indeterminate 11.973 11.61 

pK, = 7.6 (0.2) pKd = 7.38 
12.78 (0.05) 13.04 (0.05) - -  

Numbers  in parentheses are standard errors. 

follows. The calibration titration and the mor- 
pholine titration were optimized globally to 
determine the electrode zero, the pKa of mor- 
pholine, the concentration of morpholine, the 
value of pKw and the initial acid concentration. 
Two titrations containing formaldehyde (30 and 
200 /~1) were than analysed holding the par- 
ameters above constant and globally optimizing 
only the values of log K~ and log K2, the pK~ 
value of the protonated bis-aminal, the initial 
acid concentration, the added acid concen- 
tration. Finally the two titrations containing 
200/~1 and 2 ml of formaldehyde were analysed 
optimizing the pKd of the protonated hemi- 
aminal, initial acid concentration and added 
acid concentration. At the lower formaldehyde- 
morpholine concentration (titration conducted 
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Fig. 3. Variation of  pH with time at the titrant volume 
indicated. The data corresponds to curve 2 (O)  in Fig. 1. 
The rapid pH change completed in the first 5 sec is the 
equilibration of  the glass electrode with the solution. The 
slower change is the equilibration of  formaldehyde and 
morpholine with aminal. The slower change is an exponen- 
tial relaxation with a half-time which varies with pH. The 
pH is uncorrected and includes an electrode zero of  0.782. 

in 0.5M KCI) the concentration of the 
bis-aminal was too low to determine its pK,. 

Kinetics 

The ability of the instrumentation to record 
the full time course of the change in pH after 
each titrant addition (Fig. 3) allows some kinetic 
analysis. The time course is well modelled by a 
single exponential (Fig. 4). For a small pertur- 
bation of the system shown in Scheme 1, assum- 
ing that all proton exchanges are rapid, a two 
exponential relaxation is expected, one for each 
equilibrium that is not a proton transfer reac- 
tion. Under conditions where [ML] far exceeds 
[ML2], the amplitude of the second exponential 

8 . 0 0  

7 . 9 5  

7 . 9 0  

8 

7 .85  

7 . 8 0  i I i I i i 
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Fig. 4. The relaxation to a new equilibrium position after 
each titrant addition is a single exponential under conditions 
where [ML]>>[ML2]. The solid line is simulated from the 
value of  ko~ optimized by non-linear regression using a 
single exponential function, The data corresponds to the 
addition of I0 pl of  0.2M KOH to give the 100 p l  titration 
point of  curve 2 (O) in Fig. 1. The first 10 sec have been 
truncated to remove the initial response of  the glass elec- 

trode to the changed pH. 
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will be negligible and the single remaining 
exponential should have a rate constant that 
is dependent on the concentration of free form- 
aldehyde ([M]) and morpholine ([El) as shown 
by equation 7. 

kt 
M + L ~ M L  K~ = 954 

k2 

kob, = k2 + k, ([M] + [L]) (5) 

K, = [ML]/[M] [L] = k , / k  2 (6) 

kob s = k, (!/K, + [M] + [L]). (7) 

The concentrations, [M] and [L], for each 
relaxation, were obtained from the speciation 
calculated from stability constants determined 
in the previous section. A plot of kob s against 
1/K~ + [M] + [L] should then give a straight line 
through the origin with a gradient of kL (Fig. 5). 
Linear regression to this model gives a value of 
kt = 0.77M-lsec -t. Since kl/k2 = 954M/sec, k 2 

must be k~/Kt = 8.1 x 10 -4 sec ~. In principle 
the same approach could be used to determine 
the rate constants comprising K2. 

DISCUSSION 

The results are generally in agreement with 
Kallen and Jencks but are likely to be of greater 
accuracy mainly because analysis of full pH 
titration curves allows the use of internal 
calibration of the glass electrode zero, total 
morpholine concentration and total acid con- 
centration. The introduction of the protonated 
bis-aminal, led to a significant improvement in 

0,025 

0.020 

- 0.015 
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0.005 

0000 / '  
0.000 0 .005  0 .010  0 .015  0 .020  0 .025  0,030 

O/K,+ IM] + [LI)/M 

Fig. 5. The value ofkob ~ at each titration point from 120 180 
#1, curve 2 ( ~ )  in Fig. 1, against I /K  I + [L] + [M] where [L] 
is the concentration of free neutral morpholine and [M] that 
of  free formaldehyde calculated from the speciation at each 
point. The solid line is drawn from the slope optimized by 
linear regression to equation (7). This gives a value for k~ of 

0.77M - i sec- i. 

the fit, although the standard error of this 
parameter is large. 

The stability constants of the hemi-aminal 
and bis-aminal are not altered greatly by a 
five-fold increase in ionic strength. This is to be 
expected since both species have no net charge. 
However the pK, of the morpholinium ion and 
of the protonated hemi-aminal increase by 0.57 
and 0.54 respectively. Because the pK~ of the 
protonated bis-aminal could only be determined 
at the higher ionic strength, the effect of ionic 
strength on its value is not known, it pre- 
sumably increases by a similar amount to the 
hemi-aminal. The result of increased ionic 
strength is thus to decrease the concentration 
of hemi-aminal and bis-aminal while the 
concentration of morpholinium, protonated 
hemi-aminal, and probably also the protonated 
bis-aminal, should increase slightly in 
concentration. 

The kinetics of approach to equilibrium at 
each titration point provides valuable additional 
information from which rate constants can be 
readily determined. 

Metal-ligand potentiometric studies have led 
to a large number of computer oriented algor- 
ithms and programs which exploit them. The 
majority of these should be applicable without 
any modification to the analysis of formal- 
dehyde-amine equilibria if formaldehyde is rec- 
ognized as playing the role of the metal-ion 
while the amine is the ligand. Examples are the 
non-linear regression programs NONLINI5,  ~4 
TITFIT 5 and BEST. 6 Most of these programs 
can also be used to generate simulated 
speciation. 

The stability constants reported in this work 
and the effect of ionic strength on them, are 
important in the analysis of reaction rates in- 
volving hemi-aminals and bis-aminals as a func- 
tion of pH and ionic strength. For example, the 
bimolecular aromatic Mannich reaction in 
aqueous media probably proceeds via elec- 
trophilic attack of hemi-aminals and bis- 
aminals on phenols. The determination of 
equilibrium speciation has recently enabled the 
author to determine, for the first time, the rate 
constants for the individual species in the 
Mannich reaction of the 3-hydroxy-4-pyrone, 
kojic acid. 
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Summary--An ion-exchange method has been developed for the separation of palladium, platinum and 
rhodium from a solution that is highly acidic and contains a considerable amount of lead, aluminum, iron 
and cerium, obtained by leaching a used honeycomb type automotive catalytic converter. A column of 
Amberlite IRA-93 anion-exchange resin was found appropriate to recover platinum metals from the 
pregnant solution. Selective stripping of these metals from the resin was achieved by eluting rhodium first 
with 6.0M hydrochloric acid, then palladium with a 1% ammonia solution at ambient temperature, and 
platinum with 5% of the reagent at elevated temperatures. Optimum conditions for leaching these metals 
from the catalyst were 5.0M hydrochloric acid and 0AM sodium chlorate at 70C. This method can be 
applied to both analytical as well as large scale operations. It is simple, economical, and relatively safe 
for human exposure and the environment. 

There are two common automotive catalytic 
converter catalysts in use) The so-called 'low- 
loading' form contains about 370 ppm of plati- 
num and about 160 ppm of palladium, and the 
'high-loading' form contains approximately 
60% more of each of these elements. There is 
also an 'extra high-loading' catalyst which con- 
tains about 850 ppm of platinum and 350 ppm 
of palladium and even some varieties which 
contain more palladium than platinum. These 
palladium-platinum catalysts are usually re- 
ferred to as 'two-way' catalysts since they cause 
the oxidation of both carbon monoxide and 
hydrocarbons. 

Rhodium has been introduced into catalytic 
converters. Since then, approximately 73% of 
the world production of rhodium is consumed 
in the production of autocatalystsfl These 
monolithic automotive catalysts are typically 
Cordierite type honeycombs with platinum, pal- 
ladium and rhodium. These catalysts are called 
'three-way' catalysts, since they not only oxidize 
carbon monoxide and hydrocarbons but also 
various nitrous oxides. 

*Present address: Allied Signal Research & Technology, Des 
Haines, IL 60017, U.S.A. 

tAuthor to whom correspondence should be addressed. 

The average loading of platinum group 
metals per catalytic converter has been 0.05 troy 
ounces of platinum, 0.02 troy ounces of palla- 
dium and 0.005 troy ounces of rhodium) Each 
year, approximately 10 million automobiles are 
scrapped in the United States. Based on an 
equivalent number of converters, it is estimated 
that 500,000 troy ounces of platinum and 
200,000 troy ounces of palladium and 50,000 
troy ounces of rhodium will be wasted annually 
just in the United States. The annual world 
consumption of these metals for autocatalyst 
use could double or triple the above numbers. 
Since these metals are in limited supply, a 
successful process for their recovery from cata- 
lytic converters will play an important part in 
their future availability and prices. 

Dissolution of palladium, platinum and 
rhodium presents special problems owing to 
their generally high ionization potential (the 
first ionization potential of Pd=8.3  eV, 
Pt -- 9.0 eV and Rh = 7.5 eV). This coupled with 
the complex variety of elements in the used 
catalytic converter makes it difficult to leach 
these metals from the catalyst, and to isolate 
them from the pregnant solution. Furthermore, 
the increasing variety of catalysts produced, the 
apprehension over industrial pollution, and 
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concern with human exposure to chemicals is 
making the development of new processes to 
recover these metals from the catalysts more 
difficult. 

The method commonly employed for a selec- 
tive separation of palladium, platinum and 
rhodium from the solution obtained by leaching 
catalytic converters is based on 'wet chemical' 
procedures. ~'4 Platinum is precipitated as am- 
monium hexachloroplatinate(IV) and rhodium 
as ammonium hexachlororhodate(IIl) by satu- 
rating the decomposed mother liquor with am- 
monium chloride. Palladium is precipitated as 
ammonium hexachloropalladate(IV) after oxi- 
dation to palladium(IV). This method is con- 
sidered inefficient by today's standards in terms 
of the degree of separation achieved, the yields 
obtained, and the complexity of the operation. 
Solvent extraction methods 5-7 have ben devel- 
oped to overcome the problems related to tra- 
ditional practice. However, this technique is 
characterized by very slow kinetics s and selec- 
tive back-extraction does not appear to be easily 
achieved. 9-~2 Furthermore, the utilized organic 
solvents tend to be volatile, flammable and toxic 
which may introduce pollution to the environ- 
ment. 

The purpose of this study was to develop an 
ion-exchange method for the selective separ- 
ation of palladium, platinum and rhodium from 
the solution obtained by leaching them from the 
honeycomb type catalytic converter. The opti- 
mum conditions for leaching these metals from 
the catalyst were also investigated. 

EXPERIMENTAL 

Reagents 
Anion-exchange resins Amberlite IRA-68 

(20-30 mesh particle size) and Amberlite IRA- 
93 (20-30 mesh particle size) both from Alfa 
Products, and Amberlite IRA-400 (16-50 mesh 
particle size) of Aldrich Chemical Company, 
were used in their chloride forms. These resins 
were equilibrated with 10% hydrochloric acid 
before use. Palladium, platinum and rhodium 
stock solutions of 1000 ppm were prepared by 
dissolving a weighed amount of palladium(II) 
chloride (Aldrich Chemical Company), platinu- 
m(II) chloride (Johnson Matthey) and rhodiu- 
m(Ill) chloride (Aldrich Chemical Company) in 
10% hydrochloric acid solution. A stock sol- 
ution of 10.0M lithium chloride and 0.45M 
lanthanum nitrate hexahydrate (Li/La) was pre- 

pared in deionized water. All other reagents 
were of analytical grade. A used honeycomb 
type automotive catalytic converter ground to 
minus 60 mesh particle size was obtained from 
Catalytic Converter Refining Co., Northlake, 
IL. 

Apparatus 
A glass chromatographic column (18 cm long 

and 4.8 mm inner diameter) was used. Palla- 
dium, platinum and rhodium were determined 
with a Spectraspan IV (Beckman Instruments) 
direct coupled plasma atomic emission spec- 
trometer. The flow rate was controlled by an 
Econo peristaltic pump (Bio-Rad, California). 
An ATC autosampler (Techni Lab, N J) was 
used to collect 2 ml fractions. 

Leaching procedure 
The schematic diagram for leaching palla- 

dium, platinum and rhodium from the catalytic 
converter is shown in Fig. 1. A 20.0 g sample in 
a 250 ml beaker was treated with 95.0 ml of 
the desired concentration of hydrochloric acid. 
With continued stirring, the heterogeneous mix- 
ture was heated (see discussion for details) and 
then a small amount of sodium chlorate was 
added slowly from a 50.0 ml buret. After cool- 
ing to room temperature in an ice bath, the 
solution was filtered into a I00 ml volumetric 
flask and distilled water added to the mark. This 

Automotive 
Catalyst 

Crush 

N!CIO~ I 

Fl ler 

I Pt~Pd~Rh~ Pb~Fe,AI & Ce Sludge 
Fig. 1. Flow diagram for leaching palladium, platinum and 

rhodium from automotive catalyst. 
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solution was then divided into two 50.0 ml 
portions. To one portion, 2.50 ml of the Li/La 
solution was added to suppress interferences 
and improve detection limits. This portion was 
then used for the analysis of palladium, plati- 
num and rhodium. The other portion was used 
to determine the acidic content. 

Recovery and stripping procedure 

Batch ion-exchange procedure. Resin (1.0 g) 
and 10.0 ml solution of palladium, platinum and 
rhodium were stirred moderately for 2.5 hr at 
room temperature in a 25 ml beaker. After 
equilibration the solution was filtered through a 
Whatman # 2 filter paper. The loaded resin was 
then washed for 5 min with 10.0 ml deionized 
water, filtered and mixed with 10.0 ml of the 
stripping solution for 1.5 hr at room tempera- 
ture. To the filtrate from the recovery and 
stripping experiments, 0.50 ml of the Li/La 
solution was added and the filtrate solution 
then analyzed for palladium, platinum and 
rhodium. 

Column ion-exchange procedure. The column 
was filled with a slurry of the resin until the 
settled resin bed reached the top of the column 
(2.0 g of dry resin). A 25.0 ml portion of the 
pregnant solution was passed through the 
column at a flow rate of 1 ml/min controlled by 
the peristaltic pump. The platinum metals were 
then selectively eluted from the column with the 
stripping solution. In both studies, 2 ml frac- 
tions of the eluate were collected with auto 
sampler, treated with 0.10 ml of the Li/La 
solution, and analyzed for palladium, platinum 
and rhodium. 

RESULTS AND DISCUSSION 

The optimum conditions for leaching palla- 
dium, platinum and rhodium from the used 
catalytic converter were established by investi- 
gating the effects of various parameters. 

Effect o[" sodium chlorate concentration 

Varying the concentration of sodium chlorate 
from zero to I . IM (Fig. 2) indicating that at 
zero sodium chlorate, less than 5.0 ppm of 
palladium, 0.5 ppm of platinum and 1.1 ppm of 
rhodium were recovered. Leaching increased 
sharply with increasing sodium chlorate to a 
maximum of 32.5 ppm palladium, 290 ppm 
platinum and 7.0 ppm rhodium at 0.4M sodium 
chlorate and then decreased slowly. The effect of 
sodium chlorate on the concentration of hydro- 

35O 35 

SO0 30 

2O 

t 

o 0 
0.00 0.40 0.80 1.20 

o r  

£1- 

[NaCl03 }~n,~, M 

Fig. 2. Effect of sodium chlorate concentration on leaching 
palladium, platinum and rhodium: autocatalyst 
weight=20.0 g, [HCl]initial=4.8M, temperature=7ff~C. 

heating period = I hr: (Q) Pd, (A) Pt, (IS]) Rh. 

chloric acid of the leached solution was linear; 
acid concentration decreased with increasing 
sodium chlorate (fits the least-squares equation 
[HCI]~,~t = - i.878 [NaC103]m~t~a~ + 3.624). The 
decrease in acid concentration may explain the 
decrease in palladium, platinum and rhodium 
leached beyond 0.4M sodium chlorate concen- 
tration. 

Effect of hydrochloric acid concentration 

Leaching palladium, platinum and rhodium 
from 0.4M sodium chlorate solutions increased 
from 2.0 ppm at zero concentration to a maxi- 
mum of 31.4 ppm at 1.8M hydrochloric acid 
(Fig. 3). The amount of platinum leached in- 
creased sharply from 0.8 ppm at zero concen- 
tration to 327 ppm at 7.2M and then remained 
constant at higher concentrations of acid. 
About 0.1 ppm rhodium was leached in the 
absence of hydrochloric acid and 5.5 ppm at 
1.8M which further increased to a maximum of 
8.1 ppm from a 5.4M solution. The increase 
in the amount of palladium, platinum and 
rhodium leached with increasing acid concen- 
tration may be related to the formation of 
chiorocomplexes of these metals [PdCI~,  
PtCI~ and RhCI 3-] which are much more 
stable than their aquocomplexes [Pd(H_,O)] +, 
Pt(H20)~ + and Rh(H_,O)~+]. 
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(HCII~,,,~, M 

Fig. 3. Effect of  hydrochloric acid concentration on 
leaching palladium, platinum and rhodium: autocatalyst 
weight = 20.0 g, [NaCIO3] = 0.4M, temperature = 70°C, 

heating period = 1 hr: (O) Pd, (A) Pt, (lq) Rh. 

Effect of temperature 

Palladium leaching was independent of the 
temperature (Fig. 4), while platinum leaching 
increased from 176 ppm at room temperature to 

35O 
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4O 8O 
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0 0 
0 120 

Temperature, °C 

Fig. 4. Temperature effect on leaching palladium, platinum 
and rhodium: autocatalyst weight = 20.0 g, [HCl]initial = 
4.8M, [NaCIO3]=0.4M, heating per iod= I hr: (O) Pd, 

( ~ )  Pt, (i-q) Rh. 

a maximum of  325 ppm at 95°C. Rhodium 
leaching increased from 3.3 ppm at room 
temperature to a maximum of 9.5 ppm at 95°C. 
The effect of temperature on the hydrochloric 
acid content of  the leached solutions showed a 
linear decrease in acid concentration with tem- 
perature which can be expressed by the follow- 

~: ing regression equation [HCI]~,~I = -0 .043  
t + 5.104 over the temperature range of 32 ° x 
to 95°C studied. Because hydrochloric acid 

~" evaporates at elevated temperatures, a tempera- 
ture of 70°C was recommended for optimal 
leaching. 

Separation of palladium, platinum and rhodium 

Evaluation of anion-exchange resins. Three 
anion-exchange resins, Amberlite IRA-400, 
Amberlite IRA-93 and Amberlite IRA-68 were 
tested using a batch procedure to select a resin 
that is efficient in both recovery and stripping of 
palladium, platinum and rhodium. Recovery of 
these metals from a 4.0M hydrochloric acid 
solution containing a synthetic mixture of 25 
ppm of each metal, and stripping with 5% NH 3 
solution were investigated. Although the quanti- 
tative recovery of  palladium and platinum could 
be achieved with both Amberlite IRA-400 and 
Amberlite IRA-93 resins, the latter exhibited 
more favorable results in the recovery of 
rhodium and its stripping with platinum 
(Table 1). 

Recovery of Pd, Pt and Rh. The recovery of 
palladium, platinum and rhodium from a preg- 
nant solution that was made 280 ppm platinum, 
340 ppm palladium, 380 ppm rhodium and 
which contained 6450 ppm aluminum, 1610 
ppm iron, 947 ppm cerium and 397 ppm lead 
showed a recovery of  99% palladium, 97% 

~t platinum and 61% rhodium (Table 2). The 
results also indicated that 13% aluminum, 32% 
iron, 18% cerium and 80% lead were retained 

o_ by the resin. The decomposition of RhC163- in 

Table 1. Recovery and stripping efficiencies of  palladium, 
platinum and rhodium using Amberlite IRA-400, Amberlite 

IRA-93 and Amberlite IRA-68 resins 

% Recovery* % Strippingf 

Resin Pd Pt Rh Pd Pt Rh 

IRA-400 95 99 25 100 69 92 
IRA-93 95 99 30 100 75 I00 
IRA-68 74 83 45 68 63 60 

*Solution volumes I0 ml; resin weight 1.0 g; initial concen- 
trations of  palladium = platinum = rhodium = 20 ppm; 
4.0M hydrochloric acid 

"['5% NH3 solution (v/v) 
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Table 2. Separation of palladium, platinum and rhodium 
from the pregnant solution by Amberlite IRA-93 resin 

%Stripping 

Metal* % Recovery 6M HCI 5% NH3 solution 

Pd 99 0.9 98 
Pt 97 0.7 7 
Rh 61 80 n.d.t 

*Solution volume 25 ml; initial concentrations of palladium 
340 ppm, platinum 280 ppm and rhodium 380 ppm; resin 
weight 2.0 g; flow rate 1 ml/min. 

~n.d.: Not determined. 

aqueous solution to [RhCI 6 x(HzO)x] x-3 types 
may be the major problem in its recovery. ~3 

Elution of rhodium. In an attempt to strip 
rhodium selectively, the resin was treated with 
25.0 ml of 6.0M hydrochloric acid solution at 1 
ml/min at room temperature. Palladium and 
platinum remained on the resin whereas 80% of 
the rhodium was eluted (Table 2). Therefore, a 
complete elution of rhodium can be achieved by 
controlling the volume of hydrochloric acid. 
When the stripping solution was tested for 
aluminum, cerium, iron and lead, both alumi- 
num and cerium were quantitatively eluted 
while 84% of the lead and 44% of the iron were 
eluted under these conditions. These two metals 
were removed completely with 25.0 ml deionized 
water at 1 ml/min. 

Elution of palladium. When the resin from 
previous investigation was treated with 25.0 ml 
of 5% NH 3 solution (flow rate ! ml/min), 98% 
palladium was eluted with only 7% platinum 
(Table 2). 

Elution of palladium and platinum from the 
resin with different volumes of 5% NH 3 solution 
was studied by passing the eluent through the 
column loaded with these metals and treated 
with 25.0 ml each of 6.0M hydrochloric acid and 
deionized water (Fig. 5). A 4.0 ml of 5% NH3 
solution was sufficient to strip palladium com- 
pletely with only a small amount of contami- 
nating platinum. To in'prove the selectivity of 
eluting palladium, different percentages of am- 
monia solution from 1 to 10% (25.0 ml volume) 
were studied. Less than 2% of ammonia sol- 
ution was sufficient to strip palladium selectively 
(Fig. 6). Furthermore, concentrations below the 
limits of analytical detection were obtained 
when the eluted solution was tested for iron, 
lead, aluminum and cerium. 

Elution q[" platinum. The stripping of small 
amounts of platinum from the resin (Figs 5, 6) 
may be related to the slow rate of formation of 
Pt(NH3) 4+ in comparison to Pd(NH3)4 + c o m -  

200 - -  

150 

50 

2 4 6 8 10 

Volume, mL 

Fig. 5. Elution curves for palladium and platinum: 5% NH~ 
solution (v/v), ttow rate = l ml/min (D) Pd. (O) Pt. 

plex. ~4 In an attempt to improve the stripping 
efficiency for platinum, the effect of column 
temperature was studied. The column was 
packed with resin and loaded with platinum, 
then immersed completely in a water bath main- 
tained at 65°C. An aliquot of  25.0 ml solution 
of 5% NH3 (heated to 65°C) was passed through 
at a flow rate of 1 ml/min. The percentage of 
platinum recovered increased from 7% at room 
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Fig. 6. Effect of percentage of aqueous ammonia (v/v) on 
stripping palladium and platinum: solution volumes = 25.0 

ml, flow rate = 1 ml/min: (IS]) Pd, (O) Pt. 
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temperature to 42% at 65°C. When this exper- 
iment was repeated at a flow rate of  0.5 ml/min, 
the per-cent of  platinum eluted further im- 
proved to 65%. This indicates that a complete 
recovery of  platinum from the resin can be 
accomplished by controlling the percentage of  
ammonia solution, its flow rate and the column 
temperature. 

Capacity of Amberlite IRA-93 ./'or Pd and Pt 
uptake 

The capacity of the resin to retain palladium 
and platinum was estimated from a break- 
through study: 275 ml of  4.0M hydrochloric 
acid containing 350 ppm platinum and 275 ppm 
palladium were passed through the column 
(packed with 2.0 g of the resin) at a flow rate of 
1 ml/min. From the plot of concentration of the 
metal unretained versus volume of the solution 
collected (Fig. 7), capacities of 0.44 mol plati- 
num/kg resin and 0.85 mol palladium/kg resin 
were calculated. Owing to these high resin ca- 
pacities, Amberlite IRA-93 may be of  practical 
value in recovering palladium and platinum 
from a solution obtained by leaching these 
metals from automotive catalytic converters. 

Recommended process for macro scale recovery 
of  Pd, Pt and Rh 

A recommended process for leaching palla- 
dium, platinum and rhodium from the automo- 
tive catalytic converter and their selective 
recovery from the leached solution using Am- 
berlite IRA-93 is summarized in Fig. 8. A 5.0M 
hydrochloric acid solution is mixed with the 
catalyst sample and then heated to 70°C. At this 

temperature, a 0.4M sodium chlorate solution is 
added slowly and the mixture is filtered. The 
pregnant solution is then passed through the 
resin, The column is washed with 6.0M hydro- 
chloric acid solution followed by deionized 
water. The hydrochloric acid solution (contain- 
ing non-saturating amount of  rhodium) is saved 
for reuse. The resin is then treated at room 
temperature with 1% NH3 solution to strip 
palladium followed by 5% of the reagent at 
elevated temperatures and a slow flow rate to 
elute platinum. The separation of  palladium and 
platinum from the eluted solution could then be 
processed either by reduction to metal or pre- 
cipitation as (NH4)2PdCI 4 and (NH4) 2PtCI 6 by 
hydrochloric acid. ~5 The original leaching sol- 
ution is then adjusted to 5.0M hydrochloric 
acid, heated to 70°C and reused several times to 
leach platinum metals from a new batch of the 
catalytic converters and passed through the 
resin again. After several recycling processes, 
the leaching solution becomes rich in rhodium. 
This recycled solution can then be passed 
through the resin many times to recover 
rhodium. After each cycle, the resin is washed 
with the saved hydrochloric acid solution to 
strip rhodium which then can be recovered by a 
selective reduction to metal. 2 

CONCLUSIONS 

The described ion-exchange method, using 
Amberlite IRA-93, for selective separation of 
palladium, platinum and rhodium from acidic 
solutions obtained by leaching honeycomb type 
catalytic converter can be considered an efficient 
technique for the separation of these metals on 
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Fig. 7. Breakthrough curves for palladium and platinum: [Pd] = 275 ppm, [Pt 1 = 350 ppm, [HCI] = 4M, 
solution volume = 275 ml, flow rate 1 ml/min: ([5]) Pd, (C)) Pt. 
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an analytical scale and could be applied to large 
scale operations. This method is not restricted 
solely to automotive catalysts but is also appli- 
cable to petrochemical catalysts, ores, and in- 
dustrial wastes. It is noteworthy that owing 
to the nontoxicity, nonvolatility, and nonfl- 
ammability of the ion-exchange resin, this 
method may present fewer environmental haz- 
ards than the currently adopted solvent extrac- 
tion and precipitation techniques. 
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Summary - -A  flow injection (FI) determination for chloride has been developed using the light reflectance 
of the precipitate formed by the reaction of chloride with silver(1) as the method of detection rather than 
turbidimetry, as in the previous F1 method using this reaction. The dynamic range of the analysis is 
increased to 0 10 m M  chloride with a 10 m M  silver(I) reagent and to 0 50 m M  chloride with a 50 m M  
silver(l) reagent by using this mode of detection. The ability to select the injected reagent from an option 
of  two concentrations via the control program is incorporated into the F1 system, enhancing the versatility 
of  the analysis.The dynamic range is further extended to 100 m M  chloride by measuring the signal levels 
at the trailing portion of  the response curve. The consumption of  reagent is kept to a minimum by merging 
injected zones of  sample and reagent instead of using a constant reagent stream. 

The determination of chloride concentration 
was one of the earliest applications of flow 
injection analysis (FIA) to the analysis of 
environmental waters.l2 These analyses used the 
formation of an iron(Ill) thiocyanate complex 
to determine the chloride spectrophotometri- 
cally, after the reaction of chloride with mercury 
thiocyanate. ~4 These reports state an initial 
range up to 75 mg/l., 3'4 which, through the 
application of stream splitting ~2 or pre-injection 
dilution, 5 was extended up to 800 mg/l. Another 
method employing photometric detection used 
the formation of a silver chloride precipitant, by 
the reaction of  chloride with the silver(I) ion, as 
a method of chloride analysis by FIA. 6 In this 
study, turbidimetry was used as the method of 
detection, and a range of 0 14 mg/1. was given. 

This report describes the development of a 
flow injection (FI) method for the determination 
of chloride. The method has five main features. 
First, the previously mentioned silver(1) 
chloride chemistry, which forms a white precipi- 
tate, is used. Second, reflectance rather than 
turbidimetry is used as the detection method. 
Reflectance is measured by using a flow cell with 
a bifurcated optical fiber bundle. The system 
flow and cell geometry forces the particulate to 
remain suspended while passing through the 
flow cell. Third, the ability to select, through the 
control program, from two silver(l) reagent 
solutions of" differing concentrations is pro- 

vided. This extends the dynamic range of the 
analysis when sample concentrations are 
determined from the maximum reflectance peak 
height. Fourth, the dynamic range of the analy- 
sis is further extended by measuring the signal 
levels at the trailing portion of the response 
curve. Concentrations up to 3500 mg/l. were 
measured by this method, far higher than the 
previous method using this chemistry. 
Moreover, this measurement can be done in 
spite of the increasing solubility of silver chlor- 
ide at high chloride concentrations. Fifth, the 
method was developed in such a manner as to 
minimize the amount of silver reagent used by 
co-injecting reagent and sample rather than 
injecting sample into a continuous reagent 
stream. The advantages of this new method 
include the extended dynamic range, the avoid- 
ance of a mercury-containing reagent, and the 
minimization of the silver reagent. 

EXPERIMENTAL 

Reagents 

All solutions were prepared in deionized 
water. Chloride samples in the range of 2-100 
mM were prepared with potassium chloride 
(Mattheson Coleman and Bell) and the reagents 
were 0.010 and 0.050M silver nitrate (Cascade 
Silver Co.). The carrier for both sample and 
reagent streams in the determination of chloride 

taL 42 ~ H 257 
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Fig. 1. Schematic of the chloride system. 

was deionized water, which was also used as the 
blank solution for the analysis. When determin- 
ing the overlap of the sample and reagent zones 
0.01M borate solution (Aldrich) was used as 
carrier, and 0.004% Bromothymol Blue (BTB) 
(Aldrich) was injected in place of sample and 
reagent. 

Apparatus 

A schematic of the FI system for the determi- 
nation of chloride is shown in Fig. 1. The system 
was assembled using an Alitea Modular 
Injection System Type MIS-IB (housing the 
peristaltic sample pump and the multi-position 
reagent stream valve); an Alitea Model S2-V 
piston pump for the reagent stream; a Valco 
10-port 2-way sample injection valve; and an 
Alitea ODS-1 detection system, which used a 
Brinkman PC 701 colorimeter. The colorimeter 
was used without an interference filter installed 
and was connected to the flow cell (Fig. 2) by a 
bifurcated fiber optical bundle. The flow cell 
was modified by the removal of the internal 
reflecting plate. The direction of flow through 
the cell was vertical with the lower opening as 
the inlet. This, along with the force of the flow 
prevented the accumulation of the precipitate 
within the flow cell light path. All components 
were controlled and data collected using the 
FIALab control program (Alitea) running on a 
Northgate" 486ZXP computer equipped with a 
Real Time Device ADAI100 data acquisition 
board. 

Tygon" tubing of 1.02 mm inside diameter 
was used in the peristaltic pump for both the 
sample and the sample stream carrier, and a 5 

ml syringe was used in the reagent stream pump. 
The sample injection valve had a 24/~1 sample 
loop. Tubing upstream of  the PEEK merging 
tee was 0.82 mm inside diameter PTFE 
(Upchurch). The tubing downstream of the tee, 
which formed the mixing coil, was a 45 cm 
length of  0.5 mm inside diameter Tygon" 
tubing. 

General procedure 

Prior to performing the analysis the control 
program was selected which directed the multi- 
purpose valve to the port of the reagent with the 
desired concentration. The selected silver(I) 
reagent, using the piston pump and the multi- 
position valve, and the chloride sample, using 
the peristaltic pump and the 2-way valve, were 
injected into separate deionized water carrier 
streams. These two zones were propelled to a tee 
where they were merged and then sent through 
the mixing coil to the detector flow cell, where 
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Fig. 2. Cut-away schematic of the detector flow cell. The 
reflector plate, normally located between the spacer and the 

inlet plate for absorbance measurements, was removed. 



Chloride using reflectance detection 259 

the reflectance of the silver chloride precipitate 
was measured. 

The analysis was initiated by filling the 
syringe of the piston pump with 0.62 ml of 
deionized water. The multi-position valve was 
then directed to the selected reagent line, and 
67,ul of  the silver(l) reagent of the desired 
concentration was drawn into the system. At 
this point the multi-position valve was redi- 
rected, and the direction of the piston pump 
reversed, sending the isolated volume of silver(1) 
reagent toward the merging tee. At the same 
time, the peristaltic pump started, and the 
sample loop of the 2-way injection valve was 
flushed with the chloride-containing sample for 
6 sec before 124/~1 of the chloride sample were 
injected into the sample stream. Both reagent 
and sample streams had a flow rate of 1.0 
ml/min, creating a flow of 2.0 ml/min down- 
stream of the merging tee, through the mixing 
coil and the detector flow cell. 

Adjustment ot" the reagent zone 

In order to form the maximum amount  of 
precipitate possible it is necessary that the entire 
chloride sample zone come in contact with the 
silver(l) reagent. The volume of the chloride 
sample zone was physically fixed by the sample 
loop on the injection valve. The volume of the 
silver(I) reagent zone, however, was determined 
by the length of time the multi-position valve 
was directed to the reagent line and the flow rate 
of  the piston pump during that time. Varying 
these parameters involved only software 
commands,  requiring no physical alteration of 
the system. The silver(1) reagent volume and the 
time of injection were adjusted such that the 
silver(l) reagent zone was larger than and 
completely overlapped the chloride sample zone 
when the two streams merged. This was 
determined by injecting BTB dye in lieu of each 
solution in turn and observing the detector 
response. This approach provides information 
on both the timing and dispersion of the zones. 
The degree of overlap and comparative 
dispersion of the two zones as determined by 
this method are illustrated in Fig. 3. 

RESULTS AND DISCUSSION 

Chloride solutions of  varying concentration 
were injected into the sample stream, and a 
0.010 or 0.050M silver nitrate solution was used 
as reagent. The separate streams merged to mix 
the two solutions, forming a zone of silver 

l INII{ ! so<)  

Fig. 3. Representation of .the overlap of lhe reagent zone (A) 
of "the sample zone IB), determined by the injection of 
0.004% BTB dye |>r each zone individually and then 

combining the two data sets. 

chloride precipitate. This zone passed through 
the detector flow cell and the reflectance of the 
white precipitate was measured. 

The intensity of the light source was adjusted 
such that the baseline response corresponded to 
the reflected light intensity giving a reading of 
80% T on the detector meter. The increase of 
the intensity of the reflected light as the reaction 
precipitate moved through the flow cell resulted 
in an increase in the detector response output 
voltage, and could be viewed on the detector 
meter as an apparent increase in transmittance. 
'This increase in the detector output voltage was 
compared with the chloride concentration of the 
injected sample. 

In the range from 0 10 mM (0 354 rag/1.) a 
linear proportionality between lnaximum 
response peak height and the chloride concen- 
tration of the sample was obtained using the 
0.010M silver(l) reagent. The found line had a 
slope of 0.0255 raM/mY and an intercept of  

0.065 raM, giving a correlation coefficient of  
0.998. The non-zero intercept is due to the 
refractive index change which occurs when the 
silver(1) reagent zone passes through the flow 
cell. 

Using the 0.050M silver(l) reagent a linear 
proportionality between maximum response 
peak height and the chloride concentration of 
the sample was obtained in the range from 0 50 
mM (0 1770 mg/t.). The found line had a slope 
of 0.0303 m M / m V  and an intercept of  0.66 raM, 
giving a correlation coefficient of 0.998. 

Although the sample undergoes greater dis- 
persion than the reagent (Fig. 3) due to less 
volume being injected, above a certain chloride 
concentration (approximately 12 and 60 mM 
when using the 0.010 and the 0.050M silver(l) 
reagent, respectively) the silver(I) reagent 
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becomes the limiting reactant. This is expected 
to produce a maximum response level which 
would not be exceeded, forming peaks which 
had a level plateau on the top, with an increase 
in peak width with increasing chloride concen- 
tration. It was observed, however, that along 
with the increase in width, the peaks began to 
'invert' at the top and that the maximum height 
decreased as the chloride concentration 
increased (Fig. 4). Two factors may contribute 
to the observed effect. First, the solubility of 
silver chloride increases with the chloride 
concentration above chloride concentrations of 
approximately 10 mM 7 due to the formation of 
soluble silver complexes such as AgC12 and 
AgCI~-.8'9 Second, it is possible that the aggre- 
gation and reflectance properties of the precipi- 
tate vary depending on which species, silver(I) 
or chloride, is in excess. The surface charge of 
the precipitate particles, and hence any par- 
ticle/particle repulsions, depend on the ions 
adsorbed on the particle surfaces. 

Nevertheless, the varying chloride 
concentration of the dispersed sample zone 
creates an area of the merged reactants in which 
the chloride concentration is less than that of 
the silver reagent, and signal levels are still 
proportional to the chloride concentration. 
Using the detector response after the inverted 
portion of the response, where the desired 
sample to reagent ratio is achieved, a convenient 
correlation between detector response and 
chloride concentration can still be found. The 
response levels using the 0.010M silver(I) 
reagent at delay times of 22 and 24 sec after 
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Fig. 4. Representation of the response curves of an injected 
sample of 10-100 mM chloride reacted with 0.010M sil- 
ver(1), showing the reduction of response which occurred at 
higher concentrations. The signal level at delay times of 22 
and 24 sec were used to extend the dynamic range of the 
analysis. (A = I0 mM, B = 20 mM, C = 50 mM, D = 75 

mM, E = I00 mM).  

injection were examined (Fig. 4). These times 
were determined by observation of the detector 
response to the injected sample of  highest con- 
centration (100 mM C I  ). At a delay time of 22 
sec a linear relationship was found with a slope 
of 0.765 mM/mV, an intercept of -0 .843  mM, 
with a correlation coefficient of 0.998. At a delay 
time of 24 sec a linear relationship was found 
with a slope of 1.77 mM/mV, an intercept of 
- 2 . 1 0  mM, with a correlation coefficient of 
0.999. 

The time required to perform a single analysis 
was 82 sec, which includes the time to fill the 
syringe. This gives an analysis frequency slightly 
greater than 40 h-~ Multiple analyses (~>3) 
were performed for each sample, with a relative 
standard deviation (RSD) of less than 1.5% for 
samples in the range of 0-10 mM CI and less 
than 3% for samples 10 100 mMC1 with the 
0.010M silver(I) reagent and an RSD of less 
than 3.5% for all analyses using the 0.050M 
silver(I) reagent. This precision is comparable 
with FI methods using the mercury thio- 
cyana t~ i ron  chemistry which have reported 
RSD values of !.2 and 1 .3%Y The automated 
method introduced here compares favorably 
with manual titrimetric methods which have 
reported RSD values of 4.2% by Mohr's 
method (titration with silver nitrate with a 
potassium chromate indicator) and 3.3% by 
mercuric nitrate titration.m° 

CONCLUSIONS 

A flow injection method for the analysis of 
chloride, with a dynamic range of 0-100 mM 
(0-3500 mg/1.), using the reaction with Ag(l), 
and performing detection by reflectance, was 
devised. This approach greatly increases the 
dynamic range of the former FIA method using 
this chemistry, which used turbidimetry as the 
method of detection. It also avoids the use of 
mercury containing reagent, which has formerly 
been used in other FIA photometric determi- 
nations of chloride. The silver reagent, although 
less of a hazard than the mercury reagent, is a 
controlled waste, and the method is designed 
such that its use is minimized, thus reducing its 
consumption and its concentration in the waste 
generated. 

The dynamic range of the analysis can be 
adjusted in two ways. First, for analyses where 
the sample concentration is determined from the 
reflectance peak height, the silver reagent must 
be present in excess. This can be achieved by 
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selecting a silver reagent solution of appropriate 
concentration using the multi-position valve, as 
we have demonstrated. The possible choices of 
silver reagent concentration are limited only by 
the number of valve ports available. 
Alternatively, when chloride concentrations 
exceed silver reagent concentrations, the chloride 
concentration can be determined from trailing 
portion of the response curve. In this case, the 
dynamic range is limited by the width of the silver 
reagent zone that the chloride sample is merged 
into. The silver reagent zone width can be 
increased simply by increasing the volume of the 
silver reagent injected, which can be easily 
achieved through the manipulation of the flow 
program. The ability to either select the concen- 
tration of the analytical reagent and/or the width 
of the reagent zone through the control program 
enhances the overall versatility of the assay. 
Although the described method was developed to 
analyze samples with a chlorine concentration up 
to 100 mM, which satisfied the needs of this 
laboratory, it can be seen that either of these two 
techniques could allow for further expansion of 
the dynamic range. 
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Summary--Electrothermal  atomic absorption spectrometry (ETA-ASS) of gold with a molybdenum tube 
atomizer has been investigated. A sensitive ETA-AAS method was developed. The gold absorption signal 
became higher with the heating rate of  the tube atomizer and as the ratio of  hydrogen in the argon purge 
gas decreased. The optimal heating rate and the optimal gas flow rate ~ere 5.5 C/msec  and Ar 480 
ml/min + H 2 20 ml/min, respectively. The absolute characteristic mass (the mass of  element giving 0.0044 
abs.) of  gold by the atomizer was 1.8 pg and the detection limit was 130 pg/ml (3S/N). These values were 
> 10 times better than those obtained with graphite atomizers, ICP and ICP-MS. The interferences caused 
by large amounts  of  interferents were evaluated. The addition of thiourea served to eliminate severe 
interferences. The recovery of spiked gold in biological materials was in the range of 101 106%. 

Gold compounds have been used in the treat- 
ment of rheumatoid arthritis) However, they 
are fundamentally toxic for a living body. The 
determination of gold in biological materials is, 
therefore, of interest. Several methods have 
been used to determine gold concentrations 
including graphite furnace atomic absorption 
spectrometry (GFAAS), ~'9 inductively coupled 
plasma emission spectrometry (ICP) 9.~° and 
flame AAS. ~'~2 Although ICP has high sensi- 
tivity, the method has severe optical and chemi- 
cal interferences. 9'~ Flame AAS has poor 
sensitivity for measuring trace levels of gold in 
biological materials. ~2 GFAAS is in much more 
general use throughout the world. There 
is, however, a problem of chemical interference. 
In order to eliminate the interferences from 
biological matrices, electrophoretic separation, 2 
standard addition method, 5 chemical modifi- 
cation, 6"s co-precipitation,~3 liquid-liquid extrac- 
tion ~4 and silica gel adsorption of chelate ~5 have 
been used for gold determination in biological 
and geological materials. 

Electrothermal atomization AAS (ETA- 
AAS) with metal tube atomizers, developed 
recently, ~w~8 has better sensitivity for most metal 
elements than other analytical instruments, the 

*Author to whom correspondence should be addressed. 

ability to use smaller sample sizes, and relatively 
low power and low cost. Despite the advan- 
tages, there is a little information on the appli- 
cation of the metal tube atomizer to ETA-AAS. 

In the present work, we report a determi- 
nation of gold in biological materials by ETA- 
AAS with a molybdenum tube atomizer. 
Atomization characteristics for gold in the 
atomizer were evaluated. Interference studies 
for the gold absorption signal were also 
performed. 

EXPERIMENTAL 

Apparatus 
An atomizer consisting of a molybdenum 

tube (20 mm long and 2.0 mm i.d.) and two 
supporters (5 mm wide and 20 mm long) was 
made from a molybdenum foil (0.05 mm thick 
and 99.95% purity, Rembar Co.). A 0.3 mm 
diameter hole was drilled at the midpoint of the 
tube to inject sample solution. Gold AA signals 
were measured at 242.80 nm (Au-hollow 
cathode lamp, Hamamatsu photonics Co.) 
using a monochromator  (Nippon Jarrell-Ash 
0.5 m Ebert-type), an amplifier, a storage oscil- 
loscope (Iwatsu MS-5021), and a microcom- 
puter (Sord M223). The electric power for 
heating the atomizer was supplied with two 
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transformers (Yamabishi volt-slider, S-130-30, 
Cap. 3 k VA). Two pinhole apertures were 
placed in front of and in the rear of the atom- 
izer, in order to collimate the light beam and 
eliminate the radiation from the atomizer sur- 
face. Background absorption was checked with 
a deuterium lamp (Original Hanau D200F). The 
absorption signal from the amplifier and 
the output signal from a photodiode for the 
measurement of atomizer temperature were sim- 
ultaneously fed into the microcomputer. 
Calibration of the temperature of the atomizer 
was done against the photodiode voltage using 
an optical pyrometer (Chino Works) with 
microcomputer programming. 

Reagents 

A standard stock solution (1 mg/ml, 1M HC1 
solution) of gold (spectroscopic purity) was 
obtained from Nacalai Tesque Inc. (Kyoto, 
Japan). Solutions of the matrix elements for the 
interference study were prepared as chlorides in 
0.1 6M hydrochloric acid. Standard solutions 
with concentrations appropriate to the atomic 
absorption measurements were diluted from the 
stock solutions with water immediately before 
use. All other chemicals used here were of 
analytical grade purity. 

Procedures 

An accurately weighed biological sample 
(about 0.1 g) was treated with 3 ml of nitric acid 
(14M) and 1 ml of hydrogen peroxide (30%) in 
a Uni-seal decomposition vessel and heated for 
3 hr in an electric oven at 120°C. After the 
decomposition, the solution was transferred 
into a Teflon beaker and evaporated by heating 
in a polyethylene glycol bath (110°C). Then the 
residue was dissolved in 5 ml of 6M hydro- 
chloric acid on the bath. The evaporation was 
repeated twice more with addition of hydro- 
chloric acid in between. The solution, in which 
the residue was dissolved, was diluted to 5 ml 
with 6M hydrochloric acid. The resultant 
solution was diluted to adequate volume 
(10-20 ml) with a 10 mg/ml thiourea solution 
for AA measurements. 

For the atomization characteristics, the inter- 
ference study and the determination of gold in 
biological materials, a 1 /~1 portion of the 
sample solution containing Au (250 pg) was 
pipetted into the molybdenum tube atomizer. 
The sample was dried at 80°C for 20 sec, 720~C 
(410°C for the atomization characteristics) for 
10 sec and heated to atomize at 2240°C for 3 sec. 

The atomizing temperature corresponded to a 
heating rate of 5.5'C/msec. 

RESULTS AND DISCUSSION 

Effect of  heating rate 

Atomic absorption is related to the density of 
the atomic vapour. The atomization rate of an 
atomizer affects the density as reported in pre- 
vious papers .6.8 and hence the effect of the 
atomization rate, 1.5-5.5°C/msec, on the gold 
AA-profile was investigated. At more than 
5.5°C/msec, the lifetime of the metal atomizer 
was very short (< 100 firings). 

The absorption profile of gold was character- 
ized by a sharper and narrower peak with the 
increase of the heating rate, as shown in Fig. 1. 
The appearance temperature of the gold signal 
(1150°C), which is defined as the temperature of 
atomizer giving an absorbance of 0.0044, was 
independent of the heating rate. However, the 
temperature at the maximum AA signal (peak 
temperature) was 1910°C at 5.5°C/msec, 1860°C 
at 4.2°C/msec, 1700°C at 3.0°C/msec, 1630°C at 
2.5°C/msec and 1350°C at 1.5°C/msec, and 
thus, the peak temperature of the signal was 
found to be dependent on the heating rate. 
These phenomena are the same as those 
observed for the absorptions of silver. ~7 Gold in 
the stock solution is in the form of the tetra- 
chloroaurate ion. The chloride (AuCl3) dis- 
sociates to give AuCI and CI 2 at high 
temperature (254<C) and converts to gold metal 
during the dry stage. ~9-2° 

The appearance temperature of gold in the 
molybdenum atomizer is close to the melting 
point of gold metal (1064°C), but far from the 
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Fig. I. Effect of heating rate of the molybdenum atomizer 
on atomic absorption of  gold. (a and a ')  5.5 C/msec; (b and 
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(a~t) atomization profiles; (a'~l ')  temperature increasing; 
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Gold in biological materials 

boiling point (2808°C).~9 The vapor pressure for 
gold metal is !.47 × 10 -7 atm, corresponding to 
5.20 × 10 ~° atoms in the metal tube atomizer, at 
1150°C.  19 

Consequently, 5.5+C/msec heating rate was 
recommended, in view of the highest peak and 
the lifetime of the metal atomizer. 

Effect of hydrogen 

Hydrogen added to the argon purge gas is 
necessary to protect the metal atomizer from 
oxidation by residual traces of oxygen in the 
atomizer chamber or in the argon gas cylinder. 
Therefore, the absorption signal for gold (250 
pg) was evaluated in argon-hydrogen purge gas 
at the heating rate of 5.5°C/msec. In pure argon 
gas, the highest AA signal for gold was 
obtained, as shown in Fig. 2. A small addition 
of hydrogen to the argon purge gas provided the 
low AA peak. The peak height of the gold signal 
decreased with increasing ratio of hydrogen. 
In pure hydrogen, the AA signal became 
extremely small and shifted to the lower tem- 
perature region. The peak temperature for the 
AA signal was 161ff'C in pure argon, 1910°C in 
Ar 480 ml/min and H2 20 ml/min, 2000°C in Ar 
400 ml/min and H2 100 ml/min, and 1900°C in 
pure hydrogen. Thus, the peak temperature of 
the signal was dependent on the hydrogen ratio 
in the purge gas. These phenomena are specific 
for gold and the reason could not be seen 
clearly, though we discussed it on the grounds 
of the literature values. 

Since gold hydride does not exist at room and 
high temperatures, 2° the lower peaks of gold 
given by the addition of hydrogen are a result 
of the large specific heat of hydrogen. 
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Fig, 2. Effect of hydrogen on atomic absorption of gold. 
(a) 500 ml/min Ar; (b) 480 ml/min Ar and 20 ml/min H2; 
(c) 400 ml/min Ar and 100 ml/min H2; (d) 500 ml/min 
H_,; (e) temperature increasing; Au 250 pg; heating rate was 
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The optimal purge gas flow rate for the 
absorption signal was Ar 480 ml/min and H, 
20 ml/min, considering the lifetime of the 
molybdenum atomizer. 

Effect of pyrolysis temperature 

It has been reported that the pyrolysis tem- 
perature on ETA-AAS sometimes affects the 
AA peak height in the determination of some 
element, t+ ~ Therefore, the effect of pyrolysis 
temperature on the absorbance of gold in the 
molybdenum tube atomizer was investigated. 
The results are shown in Fig. 3. The highest 
absorbance for gold in the metal atomizer was 
obtained at a pyrolysis temperature of about 
410°C. Over 410C,  the absorbance decreased 
significantly. Though the shape of the pyrolysis 
temperature curve in the presence of thiourea is 
similar to that obtained without thiourea, the 
curve shifted to a lower temperature region. 
This phenomenon is presumably related to the 
lower decomposition temperature of the sulfide 
rather than that of the chloride. 

On GFAAS, the sensitive pyrolysis tempera- 
tures for gold are  7 8 0 C ,  2 4 5 0 C ,  3 600C, 5 1200- 
130ffC," and 1300 C5 The temperature (410 C) 
in the metal atomizer was very different from 
those, except one, of the graphite furnace atom- 
izers. The difference may result from the lack of 
formation of gold carbide in the metal tube. 
Consequently, 410C was selected as an optimal 
pyrolysis temperature for atomization character- 
istics. For the interference study and the determi- 
nation of gold in biological materials, 720:C was 
selected considering the matrix interferences. 

Detection limit, characteristic mass and 
reproducibility 

The characteristic mass of gold, which was 
defined as the mass of element giving an 
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Fig. 3. Effect of pyrolysis temperature on atomic absorption 
signal of gold. Solid line: Au 250 pg; broken line: Au 

250 pg + thiourea. 
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absorbance of  0.0044, by the atomizer was 
1.8 pg. The detection limit, which was the 
weight of analyte which gave an atomic absorp- 
tion signal equal to three times the standard 
deviation of the background, obtained from the 
measurement of  a solution blank, was calcu- 
lated from the height of gold absorption signal. 
The detection limit of gold by use of  the molyb- 
denum tube atomizer was 1.3 pg, corresponding 
to 130 pg/ml, given at 10 pl sample. These 
values were several times better than the charac- 
teristic mass (4.782 pg7) and the detection limit 
(400 pg/mi 6) obtained with a graphite atomizer, 
and those with ICP (10 ng/ml ~) and ICP-MS 
(200 pg/ml II ). 

A reason for the better sensitivity in the 
molybdenum atomizer may be the nonporous 
atomizer wall differing from a graphite furnace 
and the formation of the Mo-alloy with a low 
bonding energy. 

The reproducibility of the use of the molyb- 
denum atomizer was investigated. The relative 
standard deviation for 250 pg of  gold was 2.9% 
for 10 measurements. In the case of thiourea 
addition, the RSD was 2.5%. 

Interference study 

Interferences by some matrix elements in the 
determination of gold in biological materials by 
GFAAS have been observed. 24 In particular, 
the interference problems from chloride salts 
were important. 4 Therefore, the influences of 
Ca, Cu, Fe, K, Mg, Pb and Zn (0.25-2.5 mg 
metal/ml), which are included as major elements 
in biological materials, on a gold absorption 
signal were investigated in the molybdenum 
tube atomizer. These coexisting elements were 
naturally used as chloride salts. 

Despite the sensitivity not being optimal, the 
gold samples were pyrolyzed at 720°C because 
of  the molecular absorption formed from the 
matrix at the time of  atomization after the low 
temperature pyrolysis. The gold signal in the 
presence of  these elements was measured in 
terms of both the peak height and the peak area. 
The peak area measurement method was more 
unsuitable than the peak height method because 
of the larger interfering tendency and the incon- 
venience. The gold signal (250 pg) was influ- 
enced by Ca, Cu, Fe, K, Pb and Zn. The 
interference of potassium was especially severe. 
Royal 2j found serious depression of the gold 
signal in the presence of alkali on the determi- 
nation of  gold by GFAAS. In flame AAS, 
interference owing to copper, iron and sodium 

was reported. 22 In the metal tube atomizer, 
interference phenomena observed were similar 
to those obtained in GFAAS. The effect 
of copper on the determination of gold by 
ETA-AAS with a GF has been found to be 
troublesome, with suppression of the 
absorbance signal for gold. ~3 However, in the 
molybdenum atomizer, copper enhanced 
the gold signal. 

Matthew and McGaham 8 reported that cys- 
teine served as a matrix modifier for gold deter- 
mination in biological fluids and tissues. 
Cysteine is a sulfur compound and hence, in 
order to eliminate the interferences, thiourea 
being a sulfur compound was tried as a matrix 
modifier for gold. A typical effect of thiourea on 
the gold signal in the presence of calcium is 
shown in Fig. 4. By the addition of thiourea, the 
gold signal was little affected by the coexistences 
of 2.5 mg/l of Mg, 0.25 mg/ml of Ca, Cu, Fe, K, 
Pb and Zn. The interference reducing effect by 
thiourea may result from sulfide formation of 
gold and the coexisting elements. 

Determination of gold 

Since it was found that thiourea was useful 
for the recovery of gold AA signal in the 
presence of  interferent, a matrix modifier 
method was applied to the determination of  
gold in biological materials. The samples were 
spiked with 200~400 ng Au/g. Following the 
digestion of biological samples, the samples 
with thiourea were analyzed by ETA-AAS with 
the metal atomizer under optimal conditions. 
Table 1 shows the results obtained for some 
biological materials (NIST). The recovery of 
spiked gold in biological materials was in 
the range of 101-106%. The relative standard 
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Fig. 4. Interference of calcium and effect of thiourea on the 
gold signal. (a) Au 250 pg along; (b) Au + Ca 250 ng; (c) 
Au + thiourea 10 pg: (d) Au + Ca 250 ng+ thiourea 10 l~g; 
(e) temperature increasing. Pyrolysis temperature: 720 C. 
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Table I. Determination of gold in biological materials 

Sample 

Amount of gold (l~g/g) 

Certified 
Added Found value Recovery (%) 

Bovine liver* 
(SRM 1577a) 

Non-fat milk* 
powder (SRM 1549) 

Orchard leaves* 
(SRM 1571) 

0.00 
0.200 0.209 _+ 0.024 
0.400 0.405 _+ 0.046 
0.00 
0.200 0.211 _+ 0.024 
0.400 0.425 _+ 0.015 
0.00 
0.200 0.202 _+ 0.029 
0.400 0.402 +_ 0.025 

105 
101 

I05 
106 

10l 
101 

*NIST standard. 
Five analyses were carried out. 
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d e v i a t i o n s  were  b e t t e r  t h a n  1 4 %  at  five r e p l i c a t e  

ana ly se s .  T h e  a n a l y t i c a l  r e su l t s  o b t a i n e d  w i t h  

the  a d d i t i o n  o f  t h i o u r e a  c a n  be  c o n s i d e r e d  

s a t i s f a c t o r y  for  the  d e t e r m i n a t i o n  o f  go ld  in 

b i o l o g i c a l  m a t e r i a l s .  

As  d e s c r i b e d  a b o v e ,  fo r  the  d e t e r m i n a t i o n  o f  

go ld  in b i o l o g i c a l  m a t e r i a l s  t he  a d d i t i o n  o f  

t h i o u r e a  s e r v e d  to e l i m i n a t e  severe  i n t e r f e r ences .  

M o r e o v e r ,  t he  use  o f  m o l y b d e n u m  t u b e  a t o m -  

izer  a n d  a n  a r g o n - h y d r o g e n  a t m o s p h e r e  h a s  

l a rge  bene f i t s  s u c h  as h i g h  sens i t i v i ty  a n d  l o n g e r  

l i f e t ime  ( m o r e  t h a n  5000 f i r ings)  o v e r  a g r a p h i t e  

f u r n a c e  (20( I -250  f i r ings) .  T h e r e f o r e ,  the  per -  

f o r m a n c e  c h a r a c t e r i s t i c s  o f  t he  m o l y b d e n u m  

t u b e  a t o m i z e r  will se rve  to  p r o v i d e  a c c u r a t e  a n d  

sens i t ive  d e t e r m i n a t i o n s  o f  go ld  in c o m p l e x  

s a m p l e s .  
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D I R E C T  D E T E R M I N A T I O N  O F  T R A C E S  O F  Ag, Cd,  Pb,  Bi, 

Cr,  Mn ,  Co ,  Ni,  Li, Be, C u  A N D  Sb I N  E N V I R O N M E N T A L  

W A T E R S  A N D  G E O L O G I C A L  M A T E R I A L S  BY 

S I M U L T A N E O U S  M U L T I - E L E M E N T  G R A P H I T E  F U R N A C E  

A T O M I C  A B S O R P T I O N  S P E C T R O M E T R Y  W I T H  
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Geological Survey of Canada,  Ottawa, Ontario, Canada K1A OE8 

(Received 16 May 1994. Revised 30 August 1994. Accepted 3I August 1994) 

Summary--A method was developed for direct determination of minor and trace amounts  of  Cr, Mn, Cu, 
Ni, Co, Li, Pb, Cd, Bi, Sb, Be and Ag in silicate rock, lake and stream sediments using a microwave oven 
dissolution method and a multi-element graphite furnace atomic absorption spectrometer equipped with 
a Zeeman-effect background correction device. The measurement  technique was also suitable for direct 
determination of trace and ultra-trace amounts  of  these elements in drinking and seawater samples. A 
rock or sediment sample was brought into solution in a Teflon vessel by heating in a microwave oven 
with a mixture of  hydrofluoric acid and aqua regia, followed by a further heating with a mixture of  boric 
acid and etbylenediaminetetraacetic acid. The specified elements were directly determined in a group of 
four elements in one firing and eight elements in two firings from this solution or from a diluted solution 
using the opt imum operating parameters developed in this work. The method, tested with 23 international 
reference rocks and sediments and seven international quality control and reference water samples, showed 
good to excellent agreement with the recommended values. 

There is a great demand from scientists of the 
Geological Survey of Canada (GSC) for deter- 
mination of minor and trace elements in silicate 
rocks, rock-forming minerals, and lake and 
stream sediments for ore genesis studies, and for 
geochemical prospecting. Determination of 
trace and ultra-trace elements in environmental 
water samples is also required by geochemists 
and others for ascertaining their toxicity levels 
for drinking purposes, industrial pollution levels 
and for searching for ore deposits. 

The classical colorimetric ~ and titrimetric 2 
methods used previously in the GSC for trace 
analysis have now been replaced by modern 
spectrometric techniques. Among these, flame 
atomic absorption spectrometry (FAAS) suffers 
from lack of sufficient sensitivities and good 

*Paper presented at 39th Canadian Spectroscopy 
Conference, University of  Laval, Quebec City, 16 18 
August  1993. Geological Survey of Canada Contri- 
bution No. 33892. 

tAu tho r  to whom correspondence should be addressed. 
L~ Government  of  Canada (1995). 

precision for certain elements such as Ag, Cd, 
Pb, Bi, Li, Be, Sb and Co in the ng/g and low 
/~g/g levels present in most rocks, sediments and 
environmental water samples. 

To improve the detection limits for trace 
elements and eliminate interferences from 
associated major elements, extraction of suit- 
able complexes of the analytes into organic 
solvents before FAAS determination was pre- 
viously favoured by analysts, s4 A widely used 
method for Pb, Cd, Bi and Zn was chelation 
with ammonium pyrrolidine dithiocarbamate 
(APDC) and extraction of the complexes with 
methyl isobutyl ketone (MIBK), followed by 
back-extraction with an acid into the aqueous 
phase before determination by graphite furnace 
atomic absorption spectrometry (GFAAS). 5~' 

Because of the interference from major quan- 
tity of iron, the first author used isopropyl ether 
to separate it from a silicate rock digest in 
HF-HNO3-HCIO4. From the remaining sol- 
ution, Pb and Cd were extracted along with 
some other trace elements such as Mn, Ni, Co, 
Bi and Zn with APDC-oxine MIBK system. 
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After back-extraction with an acid into the 
aqueous phase, these elements were determined 
by single-element GFAAS. 7 

Attempts to determine Pb and Cd in geologi- 
cal materials by single-element GFAAS were 
found in the works of Bettinelli e t  al. 8 who used 
HCI-HNO3-HCIO4 to decompose samples, and 
Alvarado and Petrole 9 who employed boric acid 
to complex excess HF after decompostion by 
HC1-HF-HNO3. However, it is our experience 
that the use of HC104 is detrimental to the life 
expectancy of a graphite cuvette used in 
GFAAS determination. 

Deuterium background correction device 
used with a single-element GFAAS failed to 
eliminate emission and molecular interferences 
in direct determination of trace elements in rock 
sample solutions decomposed by conventional 
methods with acids and fusion. This was due to 
the presence of  associated major elements and 
high concentration of salts in solutions. 

Neutron activation, and more recently induc- 
tively coupled plasma atomic emission spec- 
trometry (ICP-AES) and inductively coupled 
plasma mass spectrometry (ICP-MS) have been 
used for trace analysis in geological materials. 
However, neutron activation and ICP-MS 
instrumentations are very expensive, and 
ICP-AES suffers from lack of sufficient sensi- 
tivities and interference effects in the determi- 
nation of some trace elements such as Ag, 
Pb, Cd, Bi, Sb and Li in silicate rocks and 
environmental water samples. 

The reasons for choosing multi-element 
GFAAS in the authors' laboratories were: 
(1) high sensitivities for trace elements present in 
silicate rocks and environmental water samples, 
(2) freedom from interference effects from the 
associated major elements because of the use of 
Zeeman-effect background correction tech- 
nique, (3) elimination of the spectral complexity 
associated with ICP-AES, and (4) the limi- 
tations which molecular C1 species impose 
through isobaric interferences in selecting a 
decomposition scLeme for ICP-MS analysis. 
Many schemes use HCI and/or H C ] O  4 to  dis- 
solve samples and, therefore, require extensive 
correction for isobaric interferences, if the con- 
centration ratios between the interferent and the 
analyte permit making the correction at all. 

Since a single-element graphite furnace even 
with the capability of sequential determination 
and Zeeman background correction would be 
too slow to be used for routine determination of 
12 elements as presented in this work, it was 

decided to use a relatively inexpensive multi- 
element graphite furnace atomic absorption 
spectrometer equipped with a Zeeman-effect 
background correction device for simultaneous 
determination of four elements. This instru- 
ment, which could be programmed for auto- 
matic determination of eight elements in two 
firings, was successfully used by the first author 
for multi-element determination of scandium, 
yttrium, eight rare-earth elements, ~° and seven 
noble metals ~ in rocks and several candidate 
reference materials of Canadian Certified 
Reference Materials Project (CCRMP) after 
preconcentration by ion-exchange. 

A microwave digestion procedure found 
effective for decomposition of most silicate 
rocks and naturally occurring sediments in our 
laboratories was used in this work. This 
involved heating the sample in a Teflon bomb 
(in a microwave oven) first with a mixture of HF 
and aqua regia, followed by second heating with 
a mixture of boric acid and ethylenediaminete- 
traacetic acid (EDTA). Compared to the regular 
method of sample decomposition in the GSC, t° 
which uses HF + HNO 3 + HC[O 4 + HCI + 
EDTA (ammonium salt) plus fusion of any 
insoluble residue with Na_,CO 3 and N a 2 0 2 ,  this 
method does not use HC104 which needs to be 
evaporated in a special fume hood and whose 
presence even in trace amounts is harmful in 
GFAAS determination. Since the time of 
decomposition and steps are shorter in the 
microwave oven digestion method, it is much 
faster for routine use. The method is also econ- 
omical since less acid consumption is required 
and environmentally friendly because no 
evaporation of acids is involved. 

Table I. Instrumental parameters (slitwidth fixed at 0.8 nm 
in an Hitachi Z-9000 instrument). 

Hollow cathode 
Wavelength lamp current 

Group Element (nm ) (mA ) 

1 Ag 328.1 3.0 
Cd 228.8 3.0 
Pb 217.0 or 283.3 5.0 
Bi 223.1 8.0 

Mn 279.5 or 403.1 5.0 
Co 240.7 I 0.0 
Ni 232.0 10.0 
Cr 357.5 or 425.4 5.0 

Li 670.8 5.0 
Be 234.9 10.0 
Cu 324.7 3.0 
Sb 217.6 10.0 
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Table 2. Temperature programmes for simultaneous determination of four elements 
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No. 

Temperature ( C )  

Group l Group 2 Group 3 

Ag, Cd, Pb, Bi Mn, Co, Ni, Cr Li, Be, Cu, Sb 

Stage Start End Start End Start End Time (see) 

I Dry 75 75 75 75 75 75 10 
2 Dry 90 90 90 90 90 90 60 
3 Dry 120 130 120 130 120 130 20 
4 Ash 420 420 500 500 800 800 30 
5 Atom 2200 2200 2400 2400 2300 2300 10 
6 Clean 2300 2300 2500 2500 2400 2400 5 

Monitoring stage: 1 6. 
Check stage: I 6. 
Carrier gas: 200 ml/mm. 
Interrupted gas: 0 ml/min. 

In the microwave digestion method, boric 
acid was used to complex the excess HF, and 
EDTA to dissolve any insoluble material not 
completely attacked by the HF + aqua regia 
mixture. The suitability of EDTA to dissolve 
insoluble materials of silicate rocks such as 
barite and strontianite was established in two 
earlier papers) 2'~3 

After microwave digestion and dilution with 
HNO3, an aliquot of the sample solution was 
directly injected into the graphite tube furnace 
of the multi-element atomic absorption spec- 
trometer and atomized for simultaneous deter- 
mination of up to four elements. The elements 
were chosen in groups of four primarily for their 
compatible ash and atomization temperatures; 
however, their expected abundances in samples 
also played a role in this choice. The results of 
these investigations carried out with a variety of 
international geochemical reference materials 
and several reference water samples showed 
good agreement with the recommended values. 

After sample solution preparation, concen- 
tration of four elements in about 100 samples 
could be simultaneously determined in one day. 

EXPERIMENTAL 

Apparatus 

A Hitachi Z-9000 simultaneous multi-element 
atomic absorption spectrometer equipped with 
a Zeeman-effect background correction device, 
built-in autosampler (72 samples holding 
capacity), plotter and data recorder was used. 
The instrument was cooled during heating by 
water maintained at 17 C employing a Neslab 
Model CFT-33 refrigerated recirculator. 
Pyrolytic graphite coated graphite tube (part 
No. 190-6003) and argon gas (UHP, 99.999%, 

predried by passing through a Matheson Model 
6406 gas purifier and pressure maintained at 44 
psi) were used throughout this work. 

A Milestone microwave oven Model MLS- 
1200, equipped with six Milestone pressure 
decomposition Teflon vessels of capacity 100 ml 
each, a microwave digestion rotor (HPR 1000/6) 
and a remote control panel, were used for 
decomposition of samples. 

Reagents and standard solutions 

Ultra-pure water (ASTM Type 1) made by 
reverse osmosis with a Millipore apparatus, and 

Table 3. Autosampler programme 

Signal mode Bkg corrected 
Measurement mode Working curve 
Sample blank No 
Standard replicate 2 
Sample replicate 2 
Statistics No  or Yes (as necessaryJ 
Sample volume 40 td (or less*) 
Dilution Off" or Ont  
Cone. times I 
Modif. add Yes or No (as necessary+ +) 
Cup position I-X§ 
Reslope 

-Standard Number 3 
-Interval 20 

Cuvette Pyro. 
Firings 0 
Result on record Yes (cone. + Abs.) 
Chart speed I 
Data communi. Off or On (as necessary~ 
Calculation Peak height for each 

element 
Carrier gas int. Yes 
OpL temp. contr. On 

*The instrument allows 10, 20. 30 or 40 ~d volume automatic 
pipetting. 

tThe instrument allows automatic 100 x dilution of sample 
solutions. 

+"Yes" for Group I elements (Ag, Cd, Pb and Bi): "'No" 
tbr other elements. 

§X = up to a maximum number of 72. 
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Table 4. Concentration of elements (ng/ml each) in synthetic standard solutions for preparation of calibration 
graphs 

Group Elements Standard I* Standard 2 Standard 3 Standard 4 Standard 5 

1 Ag 0 5 10 15 20 
Cd 0 1 2 3 4 
Pb 0 25 50 75 100 
Bi 0 5 I0 15 20 

2 Mn 0 10 20 30 40 
Co 0 20 40 60 80 
Ni 0 30 60 90 120 
Cr 0 I0 20 30 40 

3 Li 0 25 50 75 100 
Be 0 4 8 12 16 
Cu 0 10 15 20 25 
Sb 0 10 20 30 40 

*High purity 2% nitric acid. 

ACS grade reagents (unless stated otherwise) 
were used throughout the work. 

Standard solutions. A 100 #g/ml standard 
solution of each element was prepared by dilut- 
ing 1000 #g/ml Plasma Chem ICP standard 
solutions (Cd, Pb, Bi, Mn, Co, Ni, Cr, Li, Be, 
Cu and Sb) and Fisher Scientific standard sol- 
ution (Ag) with 2% nitric acid (Seastar High 
purity). The above standard solutions were 
mixed in appropriate amounts and diluted to 
volumes with the high purity 2% nitric acid to 
obtain synthetic standard mixtures to be used 
for preparation of calibration curves (see under 
Procedure for further details). All standard 
solutions were stored in tightly stoppered 
nalgene bottles. 

Mixed solution of boric acid (2.2%) and 
EDTA (0.165%). 1.65 g EDTA was dissolved in 

concentrated ammonia solution, 22 g boric acid 
was added, and stirred to dissolve and diluted with 
water to I 1. It was stored in a nalgene bottle. 

Palladium-magnesium modifier. A 15 ml 
solution of 1000 #g/ml Pd solution was mixed 
with 50 ml of 1000 #g/ml Mg solution (both as 
nitrates) and diluted to 100 ml with 2% nitric 
acid (Pd: Mg = 0.3). This solution (16.7 ml) was 
diluted to 100 ml with 2% nitric acid and stored 
in a nalgene bottle. The diluted solution (~ 10 
~tl) was used during determination of Pb and Cd 
(along with Ag and Bi) by the autosampler 
programme. 

Recommended procedure 

Silicate rock, lake or stream sediment sample 
decomposition. The finely powdered sample 
(0.5 g) ( -200 mesh) was transferred to a 
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Fig. 1. Calibration graphs for (a) Ag; (b) Cd; (c) Pb (wavelength 283.3 nm) and (d) Bi at atomization 
temperature of  2200 C (40 #1 soln. of  each standard of Group I of  Table 4). Quadratic correlation: 

Ag, 0.9998; Cd, 0.9909: Pb, 0.9849; and Bi, 0.9996. 
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Fig. 2. Calibration graphs for (a) Mn (wavelength 403.1 nm); (b) Co; (c) Ni; and (d) Cr (wavelength 
425.4 nm) at atomization temperature of  2400'C (40 i l l  soln. o f  each standard of  Group 2 of  Table 4). 

Quadratic correlation: Mn, 0.9991; Co, 0.9616; Ni, 0.9886; and Cr, 0.9993. 

Milestone Teflon decomposition vessel (note i). 
A total of 2.5 ml 40% hydrofluoric acid 
was added dropwise while shaking the vessel 
to allow a smooth reaction to take place and 
prevent excessive local overheating and loss 
by sputtering. Concentrated nitric acid (3 ml) 
was added and stirred thoroughly with a 
Teflon rod, breaking the lump to a slurry. 
A total of 9 ml concentrated hydrochloric 
acid was slowly added while stirring the sol- 
ution, and finally rinsing the outer side of the 
Teflon rod into the vessel. The Teflon rod 
was set aside and the vessel was covered with the 
lid and the spring assembly. The vessel was then 

placed inside the protection shield and after six 
sample vessels had been assembled in the rotor, 
the screw caps were tightened with the T bar 
using two ¼ rotations towards the end (care was 
taken not to overtighten to prevent cracking of 
the Teflon spring cover). 

Placing the rotor with the assembled sample 
vessels inside the microwave oven, the door was 
closed and it was heated gradually (3 min.) 
to maximum power (1000 W). It was then 
further heated at 600 W for 2 min. and 250 W 
for 10rain. It was allowed to vent until the 
program was ready and the power shut off 
automatically. 
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Table 5. Sensitivities of  elements as obtained with a pyrolytic graphite coated 
graphite tube furnace using the Hitachi Z-9000 simultaneous multi-element 

atomic absorption spectrophotometer 

Wavelength Atomization 
Element (nm) temperature ( C )  Sensitivity* (pg) 

Ag 328.1 2200 3 
Cd 228.8 2200 0.9t 
Pb 217.0 2200 4.6 

283.3 2200 13t 
Bi 223.1 2200 16 
Mn 279.5 2400 1.5 

403.1 2400 10 
Co 240.7 2400 22 
Ni 232.0 2400 65 
Cr 357.9 2400 13 

425.4 2400 19 
Li 670.8 2300 19 
Be 234.9 2300 4 
Cu 324.7 2300 5 
Sb 217.6 2300 29 

*Defined as the mass of  the element in picograms that produces a change 
in absorbance, compared with a pure solvent or blank, of  0.0044. 

t in  the presence of  a palladium-magnesium modifier (see under Reagents 
in the text for concentration). 

The rotor assembly was removed from the 
oven, placed on the stand and allowed to cool 
to room temperature (note 2). Carefully 
unscrewing the spring cap with the T bar, with 
1 rotation at a time until some gas was vented 
and the top screw was loose, the vessel was 

removed from the rotor and the lid opened 
cautiously. 

A mixture (30 ml) containing 2.2% boric acid 
and 0.165% EDTA (note 3) was added, the 
cover and inner upper side of  the vessel were 
rinsed. The vessel with the cover was inserted 

Table 6. Determination of trace elements in quality control and reference water samples by simultaneous multi-element 
graphite furnace atomic absorption spectrometry (results in ng/ml) 

Ag Cd Pb Cr 

This Expected This Expected This Expected This Expected 
Source Sample work* valuest work* values'~ work* valuest work* valuest 

NIST 1643c 2 + 0  2 .2+0.3  1 2 + 0  12.2± 1 34.0+1.3 35.3+0.9 2 8 + 4  19.0+0.6 
USEPA QC1 10 ± 0 10.0 __+ 0.9 4.9 + 0 4.6 ± 0.6 50 ± 3 50.4 ± 5 50 _± 2 49.7 + 4.4 
USEPA QC6 2 5 +  1 26.0±2.1 4 _ _ + 0  3 .7+0.3  22.6_+0.6 21.9_+2.2 31 ± 2  31.1 ±2.5  
USEPA ICAP19 20 ± 0 20 24 ___ 1 20 
NRC SLRS-2 1 ± 0  0.5_+0.1 

Mn Co Ni Li 

This Expected This Expected This Expected This Expected 
Source Sample work* valuest work* valuest work* valuest work* valuest 

NIST 1643c 36+  1 35.1 +2.2  2 7 ± 2  23.5 ± 0.8 5 6 + 5  60.6±7.3 
USEPA QC2 9:t-0 9 .3+2 .0  51 + 1 49 .7±3.9  3 6 ±  1 30.5±3.2  
USEPA ICAP19 19_+ 1 20 21 + 0  20 21 + 1 20 
NRC SLRS-2 I 0 ± 0  10.1 +0.3 1 ± 0  1.0 ±0.1 
NRC CASS-I 2.4 ± 0.6 2.3 __+ 0.2 

17±1 16.5±1.0 

Be Cu Sb 

This Expected This Expected This Expected 
Source Sample work* valuest work* valuest work* values;" 

NIST 1643c 24 + 0 23.2 + 2.2 25 + 1 22.3 + 2.8 
USEPA QCI 50 __+ 0 49.6 -+ 3.3 
USEPA QC2 10_+0 10.1 _+ 1.2 100_+0 103.7+ 12.7 
USEPA ICAPI9 20 + 0 20 24 + 1 20 20 _+ 0 20 

*Mean of  5 values and the standard deviation. 
tQuoted from the certificate of analysis sheets (mean and the standard deviation; solution diluted before measurement to 

suitable concentrations with 2% high purity nitric acid in order that measurement could be made within maximum 
absorbance values of  calibration curves). 
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Table 7. Determination of Ag, Cd, Pb and Bi in international reference samples of silicate rocks by simultaneous 
multi-element graphite furnace atomic absorption spectrometry 

Ag Cd Pb Bi 
(ng Ig) ( ng /g  ) ( l~g 'g ) ( I~g/g ) 

This Other This Other This Other This Other 
Source Sample work* values work* values work* values work* values 

USGS BIR-I 50 36(2)5.t 150 114+38"t 2 3.2-+0.8+ <0.05 0.02(1)+ 
USGS DNC-I <50 27(2)5. 200 182 -+_ 1085. 6 6.3 +_ I+ 0.05 0.02(1)5. 
USGS W-2 50 46 (2)t 100 104+275. 6 9.34-3.15.1 0.05 0.03(1)5. 
USGS MAG-I 100 80++ 200 202++ 26 "~ ÷ _4, 0.30 0.33§ 
USGS AGV-1 100 104 + 30 ¢ 54 61 + 8 ~r 34 36 + 5 • 0.05 0.054 • 
USGS BCR-I <50 27_+_4 f 129 127-+8 • 13 13.6++ <0.05 0.047 • 
USGS GSP-1 50 86 _+ 14 ¢ 50 56 ,+ 7 ¢ 53 54 +_ 7 'r < 0.05 0.04 • 
USGS DTS-I < 50 14 ,+ 7¢ < 50 9 ~v 6 12 ,+ 3 qr <0.05 0.005 • 
USGS G-2 <50 45,+6¢ <50 254- I1 'r 34 31 ,+4 • <0.05 0.04I '~ 
NIM NIM-G 100 42 12011 200 --++ ++ 40 4011 0.4 0.4il 
IWG BE-N <50 44** 100 100 210++ 4 4++ <0.05 0.042+ + 
CCRMP MRG-I 100 110 _.+ 275.5. 200 168 4- 31++ 9 10 _+ 4+t 0.20 0.135"+ 
CCRMP SY-2 120 --++ ++ 230 208 + 365.5. 80 85 + 85.+ 0,3 ÷ + _ _ + +  

IGGE GSD-5 369 360++ 900 820++ 110 112+ + 2 2.4+ + 
IGGE GSD-6 357 360++ 430 430++ 27 27++ 5 5++ 

*Mean of two values. 
5.'Consensus value" reported in a compilation of  data in Ref. 16. 
++'Working value" reported in a compilation of data in Ref. 17. 
§'Reported in a compilation of  data in Ref. 18. 
~r'Consensus value' reported in a compilation of  data in Ref. 19. 
11Reported in a compilation of data in Ref. 20. 
**See Ref. 21. 
t 5.'Recommended concentration' reported in a compilation of data in Ref. 22. 
++ ++'Consensus value" not available in the literature. 

i n t o  t h e  p r o t e c t i o n  s h i e l d  a n d  p l a c e d  i n s i d e  t h e  

r o t o r .  T h e  s c r e w s  w e r e  t i g h t e n e d  a s  u s u a l ,  

a n d  t h e  a s s e m b l e d  r o t o r  w a s  h e a t e d  in t h e  

m i c r o w a v e  o v e n  a t  1000 W f o r  2 m i n  a n d  250  W 

f o r  4 m i n .  A f t e r  v e n t i n g  w a s  c o m p l e t e d  a n d  t h e  

p o w e r  a u t o m a t i c a l l y  s h u t  off ,  t h e  r o t o r  w a s  

r e m o v e d  f r o m  t h e  o v e n ,  p l a c e d  in  t h e  s t a n d  a n d  

a l l o w e d  to  c o o l  t o  r o o m  t e m p e r a t u r e .  

T h e  l id  w a s  u n s c r e w e d  w i t h  u s u a l  c a u t i o n  a n d  

t h e  c o v e r  o p e n e d .  T h e  c o n t e n t  o f  t h e  ves se l  w a s  

t r a n s f e r r e d  to  a 50 ml  g r a d u a t e d  p o l y p r o p y l e n e  

t u b e  f i t t e d  w i t h  a s c r e w  c a p ,  a n d  r i n s e d  w i t h  2 %  

Table 8. Determination of  Ag, Cd, Pb and Bi in CCRMP reference samples of lake and stream sediments by simultaneous 
multi-element graphite furnace atomic absorption spectrometry (results in #g/g) 

Ag Cd Pb Bi 

This Other This Other This Other This Other 
Sample work* valuest work* values5, work* valuest work* values 

LKSD-1 0.6 0.6 ___ 0.05++ 1.0 1.2 + 0.3§ 72 82 + 5++ 1.0 " 
0.6 + 0.2§ 84 _+ 10§ 

LKSD-2 0.9 0.8 +_ 0.06++ 1.0 0.8 _+ 0.2§ 45 44 __+ 4 ++ 1.0 f 
0.8 _+ 0.2§ 40 _+ 7§ 

LKSD-3 2.6 2.7_+0.11++ 0.6 0.6 4- 0,3§ 29 29,+3+ + 2.2 - '  
2.4 + 0.4~ 26 _+ 5§ 

LKSD-4 0.2 <0.5+ + 2.0 1.9 -+ 0,5§ 90 91 4- 6+ + 0.3 -•  
0.24-0.1§ 93 -+8§ 

STSD-t 0.3 <0.5++ 1.0 0.8-+0.2§ 32 35+3++ 0.3 • 
0.3 +0.1§ 34 ,+4§ 

STSD-2 0.4 0.5 4- 0.08++ 1.0 0.8 ,+ 0 3§ 67 66 ,+ 4++ 1.7 • 
0.5 + 0.2§ 66 _+ 7§ 

STSD-3 0.3 <0.5+ + 1.0 1.0 + 0.2§ 41 40 -+ 3+ + 2.0 - • 
0.4 + 0.1§ 39 ,+ 5§ 

STSD-4 0.3 <0.5++ 0.6 0.6 +_ 0.3§ 17 16 4- 3++ 0.2 - • 
0.3 4-0.1§ 13 ,+4§ 

*Mean of two values. 
tReported in a compilation of data in Ref. 
++'Total element" as reported in Ref. 23. 
§'Partial extraction element in concentrated 
f N o t  available. 

23. 

HNO 3 + concentrated HCI" as reported in Ref. 23. 
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Table 9. Determination of  Cr, Mn, Co and Ni in international reference samples of  silicate rocks by simultaneous 
multi-element graphite furnace atomic absorption spectrometry 

Cr Mn Co Ni 
(lag/g) (%) (lag/g) (lag/g) 

This Other This Other This Other This Other 
Source Sample work* values work* values work* values work* values 

USGS BIR-I 365 382 __+ 38t 0.12 0.13 -+ 0.0It  50 51.4 -+ 3.4t 154 166+ 16"1 
USGS DNC-1 296 285 -+ 32t 0.10 0.12 + 0.02"1" 53 54 +_ 4t  264 247 -+ 18t 
USGS W-2 107 93 + 6t  0.16 0.13 -+ 0.02t 38 43 + 3t 70 70 ___ 8t 
USGS MAG-I 100 97~ 0.079 0.076:1: 20 2 ~  50 5 ~  
USGS AGV-I 10 10~ 0.06 0.07_+0.01 'r 15 15.1 -+ 1.2'- 17 17_+4 'r 
USGS BCR-I 14 16 + 4 r 0.14 0.14 ___ 0.09¶ 32 3~  15 13 __+ 4 qr 
USGS GSP-I 13 13 -+ 2.6 ~ 0.034 0.031 + 0.004¢ 7 6.5 -+ 0.8'- 9 9§ 
USGS DTS-I 1700 4200§ 0. I0 0.094 -+ 0.008 ¢ 128 134 + 17§ 2500 2350 + 180 qr 
USGS G-2 14 8.7 + 2.4¶ 0.026 0,025-+ 0,003¶ 6 5§ 6 3.5§ 
NIM NIM-G 12 12§ 0.016 0.016~ 2 4?§ 9 8?§ 
IWG BE-N 333 360+ 0.16 0.16~ 61 61~ 260 267+ + 
CCRMP MRG-I 430 430-+8011 0,14 0.13_+0.011t 89 87-+711 212 193_+ 1811 
CCRMP SY-2 26 12§ 0.24 0.25 + 0.01 II 6 8 ___ Ill 12 10§ 
CCRMP GSD-5 108 70++ 0.12 0.12++ 18 18.9++ 43 34+ + 
CCRMP GSD-6 200 190.~ 0.10 0.105 24 24.4~ 79 78+ + 

*Mean of two values. 
t 'Consensus value' reported in a compilation of  data in Ref. 16. 
:~'Working value' reported in a compilation of  data in Ref. 17. 
§'Usable value' reported in a compilation of  data in Ref. 24. 
¶ 'Consensus value' reported in a compilation of data in Ref. 19. 
II'Recommended concentration' reported in a compilation of  data in Ref. 22. 

nitric acid. If some black suspended particles 
(owing to separation of free carbon particles 
from a sediment or mud sample) were visible, it 
was filtered through a glass fiber filter paper and 
rinsed with 2% nitric acid. The volume was 
made up to 50 ml with the rinsings, the cap 
tightly screwed and shaken well to mix. A 

reagent blank was run throughout the 
procedure. 

Simultaneous multi-element GFAAS determi- 
nation 

Instrumental set up. The instrument was set 
up for simultaneous GFAAS determination of a 

Table I0. Determination of  Cr, Mn, Co and Ni in CCRMP reference samples of lake and stream sediments by 
simultaneous multi-element graphite furnace atomic absorption spectrometry 

Cr Mn Co Ni 
(lag/g) (%)  (pg/g) (lag~g) 

This Other This Other This Other This Other 
Sample work* valuest work* valuest work* valuest work* valuest 

LKSD-I 32 31 + 3++ 0.06 0.075 11 II + I+ + 26 16 + 3+ + 
12 _+_ 2§ 0.05 + 0.01§ 9 + 1§ 11 -+ I§ 

LKSD-2 64 5 7 + 8 ~  0.17 0.20+0.01++ 17 17+ I+ + 26 26+4+  
29 + 3§ 0.18 + 0.02§ 17 -+ 1§ 23 -+ 3§ 

LKSD-3 106 87 + 8:~ 0.13 0.14+0.01++ 29 30-+2++ 49 47_+5++ 
51 __+ 5§ 0.12 + 0.02§ 30 + 2§ 44 -+ 4§ 

LKSD-4 32 33-+6++ 0.04 0.05++ l0 11 -+ I+ + 34 31 +5+ + 
21 -+2§ 0 .0~ 11 -+ 1§ 32-+5§ 

STSD-1 70 67 -+ 9++ 0.32 0.40 -+ 0.03{ 16 17 + 1+ + 25 24 _+ 5{ 
28 + 3§ 0.37 _+ 0.04~ 14 _+ 2§ 18 -+ 3§ 

STSD-2 110 116+ 13{ 0,08 0.11 + 0.01+ + 16 19+2+ + 47 53 +6{  
50 + 9§ 0.07 -+ 0.01§ 17 ± I§ , 47 -+ 4§ 

STSD-3 77 80 + 10++ 0.26 0.27 + 0.02~: 16 16 + 1+ + 37 30 _+ 6+ + 
34 ± 6~ 0.26 ± 0.01§ 14 + 1§ 25 ± 3§ 

STSD-4 97 9 3 ±  14+ + 0.12 0.15-+0.01{ 13 13+_ I+ + 39 30-+ 5+ + 
30+6§ 0.12±0.01§ 11 -+ 1§ 23+2§ 

*Mean of  two values. 
tReported in a compilation of  data in Ref. 23. 
++'Total element' as reported in Ref. 23. 
§'Partial extraction element in concentrated HNO~ + concentrated HCI" as reported in Ref. 23. 
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Table I1. Determination of  Li, Be, Cu and Sb in international reference samples of  silicate rocks by simultaneous 
multi-element graphite furnace atomic absorption spectrometry (results in t~g/g) 

Li Be Cu Sb 

This Other This Other This Other This Other 
Source Sample work* values work* values work* values work* values 

USGS BIR-I 3 3.4 + 0.4t < 2  0.58 + 0.07t 123 1 2 6 + 5 t  0.6 0.58 _+ 0.15t 
USGS DNC-I  5 5.1 __+ 0.5t <2  1.3 +_ 0.2t 104 9 6 + 9 t  1 0.96_+0.15+ 
USGS W-2 10 9.3 +_ 0.7t <2  1.3 + 0.2t 109 103+ 12t 1 0.79,+0.17+ 
USGS MAG-I  69 76___4++ 3 2.7 3.6++ 38 25.6-49+ + 1 0.91 +0.01++ 

3~ 
USGS AGV-1 10 12 -+ 2 ¢ 2 2 _+ 0.4 ~ 60 60 _+ 6 'r 4 4.4 + 0.4" 
USGS BCR-I 12 12.9 +_ 0.4~ 2 1.73 + 0.37 f 20 19 + 4'r,19§ I 0.62 + 0.10 qr 
USGS GSP-1 29 31 __+ 4¶ 2 1.38 + 0.27~ 35 34 -+ 5~-,33§ 3.5 3.2 + 0.4 'r 
USGS DTS-I 2 2.1 +0 .5¶  < 2  2.1 -t-0,54" 10 7.5 +2 .4  'r 0.4 0.5§ 
USGS G-2 34 3 6 + 5 ¶  2 2.4 + 0,5~ 12 11 + 3 ' -  0.1 0 . 08+0 .03"  
NIM N1M-G 12 12§ 8 7§ 12 12§ 0.5 0.414).9711 
IWG BE-N 8 12§ < 2  2§ 82 72§ 0.2 0.22§ 
C C R M P  MRG-I  5 4.2_+ 1"* <2  0.61 _+0.24** 122 134__+ 14"* 0.9 0.86_+0.16"* 
C C R M P  SY-2 99 95 + 7** 23 22 + 5** 3 5.2 -+ 2.2** 0.2 0.25 _+ 0.10"* 
IGGE GSD-5 43 45§ 2 2.3§ 140 137§ 4 3.9§ 
IGGE GSD-6 35 40~ <2  1.7§ 400 383§ 1 1.25§ 

*Mean of  two values. 
i"Consensus value' reported in a compilation of  data in Ref. 16. 
++Reported in a compilation of  data in Ref. 18. 
§ 'Working value" reported in a compilation of data in Ref. 17. 
¶ 'Consensus  value" reported in a compilation of data in Ref. 19. 
IIReported in a compilation of data in Ref. 20. 
** 'Recommended concentration'  reported in a compilation of data in Ref. 22. 

group of four elements using the operating 
parameters of Table 1 and automatic peak 
adjustments performed. 

Calibration curves. Calibration curves (peak 
height measurement) were prepared for a group 

of four elements using the operating parameters 
of Tables 1-3 and 40 /~1 each of standard 
solutions of Table 4. Typical calibration curves 
obtained for the three groups are shown in 
Figs 1-3. 

Table 12. Determination of Li, Be, Cu and Sb in C C R M P  samples of  lake and stream sediments by 
simultaneous multi-element graphite furnace atomic absorption spectrometry (results in ~g/g) 

Li Be Cu Sb 

This Other This Other This Other This Other 
Sample work* valuest  work* valuest  work* valuest  work* values+ 

LKSD-I  6 7_+2:~ <2  1.I _+ 0.1++ 56 44___5++ 1 1.2+0.1++ 
44 -+ 5§ 1.2 _+ 0.~ 

LKSD-2 20 20-+-2+ 2 2.5+0.6++ 38 37_+4++ 1 1.l _0 .1  + 
36 + 3§ 1.2 _+ 0.5§ 

LKSD-3 26 25+2++ 2 1.9 +0.2+ + 40 35-+3+ + 1 1.3-+0.1+ + 
34 _+ 3§ 1.4 + 0.5§ 

LKSD-4 12 12+2++ 2 1.0+0.03++ 34 31 +4++ 2 1.7 -+ 0.1~ 
30 -+ 3§ 1.5 + 0.~ 

STSD-1 11 11 -+ 1++ <2  1.6+0.6++ 34 36__+4+ + 2 3.3 -+ 0.3~ 
36 -+ 2§ 2.0 -+ 1.0§ 

STSD-2 65 65 + 8+ 6 5.2 + 0.7++ 48 47 + 5~: 4 4.8 + 0.4++ 
43 + 3§ 2.6 -+ 1.5§ 

STSD-3 29 28 + 2++ 2 2.6 + 0.3++ 44 39 _+_ 4+ + 4 4.0 + 0.4++ 
38 + 2§ 2.4 + 1.2§ 

STSD-4 14 14+2++ <2  1.7+0.3++ 68 65-+6++ 6 7.3 +0.7+ + 
66 + 5§ 3.6 _+ 2.5§ 

*Mean of two values. 
tRepor ted  in a compilation of  data in Ref. 23. 
++'Total element" as reported in Ref. 23. 
§'Partial extraction element in concentrated HNO~ + concentrated HCI" as reported in Ref. 23. 
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Determination of elements in sample solutions. 
Using 10-40 yl  of  a sample solution (rock, 
sediment or water sample), or from a diluted 
solution, as necessary to bring the absorbance 
values within the limits of  calibration curves, the 
concentration of the unknown was determined 
using the appropriate operating parameters and 
calibration curves (note 4). Blank values, if any, 
were corrected for (note 5). 

Notes 

i. Six samples were always run simul- 
taneously in one batch to prevent excessive 
pressure build up within each vessel. 

2. I f  necessary, quick cooling can be effected 
by inserting the whole rotor assembly inside a 
bath of  cold water, or running cold tap water on 
the outer tube. 

3. An automatic dispenser was used in the 
authors '  laboratory to expedite this process. 

4. Dilutions were necessary for some sample 
solutions containing high Pb, Cr, Mn, Ni, Cu, 
Cd and Li. Also, alternative absorption lines for 
Pb (283.3 nm), Cr (425.4 nm) and Mn (403.1 
nm) were used to reduce sensitivities where 
needed, particularly for some rock and sediment 
sample solutions containing high amounts of  
these elements. 

5. Blank reagent values were negligible if 
appropriate care was taken to clean the 
decomposition vessels thoroughly with acids, 
alconox soap and water before use. 

RESULTS AND DISCUSSION 

Sensit&ities 

The sensitivities for the 12 elements studied 
in this work are given in Table 5. Alternative 
less sensitive lines for Pb (283.3 nm), Cr 
(425.4 nm) and Mn (403.1 nm) were chosen 
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for determination in rock and sediment 
samples since these elements were normally 
present in higher concentrations than other 
trace elements. The sensitivities of the primary 
wavelengths for Pb (217.00 nm), Cr (357.9 nm) 
and Mn (279.5 nm) are also included in Table 
5; these lines were used where high sensitivities 
were needed for determination of ultra-trace 
amounts of these elements, e.g. in water 
samples. 

The use of palladium-magnesium modifier for Pb 
and Cd 

Palladium and magnesium chlorides have 
been used as matrix modifiers to prevent losses 
of lead in the presence of alkali and alkaline 
halides during charring. ~a Stabilization of cad- 
mium by addition of magnesium nitrate or 
phosphate has also been reported by Slavin 
et al. ~5 However, in order to lower the blank 
absorbance values, a lower concentration of 
palladium-magnesium modifier than reported 

by these authors ~4']5 was used in this work to 
increase the atomization temperature for Pb and 
Cd to 2200~C without losses. It was found that 
in the presence of the specified amount of the 
modifier (see under Reagents and standard sol- 
utions) the ash and the atomization tempera- 
tures for Pb and Cd could be increased to 80ff 
and 2700°C, respectively, without any losses. 
Therefore, using this modifier, Pb and Cd could 
be simultaneously determined with two other 
elements (e.g. Li and Sb) which required higher 
atomization temperatures than 2200°C. In this 
work, Pb and Cd were determined simul- 
taneously with Ag and Bi; however, the modifier 
did not have any effect on the blank or 
absorbance values for the latter two elements. 

Analyses of reference materials for trace elements 

The validity of the proposed simultaneous 
multi-element GFAAS method for trace 
elements was tested with National Institute of 
Standards & Technology (NIST) reference water 
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sample 1643c, U.S. Environmental Protection 
Agency (USEPA) quality control (QC) water 
samples (concentrates 1, 2, 6 and ICAP 19), 
National Research Council (NRC) of Canada 
reference water samples SLRS-2 (riverine water) 
and CASS-1 (near shore seawater), and a var- 
iety of international geochemical reference 
rocks and sediments issued by Canadian Cer- 
tified Reference Materials Project (CCRMP), 
United States Geological Survey (USGS), Na- 
tional Institute for Metallurgy (NIM) (South 
Africa), International Working Group (IWG) 
(France) and Institute of Geophysical and Geo- 
chemical Exploration (IGGE) (China). 

The results for replicate determinations of 
trace elements in NIST, USEPA and NRC 
reference water samples, given in Table 6, show 
good precision and excellent agreement with the 
expected values in most cases. 

Twenty-three international reference rock 
and sediment samples were decomposed by the 
Recommended procedure and the specified 
elements were determined directly either from 
the solutions thus prepared (sample concen- 

tration 0.01 g/ml in each) or from further 
diluted solutions in groups of four as described 
above. The averages of two values for Ag, Cd, 
Pb, Bi, Cr, Mn, Co, Ni, Li, Be, Cu and Sb of this 
work in these samples are given in Tables 7-12 
and compared with other values ('consensus', 
'working', 'usable', 'recommended' and 
'provisional') quoted from the literature.~6-24 

For each of Ag, Cd and Bi the determination 
limit (lowest possible amount that could be 
detected with certainty) of this work was 50 
ng/g; it was 2/~g/g for Be. 

In the case of minor and trace elements 
(e.g. Cr, Mn, Pb, Cu, Co, Ni, Cd, Be and Li) of 
the reference rocks and sediments, the average 
values of duplicate determinations of this work 
either agree with or fall within the limits of 
'accepted values' (cf. Tables 7-12). 

For ultra-trace elements (e.g. Ag, Bi and Sb) 
in these samples, the other values are near the 
determination limits of the GFAAS method, 
and in some cases (cf. Table 7) only one or two 
other values available in the literature are not 
even certified. Also, other Ag and Bi values in 
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SY-2, and Bi value in LKSD-I to LKSD-4 and 
STSD-! to STSD-4 are not available in the 
literature. Therefore, more data on these 
elements in the specified samples by other 
methods are needed for a valid comparison with 
the GFAAS values. 

Where possible, the results of this work are 
also compared graphically with other rec- 
ommended values (without standard deviation) 
in Figs 4-6 .  With the exceptions for few 
samples, the data points for these elements in 
these figures fall reasonably close to the 4S' line, 
demonstrating fair agreement between multi- 
element GFAAS and other values. 

Chromium in DTS-1 (dunite) was found to be 
lower than the 'consensus value' probably ow- 
ing to the presence of a significant amount of 
chromite which was not completely attacked by 
the decomposition method. A fusion of this 
partially insoluble chromite residue with Na2Oz 
would be required to obtain better results. How- 
ever, the results for other elements in this sample 
showed good agreement in most cases with the 
'consensus values' and hence justified their 
inclusion in this work. 

C O N C L U S I O N S  

The direct simultaneous multi-element 
GFAAS determination of trace and ultra-trace 
amounts of Ag, Cd, Pb, Bi, Cr, Mn, Co, Ni, Li, 
Be, Cu and Sb from environmental waters and 
geochemical sample solutions is relatively rapid 
and results are of acceptable quality. Low oper- 
ating and virtually nil maintenance costs make 
the instrument ideally suited for a laboratory 
with a small budget. At a lower cost, the 
multi-element GFAAS results on the common 
trace and ultra-trace elements in water, rocks 
and related materials are comparable in quality 
with those of other more costly instrumental 
techniques such as ICP-AES and ICP-MS. 
Therefore, this technique is ideally suited not 
only for internal routine production work, but 

also useful for certification of trace elements in 
international reference samples of water, rocks 
and related materials. 

Acknowledgement--The authors are indebted to K. N. De 
Silva for critical reading of the manuscript. 
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Summary--Alkali and alkaline earth metals were separated and quantified by Capillary Zone Etectrophor- 
esis using a previously developed method. CZE combined with indirect detection has received considerable 
attention over the last few years. Methods for the determination of inorganic and organic cations and 
anions have been reported although few of these include quantitative application to real samples. All of 
these methods are characterized by high efficiencies and high capacity. Application of the method to the 
determination of the major cation content of an International Atomic Energy Agency (1AEA) standard 
reference material is described. Complete resolution and quantitation of the ions (Na +, K +, Ca 2 +, Mg 2+ ) 
was achieved with calibration curves, for the individual components, having correlation coefficients (r-') 
ranging from 0.996 to 0.999 and detection limits (two times the baseline noise) of 10 ppb for potassium 
and magnesium and of 2.5 ppb for sodium and 2 ppb for calcium were achieved. Comparable results were 
achieved when employing analysis by Atomic Spectroscopy. The accuracy of this method was tested by 
comparison with standard flame Atomic Absorption cation analysis. Statistical analysis of the instrumen- 
tal results indicate that there is no evidence suggesting systematic differences between the methods. In 
addition, a number of potential advantages of CZE for cation analysis are discussed. 

Capi l l a ry  zone e lec t rophores is  (CZE),  a form of  
CE where separa t ion  is main ly  based on 
differences in solute size and charge at  a given 
pH,  offers a rapid,  high resolut ion  me thod  for 
the de te rmina t ion  o f  inorganic  and organic  ions. 
Ions  are separa ted  accord ing  to their  relat ive 
ionic mobi l i t ies  in an electric field. CE is charac-  
terized by the use of  na r row bore  capi l lar ies  
(10 -  100/~ m) opera ted  at high appl ied  potent ia l s  
(10-30 kV) and is fast becoming  a technique 
complemen ta ry  to High Per fo rmance  Liquid 
C h r o m a t o g r a p h y  ( H P L C )  and Ion  C h r o m a t o g -  
raphy  (IC). 

The  origins o f  the use o f  CE for ion analysis  
can be t raced to 1967 ~ but  more  recently C Z E  
has been demons t r a t ed  to be a high efficiency 
technique for the separa t ion ,  with indirect  de- 
tection, o f  inorganic  anions,  -'-6 amino  acids, 7 
organic  acids, 8 ca t ions  9 and alkal i  metals.  ~° In 
1981 N u k a t s u k a  et  al. ~ descr ibed the use o f  
~ -hydroxy i sobu ty r i c  acid (HIBA)  as a complex-  
ing agent  in an i so tachophore t i c  separa t ion  of  

*Author to whom correspondence should be addressed. 

lanthanides .  The use of  H I B A  and acetic acid 
were repor ted  by Hi rokawa .  ~2 In 1990 Fore t  
et  al. ~3 repor ted  separa t ion  of  rare ear th  metals  
and  l i thium, sodium,  po tass ium and magnes ium 
by CZE.  In this method ,  indirect  detect ion was 
util ized using H I B A  and c rea t in ine -ace ta te  
buffer. More  recently several papers  were 
publ ished by Jandik ,  Jones et  al. of  Wate r s  Ion 
Analys is  D e p a r t m e n t  ~4 ~7 relat ing to s imilar  
pr inciples  o f  separa t ion  o f  alkal i  and  a lkal ine  
ear th  cations.  A l though  many  me thod  develop-  
ment  and op t imisa t ion  papers  have been 
publ ished few appl ica t ions  have been discussed.  

This paper  describes a compar i son  o f  CE 
cat ion analysis  with s t andard  F lame  Atomic  
Spect roscopy.  Using the system repor ted  by 
Fore t  et  al. l~ the s imul taneous  quan t i t a t ion  of  
Na,  Mg, K and Ca in an In te rna t iona l  A tomic  
Energy Agency ( I A E A )  s t anda rd  reference 
mater ia l  (powdered  milk)  was per formed.  

This  CE technique relies on indirect  pho to -  
metr ic  detect ion which can be used for the 
detect ion of  c o m p o u n d s  that  have no opt ical  
absorbance .  When  using indirect  de tec t ion  
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methods with CZE, an absorbing ion, in this 
instance creatinine, is incorporated in the 
electrolyte to produce a background signal. 
Cations present in the sample displace the 
absorbing cation in the electrolyte and produce 
a negative peak. 

The IAEA standard reference powdered milk 
sample contains a number of  major cations 
which are routinely determined, the standard 
analytical methods employed include spec- 
troscopy, XRF and possibly ICP-MS. The 
IAEA-A-I  1 powdered milk sample was chosen 
as it represented a matrix rich in four major 
cations at varying concentrations. Powdered 
milk is a major source of cations for formula fed 
infants and it is, therefore, important  for the 
availability of  rapid methods to quantify the 
cation content in such matrices, with new 
improved methodology being continually 
sought. In addition this paper reports the poten- 
tial advantages of  CE for the multi-component 
analysis of  major cations in real samples. 

EXPERIMENTAL 

Appara tus  

Quantitative and qualitative work was per- 
formed with polyimide coated fused-silica capil- 
lary tubes (Dionex UK) with an effective length 
of 65 cm to the detector window. A Dionex 
CES-I (Dionex UK, Camberley, Surrey, U.K.) 
with indirect detection at 220 nm was used for 
all of  the analyses. The instrument was operated 
at 10 kV with the detector at the cathodic side. 
The sample solution was loaded onto the capil- 
lary under gravity (elevated at 100 mm for 30 
sec). Data acquisition was carried out on the 
CES-I with a Waters Maxima 820 Chromatog-  
raphy Workstation (Waters Chromatography 
Division, Watford, U.K.). The AA system em- 
ployed was the Perkin Elmer PE3100 (Perkin 
Elmer, Post Office Lane, Beaconsfield, Berks, 
U.K.). 

Mater ia l s  and reagents 

CE electrolyte solutions were prepared from 
AnalaR-grade chemicals (Merck, Poole, Dorset, 
U.K.). When preparing the electrolyte, 4.5240 g 
of creatinine and 1.014 g of HIBA (~-hydroxy- 
isobutyric acid) were added to a beaker contain- 
ing 500 ml water, the pH was then adjusted to 
3.5 by the addition of Aristar grade acetic acid 
and made up to 1000 ml with 18 Mf~ water 
(Elga Ltd, High Street Lane End, High 
Wycombe, U.K.). This operating buffer was 

then vacuum filtered through a 0.45 p m  
cellulose nitrate filter which also degasses the 
solution. Glassware for all the analysis was 
soaked overnight in 2% Decon and thoroughly 
washed in 18 Mf~ water. 

The standard reference material milk powder 
IAEA-A-11 was obtained from the Inter- 
national Atomic Energy Agency (Vienna, 
Austria). 

Preparat ion o f  s tandards and  samples  

All standard solutions were prepared by a 
dilution of  1000 ppm stock solutions (BDH AA 
Standards Poole, Dorset, U.K.) containing a 
single ion, freshly prepared every month and 
stored in 500 ml plastic flasks. All mixed ion 
standards were freshly prepared for each exper- 
iment. Elga 18 m ~  water and plastic flasks were 
used throughout. A standard addition method 
was employed for the spectroscopic analysis as 
shown in Table l a. 

Calibration curves for the CE analysis for 
each of the cations of  interest were prepared as 
mixed standards (BDH AA Standards). Six 
replicates were performed and the reproducibil- 
ity of  the response factors were expressed as a 

Table la. Standard and sample preparation for analysis 
by AA 

Element Standard Sample 

Calcium 0,1,2,3,4,5 ml AA 0.01% stock sample* 
standard 1 ml stock 
sample solution* 

Sodium 0,2,4,6,8,10 ml AA 0.01% stock sampler 
standard 1 ml stock 
sample solutiont 

Magnesium 0,2,4,6,8,10 ml AA 0.1% stock sample* 
standard 1 ml stock 
sample solution* 

Potassium 0,2,4,6,8,10 ml AA 0.1% stock sample+ + 
standard 1 ml stock 
sample solution++ 

*0.1% KCI and 0.5% lanthanum chloride added. 
t0.1% KC1 added. 
++0.1% lanthanum chloride added. 

Table lb. AA operating conditions 

Element Conditions 

Calcium Absorbance 422.7 nm, air acetylene flame, 
oxidizing (lean blue) slit width 0.7 nm 

Potassium Emission 766.5 nm, air-acetylene flame, oxi- 
dizing (lean blue) slit width 1.4 nm 

Magnesium Emission 285.2 nm, air acetylene flame, slit 
width 0.2 nm 

Sodium Emission 589.5 nm, nitrous oxide acetylene 
flame, slit width 0.7 nm 
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function of concentration and the correlation 
coefficient of  the lines obtained with accuracy 
and precision stated. 

Six weighings of  200 mg of  IAEA standard 
reference sample were prepared. After weighing, 
one of the six samples was dried in an oven at 
80"C for 48 hr to drive off any associated water. 
This was used as a blank for weight correction. 
The process used for the dry-ashing is a stan- 
dard technique ~ as used in all methods for 
cation analysis and is the rate determining step 
common to all instrumental procedures. 
Reduction of the dry-ashing stage may be 
possible by the implementation of microwave 
digestion techniques. ~9 The samples were then 
taken up in concentrated nitric acid and made 
up to volume with deionized water in 10 ml 
standard flasks to give a 7% nitric acid solution. 
Subsequent dilutions were carried out prior to 
injection. 

A blank was prepared by analysing the 7% 
mineral acid identically to the sample analysis. 
Atomic spectroscopic sample solutions were 
prepared from dilutions of  the digested samples 
made up in mineral acid. As the analysis is single 
component,  samples were prepared for analysis 
of  individual components as shown in Table I a. 

Procedure for capillary preparation and handling 

Prior to extended use, the capillary was filled 
with 1M sodium hydroxide and allowed to 
stand for 1 hr. This solution was replaced with 
0.1M sodium hydroxide, allowed to stand for 30 
min, washed with deionized water before filling 
with running buffer by pressure injection. The 
capillary was used for a maximum of 12 injec- 
tions before regeneration by pressure injection 
of 0.1M sodium hydroxide for 5 min and 
running buffer for 15 min. This was done during 
unattended operation (overnight) to ensure 
good baseline stability and to minimise the 
chance of capillary blockage. During monitored 
operation many more runs were achieved before 
regeneration was required. At the end of each 
operating day the capdlary was flushed with 
running buffer and left filled. 

Calculation method 

The values quoted for the results obtained are 
the experimental values corrected after weight 
and background contribution was taken into 
consideration. Weight correction was per- 
formed by scaling the actual result to a value 
appropriate for an accurate weighing of 200 mg, 
this value was also background corrected by 

subtracting the value obtained for the blank, to 
remove any contribution from the acid. 

Instrumental operation 

The CES-1 system incorporates three modes 
of injection into the capillary: hydrostatic, 
pressure and electromigration. All injections for 
this study were performed in the hydrostatic 
mode as non-preferential loading was required. 
Pressure injection was performed as part of  the 
rinse cycle where buffer was pressure injected 
onto the capillary. Gravity injection was utilized 
and the sample was elevated at 100 mm for 30 
sec and a running voltage of 10 kV (positive 
potential) applied. A 40-sample carousel was 
used with Dionex 2 ml microvials. Indirect 
UV-detection at 220 nm was employed for the 
CE work. 

The spectrometer was 
operation, emission and 
ditions employed for the 
are shown in Table lb. 

used in both modes of 
absorption. The con- 
spectroscopic analysis 

RESULTS AND DISCUSSION 

CE calibration graphs for N a - ,  K ~, Mg ~ , 
Ca 2+ showed a linear dependence of the re- 
sponse factor measured in terms of peak area as 
a function of the concentration of the individual 
cations, with correlation coefficients (r ~) of 
0.998, 0.996, 0.999 and 0.998, respectively, and 
LODs calculated (as two times baseline noise) as 
10 ppb for potassium and magnesium, as 2.5 
ppb for magnesium and as 2 ppb for calcium 
(Fig. 1). Correlation coefficients for the spectro- 
scopic analysis were also calculated being 0.997, 
0.996, 0.998 and 0.996, respectively. 

Figure 2 shows the electropherogram of a 
standard mixture containing 20 ppm of sodium, 
potassium, calcium and magnesium with an 
elution order of K+, Na +, Ca -~' and Mg ~ . It 
can be seen that complete resolution and detec- 
tion were achieved within 16 rain. Much lower 
migration times have been demonstrated, '4.h<~ 
however in this instance the fluctuating baseline 
and more pronounced baseline noise was accen- 
tuated at high applied field strength. This was 
possibly due to Joule heating in the capillary 
hence a low operating voltage of 10 kV was 
applied leading to increased migration times. 
Manipulation of the control voltage does allow 
a decrease in the elution time resulting from a 
faster Electroosmotic Flow (EOF). A 
compromise is necessary to achieve well delined 
chromatography and speed of analysis. 
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Fig.  1. E l e c t r o p h e r o g r a m  s h o w i n g  the r e sponse  f ac to r  for  a I0 p p b  s t a n d a r d  so lu t ion  o f  the m a j o r  ca t ions  

f o u n d  in the  milk  p o w d e r  mat r ix .  

Optimization of the electrolyte system used in 
the CE analysis was achieved by altering the 
concentration of the complexing agent (HIBA). 
This was measured in terms of baseline 
resolution of the peaks. The stability of the 
chelant-cation complex formed varies depend- 
ing on the cations present and the concentration 
of the chelant itself. The greater the stability of 
the complex, the more retarded the ion is in the 

capillary allowing greater separation of com- 
ponents. When analysing samples with dis- 
parate concentrations it may be necessary to use 
a stronger more specific chelant, for example a 
crown ether (E. Pretswell and K. Cook, 
personal communication). The crown ether, 
being highly specific, will strongly complex a 
specific ion, retarding it and hence changing the 
elution order of the solutes. 
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Fig.  2. E l e c t r o p h e r o g r a m  o f  the m a j o r  ca t ions  f o u n d  in a 20 p p m  s t a n d a r d  solu t ion .  



Capillary zone electrophoresis 

C a  2+ 

2.4 

2.2 

2.0 

- -  1 . 8  

1.6 

1.4 

K + 

o~ 

' I ' I 

0 0 .5  1.0 

Na + 

x 101 minutes 

Mg 2+ 

i " I I 

1.5 2 .0  2 .5  

Fig. 3. Electropherogram of the major cations found in the IAEA standard reference sample. 
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Figure 3 illustrates the optimized separation 
for the analysis of  the IAEA A-11 standard 
reference milk sample by CE. From the electro- 
pherogram the mobility of  the last eluting ion 
varies significantly from the mobility of  the 
buffer ions as peak fronting is observed. This is 
possibly due to the interference of the sample 
matrix on the separation pattern (real samples 
vs. laboratory standards) or the presence of 
nitric acid in the sample on the complex 
formation between the cation and HIBA, This 
may cause a shift in the equilibrium and hence 
alter the mobility of  the cation. A shift in the 
retention time of the standard reference ana- 
lytes is also observed, one explanation for this 
may be due to the higher pH of the sample 
compared to that of  the standards. The sample 
pH may also be responsible for the dips seen in 
the baseline prior to the sample peaks. The 
plug flow characteristics of  CE and the mini- 
mum EOF in the capillary prohibit sample 
mixing. At the sample-buffer interface a pH 

gradient exists causing changes in the ab- 
sorbance of the zone passing the detection 
window resulting in the characteristic dips in 
the baseline. It is also possible that the pres- 
ence of nitric acid may give a positive UV 
absorbance when passing the detection window 
resulting in dips in the baseline. This effect was 
not apparent when analysing the standard cat- 
ion solutions, but was apparent when the blank 
nitric acid sample was analysed indicating fur- 
ther evidence that the presence of the nitric 
acid may be the cause of the undulating base- 
line. 

There was no requirement for trace enrich- 
ment of the samples so gravity injections were 
used throughout because this mode of injection 
has the high precision of electromigration, but 
is nondiscriminatory, i.e. gives non-preferential 
loading of individual cation species. 

The concentration of Na +, K +, Mg 2+ and 
Ca 2÷ were calculated by both instrumental 
methods for the IAEA A-I I  with instrumental 

Table 2. Concentrations obtained by Instrumental analysis and those cited by 
IAEA for the cations analysed (statistical instrumental error quoted) 

Component 

IAEA CE AA 

(mg/kg, error %)* (mg/kg, r-') (mg/kg, r 2) 

Calcium 12,900 (6.2) 13,000 (1.27) 13.020 (1.67) 
Potassium 17,200 (5.8) 17,300 (1.45) 17,290 (1.56) 
Sodium 4420(7.5) 4390(1.86) 4410(I.91) 
Magnesium 1100 (7.3) 1090 (1.63) 1090 (1.74) 

*95% confidence interval for the mean. 
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Table 3. Table showing the calculated results from the statistical comparison 
of  the methods 

Method tested 

Method compared Spectroscopy IAEA 

Capillary electrophoresis 

Spectroscopy 

Slope, 0.999 Slope, 0.995 
Intercept, - 0 .06  Intercept, 0.033 
r 2 -0.995 r ~', 0.998 

Slope, 0.996 
Intercept, - 0.08 
r 2, 0.999 

and analytical precision tested and shown in 
Table 2. 

Regression lines were used to compare ana- 
lytical methodsfl ° A statistical comparison was 
performed between AA and the IAEA cited 
values and between the CE and the cited values. 
Statistical analysis of the results is shown in 
Table 3. From Table 3 it is apparent that there 
is no evidence for systematic differences between 
the methods as the calculated slope and inter- 
cept do not differ significantly from 1 and 0, 
respectively. 

CONCLUSIONS 

CE offers a rapid and reproducible method 
for the determination of alkali and alkaline 
earth metals by capillary zone electrophoresis 
(CZE) with indirect UV detection. The method 
gives excellent agreement for four major cations 
in a certified reference material (IAEA A-I I). 
CE has advantages over spectroscopic analysis 
namely, simple calibration standards, sample 
preparation, simpleness of operation, fully 
automated, multi component analysis, easy 
operation and implementation. Disadvantages 
include poor sensitivity for trace element 
analysis, which may be improved with isota- 
chophoretie stacking of the samples, 2t and loss 
of resolution when analysing mixtures of 
disparate concentrations. Conductivity 
detection has been demonstrated 22 25 where 
narrow bore capillaries attached to specially 
designed potentiometric detectors have been 
able to detect traces (10 9 tool/l). Unfortu- 
nately, these systems are not widely available 
commercially. 

This paper concludes that CZE can be applied 
to the analysis of cations in complex matrices 
and give results comparable to standard 
methods. This indicates that CE may be an 
optimal extension of classical methods of cation 
analysis with sensitive detection at low 
ppm/high ppb range and may be used reliably as 

a multi component method for quantifying 
major cations in food matrices. Application of 
the method to a wide variety of sample matrices 
is easily attainable suggesting the versatility and 
reliability of the method. 
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Summary--An electroanalytical method for determination of the anti-inflammatory agent aceclofenac at 
the ppb level using adsorptive stripping voltammetric techniques on conventional and surfactant 
chemically modified electrodes is developed. In this electroanalytical study a process of aceclofenac 
adsorption on carbon particles has been identified. In order to improve the aceclofenac determination, 
a chemical modification of  the carbon paste was carried out employing several hydrophobic substances 
such as phospholipid and fatty acids, as well as several surfactants such as the non-ionic Triton X-100 
and Triton X-405 and anionic sodium dodecyl sulfate. The influence of parameters such as pH, 
preconcentration time, carbon/Nujol ratio, surfactant/carbon ratio, potential scan rate, etc., on sensitivity 
of the method were widely studied. The proposed method was applied to the determination of the active 
compound in tablets. 

Aceclofenac (AC), 2-((2,6-dichlorophenyl)- 
amino) phenylacetoxyacetic acid, is a new non- 
steroidal anti-inflammatory agent produced by 
Prodesfarma (Spain). Experimental studies have 
demonstrated its ability to reduce prostaglandin 
synthesis in inflamed areas both in animals and 
humans.~'2 Experimental pharmacokinetic stud- 
ies with animals showed rapid adsorption when 
administered orally, distribution mainly in the 
gastro-intestinal tract, liver and kidneys and 
elimination according a biocompartmental 
model, with no accumulation when adminis- 
tered in repeated doses. 3~5 

AC is scarcely soluble in n-hexane and water 
and quite soluble in dimethylformamide, 
acetone, methanol (96%), ethanol (96%), aceto- 
nitrile, chloroform, acetic acid, acetyl acetate 
and alkaline solutions. It is weakly acidic 
(pKa = 4.7). In experiments with animals, AC 
demonstrated an important analgesic and anti- 
inflammatory effect, similar to that ofdiclofenac 
(DC) and stronger than other non-steroidal 
anti-inflammatory agents. 

In humans, using tac radioactivity measure- 
ments, according to Chassaud e t  al. 6 and 
Bastida e t  al. 7 the following metabolites 

m 

*Author to whom correspondence should be addressed. 

were found: o-[(2,6-dichlorophenyl)amine]- 
phenyl acetic acid (4-7%), 4'-hydroxy-o [[(2,6- 
dichlorophenylamine)]phenyl acetic acid] 
(10-16%), 4'-hydroxyaceclofenac 'lactam' 
(11%) and the rest as unchanged AC. 6 These 
metabolites are mainly in a conjugated form 
with glucoronic acid, which combines with toxic 
metabolites) 

Regarding the analytical aspects of drugs in 
general, several papers show an important role 
played by the electrode used. Patriarche 8 reviews 
electrode modification, concerning all types of 
electrodes. According to Patriarche and to the 
literaturefl ~4 solid electrode surface modifi- 
cation generally affects the selectivity and the 
kinetics of eletrochemical reactions, owing to 
the presence of intermediate catalyst immobi- 
lized onto the electrode surface. Moreover, the 
solid electrode modification can produce an 
important preconcentration effect of drugs onto 
the electrode surface with an enhancement of 
sensitivity, t s- 17 

Analytical determination methods for AC are 
potentiometric using the acidic properties of this 
drug 7 and chromatographic using of HPLC 7"~ 
and by thin layer 7 for identification only. Ad- 
ditionally, the use of the carbon paste electrode 
in electroanalytical chemistry has permitted its 
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easy modification with a wide variety of  
modifiers29'2° The use of phospholipids and 
fatty acids as modifier was carried out by Patri- 
arche and co-workers 21'22 and the use of  surfac- 
tants as modifier was first initiated by Mottola 
et a l l  3 by dipping carbon paste electrodes in a 
surfactant solution, and by us 2a by incorporat- 
ing a solid state modifier into the paste. Re- 
cently, several reviews, concerning chemical 
modifications of  carbon-based electrodes 25 as 
well as their use in liquid chromatography de- 
tection, 26 have appeared. 

EXPERIMENTAL 

Xpparatus 

To obtain vol tammograms,  a Potentiostat 
Autolab PSTAT 10 and a GPES software ECO- 
C H E M I E  (Holland) were used. 

Electrodes were Ag/AgCI, KC! saturated as 
reference electrode, a Pt wire as auxiliary elec- 
trode and a Metrohm 6.1204.000 carbon rotat- 
ing disc electrode (diameter = 3 mm) as working 
electrode (in which a hole, by pressing a carbon 
disc, was made to be readily filled with carbon 
paste). 

An ultrasonic bath Selecta (Spain) was em- 
ployed as graphite powder mixer. 

Reagents  

Graphite powder (200 mesh and spectroscop- 
ically pure) was from Johnson Matthey (Paris, 
France). AC, pure product and tablets, named 
Airtai, were provided by Prodesfarma (Spain). 

These tablets had the composition given in 
Table !. 

All surfactants used were supplied by Serva 
Feinbiochemica (Heidelberg, Germany) and 
employed without purification. 

Nujol oil was a Merck reagent and all other 
chemical reagents were of  analytical grade and 
furnished by different firms. 

The 2,6-dichloro-p-aminophenol was sup- 
plied by Aldrich-Chemie. 

Procedures 

We used two types of  carbon paste electrodes: 
(a) the conventional carbon paste electrode 
(CPE); (b) the modified carbon paste electrode 
(MCPE). These types of  electrodes were pre- 
viously prepared by us, 24 but in this case the C 
(g)/nujol (g) ratio was 68 : 32, and the surfactant 
(g)/C (g) ratio was 5:95. In both electrodes, 
carbon powder/Nujol oil, as well as carbon 
powder/Nujol oil/chloroform surfactant sol- 
ution (added to facilitate the modifier dispersion 
and evaporation), were homogenized by an 
ultrasonic bath. 

The preliminary studies on electroactivity of 
AC were only carried out on CPE. 

The adsorption studies were carried out on 
both types of  electrodes at open circuit before 
stripping, using the following types of  solutions: 
(a) preconcentration solution, formed by the 
analyte and the pH buffer; (b) stripping sol- 
ution, formed by pH buffer and the supporting 
electrolyte. 

In order to develop an electroanalytical deter- 

Table 1. Composition of aceclofenac tablets 

Formula of aceclofenac 
Ingredients tablet 100 rag* (rag) 

Active ingredient 
Aceclofenact 100.0 

Other ingredients 
Microcrystalline cellulose 89.2 
(Avicel PH 101) (26.3) 
(Avicel PH 102) (62.9) 
Sodium croscarmellose 6.6 
Glyceryl palmitostearate 2.6 
Povidone 6.6 

Tablet core weight 205 

Film coating 
Sepifilm 752 white++ 9.0 

Total tablet weight 214 

*Ethanol is used in the manufacture of the tablet core and dichloromethane 
and ethanol in the film coating stage; levels in the final product are low. 

tAverage: none. 
++The composition of Sepifilm 752 white is: hydroxylpropyl methylcellulose, 

68-70%; polyoxyl-40 stearate, 6-10%; titanium dioxide, 18-22%. 



Electroanalytical determination of aceclofenac 295 

i/l~A 

25 

20 

15 

-0.8 

0 t5 
-0.4 0.2 0.4 I .(3 

-5 

E/V 

-10 

-15 

f -20 

Fig. 1. Vol tammogram of 10-SM AC at pH 1 (HCIO 4 0.1M ) at different scan rate: (1) 1 V/sec; (2) 2 V/sec; 
(3) 3 V/sec; (4) 4 V/sec; (5) 5 V/sec; starting potential: 0.00 V; first scan forward + 1.20 V, reverse up to 

- 0 . 7 0  V and reverse up to 0.00 V to complete the cycle; conventional carbon paste electrode. 

mination method of AC, the influence of several 
parameters on voltammetric peak height, such as 
potential scan rate, pH, preconcentration time, 
analyte concentration, carbon/Nujol oil (g/g) 
ratio, surfactant/carbon/Nujol oil (g/g/g) ratio 
and solution alcohol concentration, were studied. 
In all the cases, after each experiment, the 
electrode surface was renewed. 

In order to develop an AC electroanalytical 
method using the conventional CPE, the follow- 
ing experimental conditions were employed. 
Preconcentration solution: 0.1M HCIO4+ AC, 
stripping solution: 0.1M HCIO4 + 0.1M KNO3, 
Nujol oil (g)/carbon (g) ratio: 32/68, preconcen- 
tration time: 8 min, potential scan rate: 4 V/sec, 
solution stirring rate: 103 tpm. In the case of 
CMCPE the same experimental conditions as 
above were employed, but in this case a surfac- 
tant (g)/carbon (g) ratio of 5/95 was utilized. 

RESULTS AND DISCUSSION 

Preliminary studies on C P E  

In order to determine if AC was electroactive 
(no reference about its electrochemical be- 
haviour was found), its electrochemical profiles 
at different pH (acidic media of HCIO4, 
AcO IAcOH and HPO] /H2PO£, weakly al- 
kaline medium, NH3/NH~-, and strongly alka- 
line medium, NaOH) were obtained, without 
and with preconcentration step. 

Voltammograms obtained, with a 1 x 10-SM 
AC solution, at pH 1 (HCIO4 0.1M) without a 
preconcentration step, scanning the potential 
from 0.0 V, up to 1.2 V, and then back to - 0 . 8  
V vs. Ag/AgC1, KCI satd, at different scan rates 
(1-5 V/sec), are plotted in Fig. 1. Only one well 
defined oxidation peak appears at 0.993 V. Its 
height increases with scan rate up to 4 V/sec, 
and then decreases at 5 V/sec, probably owing to 
high cell constant value. The height of this peak 
increases linearly with AC concentration and with 
v'/2, therefore, it is a diffusion controlled peak. 
It also appears as a cathodic peak at +0.2 V 
whose height increases slightly with the scan rate. 

Following a preconcentration step, employ- 
ing the same AC solution but at pH 1.7 (HCIO4 
2.10 2M), the same voltammogram was ob- 
tained, in which we observe that the anodic peak 
is near the electroactivity limit and, therefore, it 
is difficult to analyse. 

In order to obtain a fairly easy to use voltam- 
mogram, we proceeded as follows. Without a 
preconcentration step: with the same AC sol- 
ution, we completed a whole cyclic voltammet- 
ric cycle from + 1.00 V to -0 .100  V and back 
to + 1.0 V. The voltammogram obtained is 
plotted in Fig. 2. In this figure, a very suitable 
analytical peak at +0.5 V and other small peaks 
(at +0.7, +0.65 and +0.15 V) without analyti- 
cal significance, are observed. This analytical 
peak is probably a result of oxidation of a 
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substance obtained by a series of  previous elec- 
trochemical and chemical reactions described as 
follows. 

Analytical peak characterization 

In order to characterize the peak, a series of 
voltammograms were obtained. These voltam- 
mograms have been interpreted according 
to Adams. 27 Thus, we think that the first step in 
the electrochemical oxidation of  AC is the fol- 
lowing reaction (where R is - - C H 2 - - C O  2 -  
CH2--CO2H, in the aceclofenac formula): 

The quinoneimine and quinone forms might 
correspond to the redox peak couple II l / l lI '  and 
I1/II% respectively. 

In order to verify this, we studied the electro- 
chemical behaviour of the commercially avail- 
able compound 2,6-dichloro-p-aminophenol, 
and the results obtained indicate that its be- 
haviour is similar to that of  AC. However, the 
commercial compound is just slightly adsorbed 
onto the carbon paste electrode (Fig. 3), corre- 
sponding to the case in which a l x  lO-SM 

R 

CI NH CI 

H20 

R 

CI NH CI 

OH 
Scheme I. 

+ 2H ÷ +2e 

obtaining peak I of  Fig. 2. 
The aminophenol formed is further oxidized 

in peak I, giving a quinoneimine R derivative: 

2,6-dichloro-p-aminophenol solution was in 
contact with a CPE for 8 min. 

We also studied 1 x lO-SM 2,6-dichloro-p- 
aminophenol in solution, that is to say without 

R © 
CI NH CI 

OH 

R 

CI N CI 

o 
Scheme 2. 

+ 2H + +2e 

This quinoneimine is easily hydrolysed in 
acidic media according to Adams 27 giving the 
following compounds: 

a preconcentration step, by cyclic voitammetry, 
scanning the potential at 4 V/sec, obtaining the 
voltammogram plotted in Fig. 4, in which a 

R 

© 
CI N CI 

o 

H30 + 

R O 

NH3 + 0 

Scheme 3. 
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Fig. 2. Voltammogram of 10-SM AC at pH 1.7 (HCIO 4 10-2M); starting potential: + 1.00 V; first scan 
up to -0 .10 V, reverse up to 1.05 V and finally up to 1.00 V to complete the cycle; scan rate: 4000 mV/sec; 

conventional carbon paste electrode. 

quasi-reversible behaviour of this compound is 
observed, with an anodic peak developed at 
about +0.5 V. 

We think that the quinone formation is the 
most probable electrochemical transformation 
of AC according to Adams. 27 Therefore, we can 
conclude that the analytical peak of AC ob- 

tained must correspond to the anodic oxidation 
of adsorbed 2,6-dichlorohydroquinone previ- 
ously produced by electrochemical and chemical 
processes on AC after its strong adsorption on 
the carbon paste electrode. 

All of the following studies on the electro- 
analytical behaviour of AC were carried out using 

20 
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! 

-0.2 

-10 
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Fig. 3. Voltammogram of 2,6-dichloro-p-aminophenol solution after contact with the carbon paste 
electrode for 8 min; p H I  both in preconcentration and stripping cells. 
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Fig. 4. Voltammogram of  a I0-5M 2,6-dichloro-p-aminophenol solution at pH 1 on a conventional carbon 
paste electrode; scan rate 4 V/sec (without preconcentration step). 

adsorptive voltammetric techniques on CPE 
and MCPE. For this, two solutions were used: 
(1) preconcentration solution; (2) stripping sol- 
ution, as we have previously indicated in Pro- 
cedures. Several preliminary parameters, such 
as the water/alcohol ratio of the AC solutions as 

well as the Nujol oil/carbon ratio of the CPE, 
were studied. 

As AC is sparingly soluble in water we pre- 
pared a 1 x 10-2MAC solution in pure ethanol. 
Nevertheless, according to the AC structure, we 
think that protons must play an important role 

I (la, A )  

30 

4) 

20 ̧ 

10 A!  
0.2 • 

| i" 

I ~ 0  r 0.4 

2O 

I 
E (V vs Ag/AgCI) 

-30 

Fig. 5. Voltammograms of  10 5M AC at p H I  (HCIO 4 0.1M). Influence of ethanol/H20 (v/v) ratio of  
preconcentration solution on peak height; (I) 3 : 2; (2) 2: 3; (3) 1 : 4; (4) 0: 5; scan rate: 4 V/sec; conventional 

carbon paste electrode; ad-accumulation time: 8 min. 
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Table 2. Influence of carbon (g)/Nujol oil (ml) on I r (pA),  
Ep, Ep. 2, E r - E w ,  (V) of  aceclofenac peak height (ad-ac- 
cumulation time: 8 min, ad-accumulation pH: 1.0; potential 

scan rate: 4 V/sec) 

C(g)/Nujol(g) lp (,uA) Ep(V) Ep. 2 Ep--Ep2 

3:1.23 - -  - -  
3:1.32 17.04 0.548 0.548 0.035 
3:1.41 15.50 0.548 0.510 0.038 
3:1.58 4.90 0.534 0.500 0.034 
3:1.76 2.60 0.539 0.503 0.036 

in the reduction mechanism of this drug, there- 
fore, the influence of percentage water and pH 
must be studied. 

Influence of  alcohol/water ratio on peak 
height. By varying the ethanol/water ratio, we 
observe that the lower the ethanol/water ratio, 
the higher the voltammetric peak height. The 
influence of ethanol/water ratio on AC peak 
height is plotted in Fig. 5. These experiments 
were carried out with a 1 x 10-SM AC solution, 
at pH 1 into both the preconcentration and 
stripping solutions, with a preconcentration 
time of 8 min and a potential scan rate of 4 
V/sec. In this figure, we observe that despite the 
high scan rate, the height of the AC peak can be 
easily measured. 

Influence of  Nujol/carbon ratio on aceclofenac 
peak height. This study had a double purpose. 
Firstly, to obtain a more intense analytical 
signal, and, secondly, to ascertain if AC is 
adsorbed on carbon particles or extracted by the 

Nujol oil used as binder in this type of electrode. 
The influence of the C (g)/Nujol (g) ratio on Ip 
(#A), Ep (V), Ep/2 and (E o - Eo.2) of aceclofenac 
voltammetric peak height can be seen from 
Table 2. 

The higher the carbon/Nujol (w/w) oil ratio, 
the higher the peak height, therefore, we can 
conclude that AC is adsorbed on carbon par- 
ticles and not extracted by the Nujol oil, as we 
have found in another work on another sub- 
stance. 22 By increasing the Nujol oil/carbon 
(w/w) ratio the CPE electroactive area decreases 
and so the AC peak height also decreases, that 
is to say, by decreasing the polarity of the 
electrode surface the AC adsorption also de- 
creases. We can also observe that both Ep, Ep. 2 
and Ep - Ep, 2 remain almost invariable with the 
C (g)/Nujol (g) ratio. As Nujol oil is necessary 
to bind the carbon particles, an optimal Nujol 
oil/carbon ratio of 32/68 (w/w) was chosen for 
all the following experiments. 

Stripping of  A C at the CPE 

In this part, a study of several experimental 
parameters was carried out in order to establish 
an AC stripping method based on a drug ad- 
sorption phenomenon on carbon particles, i.e. 
by using a carbon paste electrode without 
modification. The studied parameters were scan 
rate, ad-accumulation time, pH of the precon- 
centration and stripping solutions, solution stir- 

-0 (V vs Ag/AgCI) 

Fig. 6. Voltammograms of  6.10-5M AC at pH 4.5 both in preconcentration and stripping cells. Influence 
of scan rate; (1) 1 V/sec; (2) 2 V/sec; (3) 3 V/sec; (4) 4 V/sec; (5) 5 V/sec; conventional carbon paste 

electrode; ad-accumulation time: 4 rain. 
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Fig. 7. Influence of  ad-accumulation time on peak height of  
6 × 10-SM at pH 4.5 (HAc/Ac-  0.1M) in preconcentration 
cell and I (HC104 0.1M ) in stripping cell; scan rate: 4000 

mV/sec; conventional carbon paste electrode. 

ring rate, and analyte concentration influence 
on AC anodic peak height. 

Scan rate influence. The preconcentration 
solution was formed by a 6 x 10-SM AC 
solution and a buffer to give pH 4.5 (HAc/Ac- 
0.1M), and the stripping solution was formed 
by 0. IM KNO 3 solution and a buffer to give pH 
4.5 (HAc/Ac- 0.1M). Scanning cyclically the 
potential between 1.05 and -0.1 at different 
scan rates, several voltammograms, plotted in 
Fig. 6, were obtained, showing that the optimal 
value was 4 V/sec. In addition, a peak height 

decrease is observed at 5 V/sec. This 'anomalous 
result' may be explained by the fact that, at very 
high scan rate, the percentage of 2,6 dichloro-p- 
hydroquinone formation, from the AC, must 
decrease. 

Ad-accumulation time influence. For these ex- 
periments the preconcentration solutions and 
the stripping solutions were the same as above. 
The scan rate was 4 V/sec and the ad-accumu- 
lation time was between 2 and l0 min. The 
results obtained are plotted in Fig. 7, where 
optimal values were reached from 8 min of 
ad-accumulation. 

p H  influence. For these experiments the pre- 
concentration solution pH was firstly varied 
between l and 8.5, whilst the pH stripping 
solution was constant and equal to 1.7. The scan 
rate and ad-accumulation time had the optimal 
values obtained as above, and the AC concen- 
tration was also 6 x 10-SM. The results ob- 
tained are plotted in Fig. 8, where the optimal 
pH value is 1.0. In this figure we can observe a 
slight peak potential shift of about 6.6 mV/pH 
between pH 8.5 and 1.0, whilst the peak height 
differences are greater, explaining the import- 
ance of pH in the ad-accumulation of 2,6- 
dichloro-p-benzohydroquinone according to 
the AC electrochemical and chemical trans- 
formations mentioned above, but especially in 
the stripping step. 

If the pH of the preconcentration solution is 
maintained at a value of 1, and the pH of the 

I (t~A) A 

10 I I  21 I' 

4) 

-22 ~ E (v vs Ag/AgCl) 

-10 I. ~ 

Fig. 8~ Influence of  the preconcentration cell pH on 6.10 5M AC solution peak height; (1) 1.0; (2) 2.3; 
(3) 5.9; (4) 8.5; stripping cell pH: 1.7; scan rate; 4000 mV/sec; ad-accumulation time: 8 min; conventional 

carbon paste electrode. 
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Fig. 9. Influence of  the stripping cell pH on 6.10-5M AC solution peak height; (I) 1.0; (II) 1.7; (III) 3.0; 
(IV) 4.7; (V) 6.7; preconcentration cell pH: 1; scan rate: 4000 mV/sec; ad-accumulation time: 8 min; 

conventional carbon paste electrode. 

stripping solution is varied between 1 and 6.7, 
the higher the pH value, the lower the AC peak 
height, and the more negative the Ep (Fig. 9). 

Although the preconcentration step was car- 
ried out at pH 1 in all cases (at open circuit), the 
oxidation and reduction processes were carried 
out at different pH (from 1 to 6.7), therefore the 
formation of electroactive species to give peak II 
was depleted and the obtained anodic peaks 
were of different heights, therefore we might 
affirm that the pH is an important parameter in 
the mechanism of the AC oxidation on CPE, as 
we have observed above. 

These experimental results confirm our hy- 
pothesis that by AC electrochemical oxidation, 
a molecule of 2,6-dichloro-p-benzoquinone is 
produced. This compound is reduced to 2,6- 
dichloro-p-hydroquinone, causing a higher 
stripping solution pH, and lower Ep and peak 
current, because the 2,6-dichloro-p-benzo- 
quinone preconcentraticn depends upon the 
medium acidity. Also, the lower the pH the 
higher the Ep, according to the electrochemical 
equilibria shifting laws. 

We have also studied the preconcentration 
solution stirring rate influence on voltammetric 
peak height, and an optimal value of 1000 
rotations/min was obtained. 

Analyte concentration influence. Finally, in 
order to apply the proposed AC determination 
method, by using a stripping voltammetric tech- 

nique of the CPE, the influence of analyte 
concentration on voitammetric peak height was 
studied. For this, the corresponding data are 
given in the experimental conditions. 

After plotting the corresponding voltammet- 
ric peak currents vs. analyte concentration, a 
straight line was obtained. By its adjustment by 
the least square method, the following equation 
was obtained: 

Ip(/~A) = 7.1 x 10-2+2.82 x 106C(M) 

1 6 -  

14- -  

12 - -  

s 

4 I I I I 
2 4 6 8 I0 

Fig. 10. Influence of  preconcentration time of 10 6M AC 
solution peak height: pH 1 in both cells; scan rate: 4000 
mV/sec; modified carbon paste electrode with Triton X-405; 

surfactant/carbon (w/w) ratio of  5/95. 
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Table 3. Results of AC determination in Airtal R tablets obtained by 
our adsorptive stripping method and its comparison with a potentio- 

metric one 

Stripping Potentiometric mg/tablet 
Sample (rag +__ s)* (mg +_ s)* (mg) trot 

1 99.02 + 1.43 98.85 + 1.85 100.00 0.22 
2 98.63 __+ 1.38 98.79 _ 1.77 100.00 0.21 
3 98.52 + 1.54 98.78 + 1.82 100.00 0.33 

*These data are the average of nine measurements. 
tThese data are the Student's t measurements. The 

tabulated is 2.12 for n, + n 2 - 2  = 16 freedom grades 
dence level of 95%. 

Student's t 
for a confi- 

with a correlation coefficient of  0.9998 and a 
detection limit, of 5.4 × 10-SM (19 ppb), ac- 
cording to Miller and Miller. 28 

Electroanalysis o f  aceclofenac at the modified 
CPE 

In order to improve the analytical results 
obtained at the CPE, a chemical modification of 
this electrode was carried out. This modification 
was made by mixing the carbon powder with 
different surfactants, such as the non-ionic Tri- 
ton X-100 and X-405, and the anionic sodium 
dodecyl sulfate (SDS), as well as different 
hydrophobic substances, such as asolectin 
(phospholipid) and stearic acid (fatty acid). 
Interesting improvements were observed only in 
the case of  Triton X-405. 

With this type of electrode, prepared as has 
been indicated in Procedures, we studied the 
influence of  only three parameters: optimal sur- 
factant/carbon (w/w) ratio [obtaining a value of 
5/95 (g/g)], optimal preconcentration time and 
analyte concentration on aceclofenac oxidation 
peak current. Other parameters, such as Nujor  
oil/carbon (w/w) ratio, preconcentration time, 
potential scan rate, etc., are the same as indi- 
cated in the case of  the CPE. 

Preconcentration time influence. In Fig. 10, the 
influence of preconcentration time on peak 
height has been plotted, in which the maximal 
preconcentration time was reached at 8 min. 
From this value, the higher the preconcentra- 
tion time, the lower the drug reduction peak 
height as obtained in other works. 24"29 

Analyte concentration influence. To study this 
parameter  we employed the conditions given in 
the Experimental. The AC concentration range 
studied was between 1 x 10 7 and 1 x 10 6M. 
Plotting AC reduction peak current vs. analyte 
concentration a straight line was obtained, 

*Certified by the manufacturer. 
tStandard prepared by us. 

whose equation was 

Ip(#A) =0.95 + !.2 x 1 0 7 c ( m )  

with a correlation coefficient of  0.9997 and a 
detection limit, according to Miller and Miller, 2~ 
of 1.93 × 10 -8 (7 ppb), i.e. almost one-third of  
the one obtained in the case of  the conventional 
carbon paste electrode. 

From these results, we can confirm that the 
presence of certain surfactants in the CMCPE 
improves the AC electroanalytical determi- 
nation, owing to the increase of  chemical affinity 
between the two types of  molecules, as we have 
found elsewhere by using phospholipids as 
modifiers, zz 

Application of  our method to drug formulation 
control. In order to check our AC determination 
method, we applied it to determine AC in a drug 
formulation, Airtal R, which is presented as 
tablets of  about 200 mg, in which, according to 
the manufacturer,  there is 100 mg of pure 
aceclofenac per tablet and an excipient consti- 
tuted by several ingredients (Table I). 

To carry out the AC determination we pre- 
pared three groups of five tablets, which were 
well ground and mixed separately in an agate 
mortar.  From each solid sample we took an 
amount  sufficient to prepare a volumetric flask 
of 25 ml of  about I × 10 -'M aceclofenac* after 
filtration of the residue. From each solution, a 
new AC solution of  about 1 × 10 4M aceclofe- 
nac* was prepared. From each one of these last 
solutions, three samples of  26/~ 1 were taken and 
added to three volumetric flasks of 25 ml, 
obtaining, after dilution with the appropriate 
solution, an AC concentration of 1 × 10 7M*.  

With these solutions, a series of  vol tammograms 
were obtained according to our proposed 
method using a surfactant MCPE. In each case, 
four standard additions of  50, 100, 150 and 225 
/~1 of 1 x 1 0 - 4 M  AC standard solution? were 
made, obtaining a series of  results, from which 
an equivalent mean volume is deduced. The 
results are given in Table 3. 
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In order to validate our method, a compari- 
son of our results with the one obtained by 
another method employed by the AC manufac- 
turer to control the AC contents in the tablets, 
was carried out. The manufacturers normally 
employ potentiometric or chromatographic 
techniques. We have chosen the potentiometric 
technique as a validation method. For this, 
from each 10 2M AC solution, three other 
solutions 20-fold more diluted (5×  10 4M) 
were prepared and then titred with NaOH 
standardized vs. an acid-base standard, the 
C6H4(COOH)COOK. The results obtained are 
given in the third column of Table 3: tm 
(measured value) is less than 2.12 (tabulated 
value), therefore there is no significant differ- 
ence between the two methods, according to 
Miller and Miller. 2~ 

The method is also quite accurate as we have 
shown by comparing our results with the ones 
obtained by potentiometry. In this sense our 
electroanalytical method has been validated vs. 
the potentiometric one based upon a classic 
acid-base reaction potentiometrically followed 
by a glass electrode. 
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Summary--A highly sensitive galvanic cell oxygen sensor was successfully developed for determining parts 
per billion of oxygen in high purity gases such as nitrogen, argon, etc. The response of this improved sensor 
was proportional in the range of oxygen concentrations from 10.0 ppm to the detection limit. The response 
speed in this study was improved to within 90 sec for a 90% response. The detection limit was tentatively 
found to be less than 0.4 ppb corresponding to S /N  = 2, 

In high technology industries such as the manu-  
facture o f  semi-conductors ,  the requirement for 
quality control  o f  gases used as inert and a tmos-  
pheric gases is becoming more  important .  The 
requirement for a highly sensitive oxygen ana- 
lyzer has increased for gas suppliers and users. 
There are many  types o f  commercial ly available 
oxygen analyzers for the determinat ion o f  oxy- 
gen in gases: (1) galvanic cell type, l-8 (2) zirconia 
type, 9 (3) luminescence type, 1° (4) others, u How-  
ever, based on sensitivity and accuracy o f  the 
sensor and handl ing safety, as well as ease of  
calibration, the galvanic cell oxygen sensor 
could be considered the most  sensitive and 
reliable sensor for accomplishing the cont inuous  
determinat ion o f  trace levels o f  oxygen in hy- 
drogen,  nitrogen, argon,  helium, etc.  ~-~ 

Recently, the puri ty control  management  o f  
high puri ty inert gases such as nitrogen and 
argon has become more  important .  It is re- 
quired to cont inuously  determine and control  
the concentra t ion o f  impurities at levels o f  
several parts per billion (ppb, v/v) in high puri ty 
gases. 

The authors  have previously developed and 
reported a trace oxygen analyzer with a detec- 
tion limit o f  10 ppb. 8 In this paper, the charac- 
teristics o f  an improved galvanic cell oxygen 
sensor (GOS), which has the capability o f  a 
detection limit in the sub-ppb level for the 
determinat ion o f  trace levels o f  oxygen in nitro- 
gen, argon,  helium, and hydrogen,  are de- 
scribed. 

*Author to whom correspondence should be addressed. 

EXPERIMENTAL 

A p p a r a t u s  a n d  reagen t s  

The cross-sectional view o f  the GOS is shown 
in Fig. 1. The GOS consists of  lead rod (anode) 
and silver screen mesh (cathode) electrodes as 
follows, 

Pb/Zeolite ( K O H  so l . ) /PE/POF/Ag 

When oxygen contacts  with the cathode,  the 
GOS produces an electric current via the 
following reactions: at the ca thode (Ag), 
02 + H 2 0  + 2e ---, 4OH-  ; at the anode (Pb), 
Pb + 4 O H -  --~ 2Pb(OH)2 + 2e-.  The anodic 
electrode (Pb) was 5 mm diameter x 65 mm 
long and the cathodic  electrode (Ag) was a 
screen mesh of  0.5 mm thickness. The PE was 
an 8 mm i.d. × l0 m m  o.d. × 70 mm long tube 
made f rom sintered porous  polyethylene with 
the pore size o f  < 100/~m and the P O F  was a 

Fig. 1. Cross-sectional view of the GOS. (1) Cathode 
terminal, (2) anode terminal, (3) silver mesh sheet, (4) 
porous POF sheet, (5) porous PE sheet, (6) electrolyte, (7) 

lead rod, (8) cap, (9) O-ring. 

TAL 42!2 K 3 0 5  
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Fig. 2. Brief construction of the detector. (I) Sample gas 
inlet, (2) gas outlet, (3) mass flow controller, (4) oxygen 
absorber, (5) detector box, (6) alkaline solution, (7) GOS, 
(8) mist trap, (9) electrode for oxygen generation, (10) 

electric control module (microcomputer). 

20 /am thick polyolefin film with ca. 0.1 mm 
diameter holes (50 holes/cm2). The zeolite (e.g. 

MS-5A, 60/'80 mesh), which was admixed with 
agarose, was used to retain 5M K O H  alkaline 
solution. 

Assembled GOSs were impregnated with 5M 
K O H  solution for an adequate time after assem- 
bly in order to retain much more alkaline 
solution. The GOS is installed in a detector box 
which was made from a polymethacrylate-based 
resin. The detector box has a humidifier, which 
can hold ca. 350 ml of alkaline solution. The 
alkaline solution is required as the source of  the 
water for humidifying the GOS and also as the 
electrolyte solution for the oxygen generator. 
The GOS requires moisture at a constant level 
to avoid sensor dryness. For  both requirements 
as described above, the detection system was 
designed as shown in Fig. 2. 

The water content in the electrolyte was re- 
duced by evaporation of  water during the 
sample flow and gas purges. Therefore, refilling 
with deionized (or distilled) water was required 
every 4 weeks. 

The detection system including the detector 
box and gas pipeline was heated to 35°C to 
prevent condensation of  water in the pipelines. 
The coulombic yield of  this type sensor can be 
related to the flow rate of the gas sample, the 
spacing between the internal surface of  the 
sensor holder and the silver mesh of  the GOS, 
the wetting of  the GOS, etc. 

Stainless steel tubing with a 1/8 inch diameter 
and stainless steel diaphragmed valves with 1/8 
inch VCR fitting (Advanced Pressure Technol- 
ogy, AP-2600, CA, USA) were used: they were 
very effective for obtaining a faster response and 
reducing the purge time of  oxygen that re- 
mained in the analytical system. The alkaline 

solution was continuously purged with oxygen- 
free nitrogen (100 ml/min) to completely remove 
any dissolved oxygen. 

The alkaline solution in the humidifier was 
prepared by mixing 34.5 g KOH (Kanto Chemi- 
cal, guaranteed purity >85 wt %, Tokyo, 
Japan) and one 1. of deionized water: an alka- 
linity of  3 wt % K O H  was required for stable 
oxygen generation by water electrolysis. 

Nitrogen gas evaporated from liquid nitrogen 
was used as the sample gas in order to evaluate 
sensor responses such as sensitivity, stability, 
zero and span calibration, etc. The sample gas 
was divided into two gas lines: one line was used 
to produce oxygen-free nitrogen (zero gas), 
which was purified by passing it through an 
oxygen absorber to remove trace amounts  of 
oxygen in the nitrogen gas, and the other was 
used as a sample gas without purification. Both 
flow rates were controlled using mass flow con- 
trollers. The flow rates of the sample and purge 
gases were regulated at 100 ml/min by the mass 
flow controllers within _+ 1% deviation. Oxy- 
gen-free nitrogen was prepared by passing nitro- 
gen through an oxygen absorber (Gasclean, 
Nikka Seikou, Tokyo, Japan), which could re- 
move oxygen to at least the 2 3 ppb level or 
below: the concentration of residual oxygen in 
the purified nitrogen was separately and pre- 
viously confirmed using an atmospheric press- 
ure ionization mass spectromer jt (API-MS, 
UG-240 APN, Hitachi, Tokyo, Japan) in the 
Technical Research Laboratory (Toyo Sanso). 

For  the experiments at ppb levels of oxygen, 
a getter type purifier (Sacs PureGas, Inc., 
Model, MonoToor ,  phase-II, CA, U.S.A.) was 
used: this getter could remove oxygen to less 
than 0.1 ppb. The sample gases containing low 
levels of  oxygen in nitrogen were prepared with 
a standard gas generator (STEC, SGGU-6000, 
Kyoto,  Japan), which has the capability of  
dilution rates between 1/10 and 1/10,000. The 
desired oxygen concentration in a sample gas 
could be provided in the range of ppb to ppm. 
An amplifier and microcomputer system, which 
had been installed in a trace oxygen analyzer 
(GOT-20, Toyo Sanso), 8 was used in this exper- 
iment. 

RESULTS AND DISCUSSION 

Calibration sys tem 

The accurate calibration of the sensor is one 
of  the most important factors for obtaining 
reliable analytical values: an accurate determi- 
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generated by the water electrolysis. 

nation depends on how the sensor can be pre- 
cisely calibrated. The detector box has an in- 
ternal oxygen generation system ~'4 for the 
calibration of  the GOS: the constant current 
method was used for water electrolysis in order 
to generate a small amount  of  oxygen. In these 
experiments, the calibration of  the GOS was 
carried out using an oxygen standard gas gener- 
ated by water electrolysis as described above. 
The evolution of oxygen is proportional to the 
amount  of  electric current based on the Fara- 
day's law. ~ The generated oxygen is mixed with 
100 ml/min of oxygen-free nitrogen (zero gas). 
The oxygen concentration is inversely pro- 
portional to the flow rates of the diluting gas. 
The amount  of current is calculated from the 
following equation. 

I = 0.263. V. C, 

where L V and C are the electric current (/~A), 
the flow rate of the zero gas (ml/min) and the 
concentration of oxygen (ppm), respectively. 
The cathodic and anodic electrodes for the 
water electrolysis were 1 mm diameter x 10 mm 
long and 0.5 mm diameter x 1 mm long plati- 
num wires, respectively. The cathodic electrode 
was covered with an anion exchange resin tube 
to prevent the electrochemical deposition of 
impurity metals from the electrolyte alkaline 
solution. 8 The lifetime of the electrode, there- 
fore, could be prolonged so that the electrode 
could be used for at least several months with- 
out cleaning, if the calibration was done once a 
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week. With these improvements, a standard 
oxygen gas could be accurately provided at the 
level of ppm in inert gases such as nitrogen and 
argon using this method. In the experiment to 
be described, the GOS could be calibrated with 
1 or 5 ppm oxygen standard gases in nitrogen. 
If necessary, an oxygen standard gas from a 
cylinder could be used for the calibration of the 
sensor. A typical sensing profile of the GOS for 
the generation of  1 ppm span gas is given in 
Fig. 3. 

Stabilization of the GOS 

For stabilizing the GOS response, the electro- 
lyte medium must be in a stable and homo- 
geneous state. As one possibility, agar could be 
expected to make the zeolite powders homo- 
geneously disperse. However, agar could not be 
used for this purpose because it was unstable in 
the strong alkaline solution. On the other hand, 
agarose was not only stable in the alkaline 
solution, but also its gelatin was slightly soluble 
in this solution. Thus, agarose was chosen as the 
dispersing material of the zeolite and retaining 
alkaline solution; when admixed with the zeolite 
powder, it formed a stable gel in the strong 
alkaline solution to avoid a heterogeneous reac- 
tion between the surface of the lead electrode 
and the zeolite powder. 

To demonstrate the effect of agarose addition, 
a set of experiments for the evaluation of  these 
electrolyte media were separately carried out 
with two electrolyte media; one (A) was zeolite 
saturated with 5M K O H  solution and the other 
(B) was zeolite-agarose saturated with 5M 
K O H  solution. Galvanic cells were constructed 
with a piece of lead plate, 5 mm width x 20 mm 
long × 1 mm thickness, as the anodic electrode 
and a 10 mm width × 35 mm long silver screen 
mesh as the cathodic electrode. The anodic 
electrode was dipped into the electrolyte 
medium. The cathodic electrode was placed on 
the surface of  electrolyte medium and could be 
exposed to atmospheric air. 

The two galvanic cells were allowed to stand 
under atmospheric air at room temperature for 
a week. When the galvanic cell was constructed 
without the agarose, the zeolite was in direct 
contact with the lead and was deposited on and 
in the surface of the lead electrode as shown in 
photograph (A) of Fig. 4. The result from the 
galvanic cell (A) suggests that the lead plate 
reacted with the zeolite so that the reaction 
should take place inside the lead and part of the 
zeolite could directly react with the lead elec- 
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A B 

Fig. 4. Photograms of lead plate reacted with the zeolite. (A) Electrolyte medium without agarose, (B) 
with agarose. Both plates were sonicated for approximate 15 min and rinsed with distilled water. 

trode. Its instability and undesirable capability 
might be largely a result of  such a phenomenon: 
a homogeneous gel could make the electrochem- 
ical reaction more stable. On the other hand, if 
the agarose was used as a gelling reagent, it is 
clear that the surface would be kept clean as 
shown in the photogram (B). On the basis of  
these results, it could be expected that the zeolite 
was covered with the agarose and the electrolyte 
medium could retain much more alkaline sol- 
ution and that the dead volume inside the sensor 
could be reduced or eliminated. 

Characteristics of the GOS 

In order to evaluate the characteristics of  the 
GOS, several GOSs were made in the same way 
as previously described. They were fully sub- 
merged in 5M K O H  solution overnight in order 
to provide enough alkaline solution in the sen- 
sor. The measurements were started after the 
GOS was installed in the detector box. The air 
remaining inside the GOS and dissolved oxygen 
in the alkaline solution could be purged with 
oxygen-free nitrogen for a couple of  hours. I f  
the GOS was operated after adequate purging 
and the response of  the GOS was in the stable 
state, the GOS signal output should be less than 
0.1 # A  for oxygen-free nitrogen. It is very 
difficult for the response of  the GOS to reach 
zero current owing to the residual current of  the 

GOS and the residual oxygen in the zero gas. It 
takes several hours until the determination of 
trace oxygen at the ppb level can be done. In 
order to quantitatively evaluate the response 
time for the improved and ordinary (without the 
addition of agarose) GOSs, three GOSs were 
tested using oxygen-free nitrogen and nitrogen 
containing 0.63 ppm oxygen. Two GOSs were 
made by the use of  agarose and the other 
without agarose. Figure 5 is a typical profile for 
the response change in the GOS (A) between 
zero gas and reference gases (nitrogen contain- 
ing 0.63 ppm oxygen). The response profiles 
were obtained by alternately turning the six port  
rotary valve from the zero gas line to the sample 
gas line. The obtained results are summarized in 
Table 1. The GOSs (A, B) admixed with agarose 
had a response time of 90 sec for a 90% 
response and the other (R) without agarose had 
a response time of  120 sec: the response of the 
improved GOSs was faster and more stable than 
that prepared without the agarose. 

In order to demonstrate the capability of  
sensor installed in the prototype oxygen ana- 
lyzer, the sensor response was recorded stepwise 
for different oxygen concentrations in nitrogen, 
which were provided by the use of  the standard 
gas generator. After the GOS was calibrated 
with the 1 or 5 ppm span gas, the working 
curves were obtained in the concentration range 
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Fig. 6. Typical profile of  GOS response ranging from 0 to 
13.5 ppb 02 in nitrogen. 

of 0-10 ppm. The results showed that the GOS 
response is linear within experimental error in 
the range examined. 

The typical performance of the GOS response 
is shown in Fig. 6. The response profile indi- 
cated that the GOS could be used for practical 
monitoring even in the range of 0-20 ppb of 
oxygen with an accuracy of + 2% deviation to 
full scale. 

Typical profile of continuous monitoring 

The profile of the continuous monitoring of 
oxygen in nitrogen, which was supplied from a 
cold evaporator charged with liquid nitrogen, is 
shown in Fig. 7. In Fig. 7, several small vari- 
ations found in the period from 12 to 7 p.m. 
were a result of pressure changes in the gas 
supply pipeline. The result shows that when 

large amounts of nitrogen were used elsewhere 
for other purposes such as line purging, the 
GOS could monitor a few ppb of oxygen con- 
centration fluctuations owing to small pressure 
changes and so on. The obtained profile indi- 
cates that the GOS would be reliable and suit- 
able as an oxygen sensor for determining trace 
levels of oxygen in high purity industrial gases 
because the GOS has a high sensitivity and long 
term stability. 

CONCLUSIONS 

The results obtained from the prototype trace 
oxygen analyzer showed that the GOS could 
have the capability to determine trace levels of 
oxygen in the sub-ppb and several ppm range. 
At present, a highly sensitive oxygen analyzer 

Table 1. Comparison of the response of  GOS constructed with and 
without agarose 

Time at 90% response 
Average Rel. response 

Sensor Up (sec) Down (see) (sec) (%, R = 100) 

A 80 88 84 63.6 
B 84 87 85 64.4 
R 138 126 132 100.0 

These data were obtained from sample gases containing 50 70 ppb oxygen 
in nitrogen. 
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Fig. 7. Continuous monitoring profile for trace oxygen in nitrogen. 
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(Toyo Sanso, GOT-30, Tokyo, Japan), which 
was installed in the GOS, has been successfully 
developed in cooperation with Toyo Sanso Co. 
Ltd and DKK Corp. (Tokyo, Japan): the full 
range of determination, 0-10 ppm; detection 
limit, _ 1 digit corresponding to 1 ppb oxygen 
concentration. These highly sensitive oxygen 
analyzers have been used for determining and 
monitoring ppb levels of oxygen in gas mixtures 
and for quality control of ultra high purity gases 
such as nitrogen, argon and helium in Toyo 
Sanso's manufacturing facility for the past sev- 
eral years. 
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Summary--Two simple and sensitive extractive spectrophotometric methods for the determination of 
some fluoroquinolone derivatives (norfloxacin, NRF; ciprofloxacin, CPF, ofloxacin, OFL: and en- 
rofloxacin, ERF) with Supracene Violet 3B (SV 3B, method A) and tropaeolin 000 (TP 000, method B) 
are described. The methods are based on the formation of ion-association complexes of fluoroquinolones 
with these dyes, which are extracted into chloroform and have absorption maxima at 575 nm (SV 3B) 
and 485 nm (TP 000). The methods obey Beer's law and the precision and accuracy of the methods were 
checked by UV reference methods. The detection limits were 5.0 #g/ml for NRF and 2.5 t~g/ml for CPF 
in method A and 2.5/lg/ml for OFL and ERF in methods A and B. 

The fluoroquinolone derivatives norfloxacin 
[l-ethyl-6-fluoro-l,4-dihydro-4-oxo-7-(l-piper- 
azinyl)-3-quinoline carboxylic acid], ciproflox- 
acin [l-cyclopropyl-6-tluoro- 1,4-dihydro-4-oxo- 
7-(l-piperazinyl)-3-quinoline carboxylic acid], 
ofloxacin [9-fluoro-2,3-dihydro-3-methyl- 10- 
(4-methyl- I-piperazinyl)-7-oxo-7H pyrido(l,2,3 
de)-1,4-benzoxazine-6-carboxylic acid] and 
enrofloxacin [I-cyclopropyl-7-(4-ethyl- 1-piper- 
azinyl)-6-fluoro- 1,4-dihydro-4-oxo-3-quinoline 
carboxylic acid] are used as broad spectrum 

antibacterial agents. Norfloxacin and cipro- 
floxacin are official in the U.S.P.,' whilst 
ofloxacin and enrofloxacin are not official on 
any pharmacopoeia. A number of visible spec- 
trophotometric methods for the determination 
of fluoroquinolones such as norfloxacin 
(NRF), 2-~ ciprofloxacin ( C P F )  7"9-13 and ofloxacin 
(OFL) 8'~4'5 are reported in the literature. No 
spectrophotometric method for the determi- 
nation ofenrofloxacin (ERF)has been reported. 
Even though extraction spectrophotometric 
procedures are popular for their sensitivity in 
the assay of drugs, ~6 there is only one report ~3 
for the determination of ciprofloxacin using the 
acid dyes, Bromocresol Purple and Bromophe- 
nol Blue. The aim of the present work is to 
provide simple and sensitive methods for the 
estimation of fluoroquinolones which are basic, 

*To whom correspondence should be addressed. 

in pure and dosage forms. In preliminary exper- 
iments, in view of developing methods of analy- 
sis suitable for assaying small quantities of 
fluoroquinolones, we tried seven anionic dyes 
namely, SV 3B, TP 000, Alizarin red S, Nigrocin 
water soluble, Fast Green FCF, Congo Red and 
Bromopyrogallol Red as the colour producing 
agents at various pH ranges, by a dye salt 
partition technique. Two visible spectrophoto- 
metric estimations using SV 3B (CI No. 60730) 
for all fluoroquinolones and TP 000 (CI No. 
14600) for OFL and ERF were selected as being 
the most suitable and are described herein. 

The proposed extractive spectrophotometric 
methods are based on the formation of ion-as- 
sociation complexes with SV 3B ()~ .... 575 nm) 
and TP 000 (2ma x 485 nm) and their complexes 
are quantitatively extracted into chloroform. 
Structures of SV 3B, TP 000 and their chloro- 
form soluble complexes with fluoroquinolones 
(e.g. Enrofloxacin) are shown in Fig. 1. 

EXPERIMENTAL 

Apparatus 

A Milton Roy spectronic 1201 UV-visible 
spectrophotometer with I cm matched quartz 
cells was used for all the absorbance measure- 
ments. An Elico model LI-120 digital pH meter 
was used for pH measurements. 
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Reagents 

Chemicals of  analytical grade were used. All 
solutions were prepared in double distilled 
water. Aqueous solutions of  SV 3B (0.2%, 
chroma), TP 000 (0.2%, Fluka) and 0.1M HCI 
were prepared. 

A buffer solution of pH 1.3 was prepared b~ 
mixing 226 ml of  0. I M glycine (Loba, 7.507 g of 
glycine + 5.85 g of NaCI, dissolved in 1 1. of 
distilled water) and 774 ml of  0.1M HCI. 

Standard drug solutions 

Stock solutions of  (1 mg/ml) NRF,  CPF, 
OFL and ERF were prepared in 0.01M HCI. 
The working standard solutions were prepared 
by suitable dilution of the stock solutions with 
distilled water. 

Analysis of bulk samples 

Method A. Drug aliquots of NRF  (0.5-4.0 ml, 
100/~g/ml), CPF (0.5-6.0 ml, 50/~g/ml), OFL 
(0.5-5.0 ml, 50/~g/ml) and ERF (0.5-5.0 ml, 50 
/~g/ml) were placed in a series of  125 ml 
separating funnels. Then 6.0 ml of buffer (pH 
1.3) and 2.0 ml of SV 3B solution were added 
to each separating funnel. The total volume of 
aqueous layer in each separating funnel was 
brought to 15 ml with distilled water. A 10 ml 
portion of chloroform was added to each and 
the contents were shaken for 2 rain. The two 
phases were allowed to separate and the 
absorbance of  the separated chloroform layer 
was measured at 575 nm against a reagent blank 
within the stability period (1 min-10 hr) at 
laboratory temperature (28 + 5°C). The amount 
of drugs was computed from their calibration 
graphs. 

Method B. Aliquots of  aqueous OFL (0.5-6.0 
ml, 50/~g/ml), ERF (0.5-4.0 ml, 50/~g/ml) were 
transferred into a series of 125 ml separating 
funnels. Then 6.0 ml o f0 .1M HC1 and 2.0 ml of 
TP 000 were added to each separating funnel. 
The total volume of aqueous phase was adjusted 
to 15 ml in each separating funnel with distilled 
water. Then 10 ml of chloroform was added to 
each and the contents were shaken for 2 min and 
the two phases were allowed to separate and the 
absorbance of the separated chloroform layer 
was measured at 485 nm against a reagent blank 
within the stability period (1 min-10 hr) at 
laboratory temperature (28 + 5:~C). The 
amounts of OFL and ERF were computed from 
their respective calibration graphs. Method B is 
not suitable for the determination of  N R F  and 

CPF, as they do not form chloroform soluble 
complexes with TP 000. 

Analysis of formulations 

Twenty tablets were weighed and powdered. 
The powder equivalent to 100 mg of active 
ingredient was treated with 100 ml of 0.01M 
HCI and the insoluble residue filtered to obtain 
a solution of I mg/ml. The stock solutions were 
further diluted with distilled water to obtain 
working standard solutions and were analysed 
as described under the procedure for bulk 
samples. 

For the determination of drugs in intravenous 
(i.v.) fluid and eye/ear drops, the weight of the 
drug per ml was determined. A quantity of i.v. 
fluid or eye/ear drops equivalent to 10 mg of the 
drug was transferred to 100 ml of volumetric 
flask and diluted to the mark with distilled water 
to obtain a concentration of 100 /~g/ml. This 
solution was further diluted to the requisite 
concentration. 

As the dosage forms were not available in the 
local market for ERF, we prepared our own 
according to the literature methods. ~7'ts The 
results for NRF,  CPF, OFL and ERF were 
compared with their respective UV spectropho- 
tometric procedure as under NRF.  ~'~ 

A quantity of cream equivalent to 25 mg of 
CPF HCI was dissolved in about 50 ml of 
chloroform and transferred to a separating 
funnel. The chloroform solution was extracted 
with 0.01M HC1 (3 x 25 ml). The aqueous phase 
in the separating funnel was collected into a 100 
ml volumetric flask. The chloroform solution 
was then washed with 0.01M HCI and the 
washings were collected into the flask and made 
up to the mark with 0.01M HC1 to obtain a 
solution of 250 /~g/ml of CPF. This stock 
solution was diluted stepwise with distilled 
water to 50 ktg/ml working standard solution 
and analysed by the procedure of method A. 

RESULTS AND DISCUSSION 

The absorption spectra of the reaction 
products in methods A and B showed character- 
istic )~m,x values (Figs 2 and 3). The experimental 
conditions were established by varying one 
parameter at a time and observing its effect on 
the absorbance of the coloured species. 

In method A, in order to establish optimum 
pH range, the drugs were allowed to react with 
SV 3B in aqueous solution buffered to pH 
1.0-1.5 and the complex formed was extracted 
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into chloroform for measurement. Constant o.7o 
absorbances were obtained over the pH range 
1.1-1.5 in glycine-HCl buffer, hence a pH of  1.3 o.60 
was used. A 2.0 ml portion of SV 3B solution 
was found to be optimal. Constant absorbance 0.so 
was obtained for shaking periods between l and 8 
5 min, hence a shaking time of 2 min was ~ o.40 

selected for use. Chloroform was preferred for 
its selective extraction of  the drug-dye complex ~ 0.3o - 
from the aqueous phase. A ratio of  3:2 of  

0.20 - 
aqueous to chloroform phases was required for 
efficient extraction of  the coloured species. 0.~0- 

In method B also, to establish the experimen- 
tal conditions, the drugs were allowed to react 0 280 
with TP 000 in dilute HC1 ranging from 0.05 to 
1.5M and the complex was extracted into 
chloroform layer. Constant absorbances were 
obtained with 0.08-0.12M HC1, hence 0.1M o.70 
HC1 was used. A 2 ml portion of TP 000 
solution was found to be optimal. Shaking times o.60 
of 0.5-4 min produced constant absorbance, 
hence a shaking time of 2 min was chosen for 0.5o 
use. A ratio of  3 : 2 of aqueous to organic phases 
was required for efficient extraction of  the ~ o.4~ 

r ~  

coloured species. 
.~ o.3~ 

Analytical data < 

The Beer's law limits, molar absorptivity, o.2~ 
Sandell's sensitivity, regression equation and 

0.10 
correlation coefficient obtained by linear least 
squares treatment of  the results are given in o 
Table 1. The precision and accuracy of the two 2s0 

0.60 

× BLK 
o NRF 
o CPF 
,x OFL 
o ERF 

< .40 o DYE 

0.20 

~ ~  ~ , X  X , . , . 0 ¢ . . . ~  I . . . .  v - -  

500 550 600 650 700 
WAVELENGTH 

Fig. 2. Absorption spectra of NRF- -SV 3B system, C P F - -  
SV 3B system, OFL--SV 3B system, ERF--SV 3B system, 
aqueous SV 3B (DYE) vs. distilled water and Blank (BLK) 
vs. chloroform. NRF: 6.26 × 10-SM, CPF: 6.03 x 10 5M, 
OFL: 4.15 × 10 5M, ERF: 5.56 × 10-SM, SV 3B: 

6.17 x 10-4M and aqueous SV 3B: 2.10 × 10-4M. 

o OFL / ~  
zx ERF 
o BL 

I I 
320 360 400 440 480 520 560 

Wavelength nm 

(a) 

I I 1 I I I I 
320 360 400 440 480 520 560 

Wavelength nm 

(b) 
Fig. 3. (a) Absorption spectra of OFL- -TP  000 system, 
ERF - - TP  000 system, and blank (BLK) vs. chloroform. 
OFL" 5.53 × 10-SM, ERF: 4.17 x 10-SM, TP 000: 
7.61 x 10 4M. (b) Absorption spectrum of aqueous TP 000 
(DYE) vs. distilled water system. Aqueous TP 000: 

2.59 x 10-4M. 

methods were tested by estimating six replicates 
of  the drugs within the Beer's law limits. The per 
cent standard deviation and the per cent range 
of error at 95% confidence level are given in 
Table I. 

The values obtained by the proposed and 
reference methods for dosage forms are 
compared in Table 2 and are in good agreement. 
The results of  the recovery experiments by the 
proposed methods are listed in Table 2. The 
fluoroquinolones, being basic in nature, forms 
an ion-association complex with the acidic dye, 
SV 3B (for NRF,  CPF, OFL and ERF) or TP 
000 (for OFL and ERF) which are extractable 
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Table I. Optical characteristics, precision and accuracy 
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Parameters 

NRF CPF 

A A 

OFL ERF 

A B A B 

Beer's law limits (g g/ml) 
Molar absorptivity (M- t c m  ~ ) 

Sandell's sensitivity 
(ttg/cm2/0.001 absorbance unit) 

Regression equation ( Y )* 
Slope (n) 
Intercept (m) 

Correlation coefficient (r) 
Relative standard deviationt (%) 
Range of errort 
(%, 95% confidence limit) 

5.0-40 2.5-30 2.5-25 2.5 30 2.5-25 2.5-20 
5.88 × 103 8.62 × 103 1.09 × 104 8.24 × 109 1.04 × 104 1.38 x 104 
0.054 0.038 0.032 0.043 0.034 0.025 

1.84x 10 2 2.54x 10 -2 3.08× 10 2 2.35x 10 -2 
-0.053 x 10 -2 0.34 x 10 -2 -0.25 x 10 -2 -0.72 x 10 -2 

0.9999 0.9998 0.9999 0.9998 
0.39 0.28 0.24 0.48 
0.41 0.30 0.25 0.50 

2.98× 10 2 4.04× I0 2 
-0.20x 10 2 0.73 x 10 -2 

0.9998 0.9998 
0.38 0.33 
0.40 0.35 

* Y = m + n C ,  where C is the concentration. 
tSix replicate samples. 

Table 2. Assayof fluoroquinolone derivatives in dosage forms 

Sample 

Amount found 
Labelled proposed method* 
amount Reference 

(rag~tab or m l )  A B methodt 

% Recovery by 
proposed method~ 

A B 

NRF 
Tablets 400 398.9 - -  393.2 100.1 - -  
Eye/ear drops 3 2.97 - -  2.87 100.5 - -  

CPF 
Tablets 250 251.5 - -  246.4 99.5 - -  
Eye/ear drops 3 2.97 - -  2.99 98.9 - -  
i.v. fluid 2 1.98 - -  1.97 99.8 - -  
Cream 3 3.00 - -  3.02 98.6 - -  

OFL 
Tablets 200 199.3 198.3 194.2 99.5 100.1 
i.v. fluid 2 1.98 1.99 1.95 99.5 99.6 

ERF 
Tablets I 50 50.3 50.1 49.7 99.9 100.5 
Tablets II 100 100.2 100.3 99.1 99.9 99.4 

*Average of six determinations. 
tUV reference method. 
:~Per cent recovery of 10 mg added to the dosage forms. 

into chloroform from the aqueous  phase. The 
stoichiometric ratio of the f luoroquinolones  to 
SV 3B or TP 000 was determined with the slope 
ratio method and found to be 1:2. 

The quant i ta t ive  measure of  the effect of  
complexat ion on acid-base  equi l ibr ium is most  
likely to be interpretable in terms of electronic, 
steric and other effects of complexing, The 
f luoroquinolone  (1 mole) and oppositely 
charged form of the dye (2 moles) behave as a 
single unit  being held together by electrostatic 
at tract ion.  

The proposed methods are advantageous  
when compared to many  of  the reported 
methods in having higher 2m~x values and 
sensitivity. This is a decisive advantage  since the 
interference from the associated ingredients 
shall be generally far less at higher wavelengths 
than at lower wavelengths. The methods are 

sensitive enough t o  permit  the de terminat ion  
even up to 2.5/~g/ml. A significant advantage of  
an extractive spectrophotometr ic  de terminat ion  
is that  it offers distinct possibilities in the assay 
of a part icular  componen t  in a complex dosage 
formulat ion.  In the present study, some 
f luoroquinolone  derivatives were estimated 
successfully as pure compounds  as well as 
components  in representative dosage formu- 
lations. The commonly  used additives and ex- 
cipients in the dosage forms of  f luoroquinolones  
such as starch, lactose, talc, stearic acid, hy- 
droxy propyl methyl cellulose, glycerine, tita- 
n ium dioxide, tartrazine, white soft paraffin, 
liquid paraffin, sodium chloride, lactic acid and 
E D T A  were found not  to interfere in the analy-  
sis. Thus  the proposed methods are simple, 
rapid with reasonable precision and accuracy 
when compared to many  of the reported 



316 C.S .P .  SASTRY et aL 

methods. They offer the advantage that individ- 
ual compounds can be determined in a multi- 
component mixture. 
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Summary- -The  first stability constants (log ill) of  the copper(I1) complex of  glycine in water and in 13 
water + alcohol (isopropanol, tert-butanol, 1,2-propylene glycol and glycerol) solvents have been deter- 
mined at 25°C and an ionic strength of  0.10, from pH and pCu measurements  of  cells containing copper(lI) 
ion selective electrode. It has been shown that as the proportion of the alcohol increases, the stability 
constants become increasing positive in all of  the mixed solvents examined. An almost linear relation 
between log fl~ and the mole fraction of  alcohol was found for the complex in aqueous solutions of 
isopropanol, tert-butanol and glycerol. The response of  the copper(II) ion selective electrode in water and 
in water + alcohol mixed solvents was also investigated. The advantages of using an ion selective electrode 
to determine the stability constants in mixed solvents are discussed. 

The stability constant of a complex is one of the 
important basic datum in analytical chemistry. 
In many analytical methods it may be used to 
prejudge the interfering elements and to choose 
the optimum analytical conditions.L2 For 
example, i fa  complexing agent is used as precip- 
itant in gravimetric analysis, the optimum 
conditions of precipitation (pH, concentrations, 
etc.) can be found by equilibrium calculations. 
It may be predicted whether quantitative 
precipitation or separation can or cannot be 
obtained under given conditions. 

In recent years, non-aqueous and mixed 
solvents have been widely used in analytical 
chemistry with the rapid development of non- 
aqueous analytical techniques and methods. 
Although a considerable amount of data on 
stability constant of complexes in water are 
available in the literature, 35 data in non- 
aqueous or mixed solvents are limited. In 
particular, few studies have been reported on 
the determination of  stability constants in non- 
aqueous or mixed solvents using the ion 
selective electrode (ISE) method. 6 As a part of 
the continuing studies on the use of ISE in 
mixed solvents, 7~° we report here the first stab- 
ility constants of the copper(II) complex of 
glycine in water and in water + alcohol mixed 
solvents. The alcohols used in this work were 

isopropanol (IPA), tert-butanol (TBA), 1,2- 
propylene glycol (PG) and glycerol (GL). The 
stability constants were determined from pH 
and pCu measurements of cells containing cop- 
per(II) ion solid membrane electrode at 25'C 
and ionic strength I = 0.1. The variation of 
log fl~ with concentrations of the alcohol in a 
given mixed solvent is illustrated. In addition, 
the response of the copper(II) ion selective 
electrode in water and in mixed solvents is 
discussed. 

EXPERIMENTAL 

Materials 

IPA, TBA, PG and GL (A.R., all from 
Shanghai Chem. Co., China) were used after 
drying over 4 ~ type molecular sieves. Glycine 
(A.R., Beijing Chem. Co., China) was purified 
by recrystallization from aqueous solution of 
ethanol and dried under vacuum. Pure copper 
(99.99%, Shanghai Chem. Co.) and purified 
glycine were used to prepare the stock solutions 
of copper(II) nitrate (0.1182M) and those of 
glycine (0.0100M) in appropriate solvents, re- 
spectively. Water + alcohol mixed solvents were 
prepared by weight with twice distilled water. 
The ionic strength in all solutions was supported 
with 0.1M potassium nitrate. 
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Apparatus 

The potentiometric titrations were performed 
at 25 + 0.05°C in a water jacketed glass cell. A 
copper(II) ion solid membrane electrode (Ji- 
angsu, type 306) was used together with a 
saturated calomel reference electrode (Jiangsu, 
type 801) for measurements of the copper(II) 
ion activity in solution; the pH was measured 
with a pH glass electrode (Shanghai, type 231) 
against the same reference electrode. The cell 
potential and the pH values were recorded by 
means of  a precise pH meter (pH S-2D, 
Chengdu). Before measurements, the glass elec- 
trode was calibrated against standard buffers in 
water. The Nernstian response of  the copper(II) 
ion selective electrode was checked in aqueous 
copper(II) nitrate solutions at I = 0.1. 

Procedure 

A series of  standard solutions of  copper(II) 
nitrate (10 -2 to 10-6M) in a given solvent was 
prepared by successive dilution of the respective 
stock solution with 0.1M potassium nitrate 
solution. Potentials of copper(II) ion electrode 
in the standard cooper(II) nitrate solutions were 
measured. Readings were taken when potential 
was constant within 0.5 mV for at least 5 min. 
Then, a standard curve of pCu vs. E (potential) 
was constructed for each given solvent. 

A 30.00 ml glycine solution (0.0010M) and a 
15.00 ml copper(II) nitrate solution (0.0010M) 
were added to the cell. After thermal 
equilibrium was reached, the cell solution was 
titrated with small additions of  0.10M potass- 
ium hydroxide up to pH >6.4.  During ti- 
trations, the reaction solution was stirred 
magnetically. After each titration, the pH value 
and potential of the copper(lI) ion electrode 
were recorded. Using potential values of  the 
copper(ll) ion electrode obtained, values of pCu 
in reaction solution can be easily found from the 
standard pCu vs. E curves. 

In order to reduce the influence of the liquid 
junction, 0.1M potassium nitrate in the same 
solvent as the reaction solution was used as 
filling solution for the external salt bridge of  the 
saturated calomel electrode. For example, if the 
reaction medium is an aqueous solution of 16.3 
wt% TBA, a 0. I M potassium nitrate solution in 
this mixed solvent would be the correct filling 
solution. Otherwise, it is difficult to obtain a 
stable cell potential. 

The response of the copper(II) ion electrode 
was measured over a range of  concentrations of 

copper(II) ion extending typically from 10-J to 
10-6M. The procedure used was similar to that 
described by Coetzee and Istone. ~L 

RESULTS AND DISCUSSION 

The stability constants for the copper(II)- 
glycine complex in water have been investigated 
by Hansen and Ruzicka/2 According to these 
authors, there are only two possible equilibri- 
ums in the reaction solution in the case of 
pH<<6.9. 

K 2 

H 3 N + C H 2 C O O  H 2 N C H 2 C O O -  + H + 

(HL) ( L )  

and 

/st 
Cu 2+ + L CuL + . 

Therefore, the first stability constant for the 
copper(II)-glycine complex can be expressed by 
equation (1): 

fl, = [CuL+]/([Cu2+][L ]), (1) 

where 

and 

[L ] = (C ° - [CuL + ])/CCLIHI (2) 

0~L(H) = 1 -[- [H+]/K2,  (3) 

here C ° is the initial concentration of  glycine in 
the reaction solution, ~UH) the side reaction 
function of glycine in reaction with hydrogen 
ion, and K2 the second dissociation constant of  
glycine under given conditions. 

Inserting equations (2) and (3) into equation 
(1) and taking logarithms, it follows that 

log fl, = pCu + log(l + [H+]/K2) 

- log(C ° - [CuL + ])/[CuL + 1. (4) 

Since C o was known exactly in a given 
experiment and [Cu 2+ ] was determinable exper- 
imentally, the value of  [CuL +] in equation (4) 
can be calculated from the initial and free 
concentrations of copper(II). However, the 
measured pH values in the mixed solvents have 
to be transformed to hydrogen ion concen- 
trations in order to calculate log fl~ using 
equation (4). In doing so, the procedure pro- 
posed by Van Vitert and Haas ~3 was closely 
followed. 

Because the ionic strength was kept to be 0.1 
in the present work, K2 values involved in 
equation (4) should be those at I = 0.1. There- 
fore, the thermodynamic second dissociation 
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T a b l e  1. p H  a n d  p C u  values  for  the d e t e r m i n a t i o n  o f  the 

first s tabi l i ty  c o n s t a n t  o f  the C u ( l l )  comp lex  o f  g lyc ine  in 

a q u e o u s  so lu t ion  o f  16.3 w t %  T B A  (25~'C, I = 0 . 1 )  

PHoh ~ pHco ~ E/mV p C u  log/~1 

5.01 4.83 - 181.7 4.05 8.37 
5.22 5.04 - 177.2 4 .20 8.38 
5.36 5.18 - 173.5 4.31 8.39 
5.48 5.30 - 171.0 4 .40 8.39 
5.64 5.46 - 166.5 4.53 8.38 
5.78 5.60 - 163.0 4 .66 8.39 
5.91 5.73 - 159.9 4.77 8.39 

L o g a r i t h m  o f  a r i t h m e t i c  m e a n  value  8.38 
S t a n d a r d  dev ia t ion  0.01 
Coeff ic ient  o f  va r i a t i on  0 . 1 1 %  

constants (K,2) of glycine in water and in 
water + alcohol mixed solvents reported in the 
literature ~4-t9 have been corrected to the values 
at I = 0 . 1  in the solvents concerned, using 
equation (5) or (6) 

K~2 = K27~ 

(~=c.+cL /c.L, ~=~.+~, ) (s) 

K~2 = K27-+ 

(K;=mH+me /mHL, K2=K;p) (6) 

and mean activity coefficients (7 + ) of electrolyte 
H+L + calculated from Davies equation 2° 

logT_+ = --AI~/2/(I +I~/2)+0.3AI, (7) 

where 7~ is the activity coefficient of ion. The 
activity coefficient of glycine (HL) is assumed to 
be equal to unity, rn~ is the molality of species 
defined per kg of (water + alcohol) solvent. A is 
the Debye-Hfickel constant given by 

A = 1.8246 × I06/(DT) 3/2. ( 8 )  

The required values of the dielectric constant D 
and density p for the mixed solvents are taken 
from previous studies. ~5 ~8.2~.22 

The potentiometric titrations were carried out 
in the range of pH 4-6.5 for each experiment. 
It was found that in the case of pH < 5 and > 6, 
the determined log/~ values are not constant 
and changed greatly with pH. The same exper- 
imental phenomena for the same reaction in 
water was observed by Hansen and Ruzicka. ~2 
This is a result of the limited stability of the 1 : 1 
(CuL + ) complex in acid solutions when pH < 5. 
When pH > 6, there is a possible formation of 
a 1:2 (CuL2) complex. In view of this fact, only 
the experimental data in the range of pH 5 6 
were used to calculate the stability constants in 
all cases. The final result is the average of all the 
determinations in this pH range. Table 1 lists 
the observed potentials of the copper(II) ion 
electrode, pCu, pH and calculated log//~ values 
for the complexation in aqueous solution of 16.3 
wt% TBA, along with the standard deviation 
and coefficient of variation for log [3~. Values of 
log/~ for the complex in water and in 
wa te r+a lcohol  mixed solvents are given in 
Table 2. For all other systems, the standard 
deviation and coefficient of variation in log/3~ 
were not greater than 0.03 and 0.4%, respect- 
ively. In addition, some critical experiments 
were repeated several times, reproducible results 
were obtained in all cases. 

The value for log/~ in water obtained in this 
work was 8.19, which is in excellent agreement 
with the values 8.07, 8.15 and 8.36 reported 
previously. 5'~2"23 No stability constant data on 
the complex in aqueous solutions of alcohols 
has been reported in the literature to the best of 
our knowledge. 

It is evident from the table that the first 
stability constant of the copper(II) complex of 
glycine increases with the concentration of alco- 
hols in all the mixed solvents investigated. This 
experimental fact can be partially explained 

T a b l e  2. The  first s tabi l i ty  c o n s t a n t s  ( log/~t)  o f  the Cu( l l ) -g lyc ine  complex  in 

a q u e o u s  so lu t ions  o f  a l coho l s  (25  C,  1 = 0.1) 

log [3, 

A lcoho l  w t %  H 2 0  + T B A  H 2 0  + 1PA H ~ O  + P G  H_,O + G L  

0.0 8.19 8.19 8.19 8.19 
8.O 8.26 8.25 

1 0 . 0  - -  - -  8.21 
16.3 8.38 8.35 --- - 
18.2 - -  8.44 
25.0 8.55 8.54 - -  - -  
30.0 - -  - -  8.24 
31.9 - -  8.57 - -  
34.2 8.77 8.73 - -  - -  
43.8 8.86 . . . . . .  
50.0 - -  - -  8.31 
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Fig. I. Variation of the stability constants (log/?~ ) with mole 
fraction (X) of alcohols in mixed solvents. (0)  TBA; (A) 

IPA; ((3) PG; (It) GL. 

f rom the decreas ing dielectr ic cons tan t  o f  the 
mixed solvents,  2~ because the lower dielectr ic 
cons tan t  o f  the mixed solvents  in compar i son  
with that  o f  water  would  cause the e lect ros ta t ic  
con t r ibu t ions  to the bond  fo rma t ion  to increase 
with increasing percentage  o f  a lcohol  in the 
solvent  mixtures.  A fur ther  analysis  o f  the re- 
suits reveals that  in aqueous  solut ions  o f  IPA,  
T B A  and G L ,  log fl~ changes  a lmos t  l inearly 
with the mole  f ract ion o f  a lcohols  (Fig.  1). 
However ,  this is not  true for the complex  in 
aqueous  solut ions  o f  PG,  as i l lustrated in the 
same figure. 

The  response o f  the copper ( I I )  ion selective 
e lec t rode  was invest igated at  cons tan t  ionic 
s t rength o f  0.1 in water  and  in wa te r  + a lcohol  
mixtures.  In all solvents,  at  copper ( I I )  ion con- 
cen t ra t ion  extending  f rom 10 -5 to between 10 -2 
and 10 'M,  the response was l inear  and  Nerns-  
t ian (slope o f  response was 2 9 . 6 + 0 . 6  
mV/decade) .  The lower detec t ion  l imit  was 
a b o u t  10-6M. At  higher  concent ra t ions ,  the 
response became increasingly sub-Nerns t i an  
with increasing concent ra t ion .  At  lower concen-  
t ra t ions ,  the response became increasingly sub- 
Nerns t i an  with decreas ing concent ra t ion .  Very 
s imilar  results have been repor ted  by Coetzee 
and Is tone  ~ f rom copper ( I I )  ion selective elec- 
t rode  in a variety o f  organic  solvents and  their  
mixtures  with water.  

In most  o f  the solvents,  the slope o f  response 
decreases sl ightly with increasing concen t ra t ion  
o f  a lcohol  in mixed solvents. F o r  example ,  the 
slope o f  response de te rmined  in water  was 30.2 
mV/decade .  It decreases g radua l ly  to 29.0 
mV/decade  when 8.0, 16.3, 25.0 and 34.2 w t% 
IPA were added  to water.  Fu r the rmore ,  we have 
examined  whether  the lower detect ion limit for 
copper ( I I )  ion in water  could  be extended by 
add ing  alcohols.  However ,  no obvious  changes 

were observed for the lower detect ion limit in 
different mixed solvents c o m p a r e d  with that  in 
water.  This  observa t ion  is general ly in agree- 
ment  with those previously  repor ted  by Rech- 
nitz for methanol  and  acetone as solvents 24 and 
Coetzee and Is tone  ~ in a variety o f  organic  
solvents  and  their  mixtures  with water.  

Final ly ,  a small  c omme n t  can be made  on the 
appl icab i l i ty  o f  ISE in the de te rmina t ion  o f  
s tabi l i ty  cons tan ts  in mixed solvents. The pre- 
sent invest igat ion suggests that  ISE can be used 
successfully for the de te rmina t ion  o f  s tabi l i ty  
cons tan ts  o f  complexes  in water  + organic  sol- 
vents under  given condi t ions .  This  me thod  is 
charac te r ized  by good  accuracy,  reproducib i l i ty  
and simplici ty of  the measurement  techniques.  
By using ISE, two parameters ,  p H  and  p M  (M 
refer to metal  ion), can be measured.  Therefore ,  
the de te rmina t ion  o f  s tabi l i ty  cons tants  is 
great ly  simplified and the results ob ta ined  are  
more  rel iable c o m p a r e d  with the pH- t i t r a t ion  
technique.  
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Summary--Soil collected from a disused cattle dip in northern New South Wales was studied with the 
aim of developing an inexpensive, yet effective method for quantitative determination of arsenic(Ill), 
arsenic(V) and total organic arsenic in a contaminated soil. Hydrochloric acid extractions were used as 
a method for removal of the arsenic from the soil in a form suitable for speciation. It was found that 
the extraction efficiency varied with the ratio of soil to acid, and the concentration of the acid. Arsenic(lll ), 
as arsenic trichloride, was selectively extracted into chloroform from a solution highly concentrated in 
hydrochloric acid. This was followed by back-extraction of the arsenic into water. Total inorganic arsenic 
was determined in a similar manner after the reduction of arsenic(V) to the trivalent state with potassium 
iodide. Arsenic(V) was determined by the difference between the results for arsenic(Ill) and total inorganic 
arsenic. All analyses for the various arsenic species were performed by hydride generation atomic 
absorption spectroscopy: concentrations of total arsenic in the soil were confirmed using X-ray 
fluorescence spectrometry. It was found that all the arsenic in the soil was present as inorganic arsenic 
in the pentavalent state. This reflects the ability of arsenic to interchange between species, since the original 
species in cattle dipping solution is arsenic(Ill). 

As a result of  the injudicious use of arsenic in 
herbicides, pesticides, t ann ing  solutions and 
t imber preservatives, there are in excess of a 
thousand  arsenic con tamina ted  soil sites in the 
state of Queensland,  Austral ia  alone. Owing to 
the increases of urbaniza t ion ,  many  of these 
sites are now being used for residential, com- 
muni ty  and recreational purposes. ~ Because of 
the toxic nature  of arsenic, it is desirable to 
develop a cost effective method for remediat ion 
of such con tamina ted  sites. Before this is poss- 
ible, it is necessary to have an unders tanding  of 
which species of arsenic are present in a given 

soil and how these will be affected by certain 
condit ions.  

Probably  the most significant work in 
speciation of  arsenic in a soil has been done by 
Takama t su  et al)  By use of high performance 
liquid chromatography  anion exchange and an 
extraction process using I M hydrochloric acid, 
the so-called bioavailable port ion of the arsenic 
was speciated. However, for the work of this 
project it was desirable to speciate all of  the 
arsenic present in a soil. For  this reason, it was 
decided to extract the arsenic from the soil with 

concentrated hydrochloric acid and to speciate 
using solvent extractions. 

The proposed method utilizes the observat ion 
that arsenic(III)  can be selectively extracted into 
an organic phase from a strongly acidic phase. 
This can then be back-extracted into water for 
analysis. 24 It would appear that inorganic 

arsenic in solution, is most stable in its 
hydrolysed form. 5 However,  in the presence of 

an excess of hydrochloric acid, chlor inat ion of 
the arsenic will occur, yielding arsenic trichlor- 
ide and arsenic pentachloride.  It has been shown 
that arsenic trichloride is a covalent molecule 

while arsenic pentachloride probably  exists as 
the complex ions, [AsC14]+[AsCI~,] 5 If this is 
the case, then it is quite obvious that the triva- 
lent arsenic can be extracted into an organic 
phase such as chloroform or benzene, while 
arsenic pentachloride is excluded owing to its 
ionic properties. The arsenic contained in the 
organic phase can be easily recovered by back- 
extraction with water. As previously stated, 
inorganic arsenic is most stable in solution in its 
hydrolysed form. Therefore, when the arsenic 
comes into contact  with water, hydrolysis 
occurs, excluding the arsenic from the organic 

*Author to whom correspondence should be addressed, phase. 
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EXPERIMENTAL 

Reagents and glassware 

Stock solutions for arsenic compounds were 
prepared from arsenic trioxide ( A s 2 0 3 ,  99.8%, 
BDH Chemicals Ltd) and arsenic pentoxide 
(As2Os.5H20, 99.9%, Aldrich Chemicals). 
Concentrations of arsenic(V) solutions were 
confirmed by calibration against arsenic 
trichloride standard solution (BDH Chemicals 
Ltd). All other chemicals were of analytical 
grade and dilutions were performed with 
distilled water. 

All glassware was soaked for at least 24 hr in 
4M nitric acid after cleaning in X-tran (BDH 
Chemicals Ltd), a phosphate-free detergent. Fi- 
nal rinsing was performed with milli-Q water. 

Preparation of soil 

All soil samples were prepared according to 
the procedure outlined in AS1289.1(1991). 6 In 
summary, the soil was dried at 50°C for at least 
24 hr. The dried material was ground lightly 
with a mortar  and pestle and sieved through a 
2.36 mm sieve, removing foreign bodies such as 
twigs and stones. In addition to the require- 
ments of AS1289, the fraction which passed the 
sieve was ground to a fine powder in a tungsten- 
carbide swing mill. The resulting powder was 
homogenized by shaking for approximately 30 
min. 

Determination of total arsenic concentration in 
soil 

Prior to speciation work, the total concen- 
tration of arsenic in the soil was determined by 
X-ray fluorescence spectrometry (XRF) on 
loose powders. The conversion of  an XRF 
intensity to a concentration is subject to errors 
due to matrix effects, principally by absorption 
of  the fluorescent (secondary) radiation by the 

matrix elements. Therefore, it was necessary to 
initially determine the major and minor com- 
ponents in the soils studied so that a matrix 
correction factor (/a) could be calculated for 
each soil. The major and minor components of 
silicate matrices such as soils consist of the 
following elements, expressed as oxides: SiO2, 
A1203, Fe203, MgO, CaO, Na20, K20, TiO2, 
P205, MnO, SO3, SrO and loss on ignition 
(LOI). These were determined by XRF accord- 
ing to the method of  Norrish and Hutton. 7 In 
summary, a portion of  the finely ground sample 
is fused with a borate based flux containing 
lanthanum oxide (La203), a heavy absorber, 
and the resultant melt is pressed to yield a glass 
bead. XRF intensities are collected from the 
bead and concentrations are calculated from the 
Norrish/Hutton algorithm as follows: 8 

Ci=D + E R ( 1  + Zlt~Cj), 

where Ci=concentration of  element i, 
D = intercept expressed as a percentage, 
E = slope, R = intensity of element i (from 
XRF spectrometer), # = matrix correction fac- 
tors and Cj=concentra t ion of  interfering el- 
ement. 

Once the major and minor elements are 
determined, the matrix correction factor for any 
analyte radiation, in this case arsenic K-ct 
radiation, can be calculated as shown below: 

IJ i = ZMg Wj, 

where/Ji = matrix correction factor for element 
i, Mj = mass absorption coefficient for element 
j and Wj = weight fraction of  element j. Having 
obtained /~gs, it is now possible to accurately 
determine, with full matrix correction, arsenic in 
the soils under scrutiny. Table 1 outlines the 
operating parameters of the XRF spectrometer 
and it should be noted that background intensi- 
ties are also collected. 

Table I. XR F  operating parameters 

Arsenic Lead 

Analyte line K-a  L-f l  
X-ray tube Rhodium Rhodium 
Power 60 kV; 40 mA 60 kV; 40 mA 
Detector F + S F + S 
Crystal LIF 200 LIF 200 
Peak 2-0 angle 33.96 28.22 
Backgrounds + 0.6; - 0.5 + 0.4; - 1.2 
Count ing time (sec)* 100 100 
Pulse height discrimination UL75; LL25 UL70; LL30 
Collimation Fine Fine 
Mask Small Small 

*Counting time refers to the time expended on each line, i.e. 100 sec for each 
background and peak. 
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One complication in the X R F  determination 
of arsenic is that lead overlaps with the arsenic 
K-~ analyte line and it is therefore necessary to 
correct for the lead interference. The calculation 
for the conversion of  the intensity of  arsenic K-~ 
radiation into a concentration is outlined as 
follows: 

Cpb = Ki Rl, bppb 

CAs : (K 2 RA~PAs -- (LCpb)) , 

where Cpb, CA~ = concentrations of  lead and 
arsenic, respectively (mg/kg), K~, 
K2 = calibration slope constants for lead and 
arsenic, respectively, Rpb, RAs = net intensities 
for lead and arsenic, respectively (background 
corrected), PPb, #A~ = matrix correction factors 
for lead and arsenic analyte lines, respectively, 
and L = lead line overlap correction factor. It 
will be noted that the concentration of lead 
needs to be pre-determined. 

As with most forms of modern analysis, X R F  
requires a calibration procedure to be under- 
taken before meaningful results can be ob- 
tained. This is effected by the use of  
international standard reference materials 
(SRM's),  containing known amounts of arsenic 
and lead. The accuracy of the method employed 
is approximately +_5% with a precision in the 
order of  1-2%. The lower limit of  detection is 
approximately 1 mg/kg. ~ 

Extraction of arsenic .from soil 

Arsenic was removed from the soil by treat- 
ment with concentrated hydrochloric acid. A 5 
g sample of  soil was accurately weighed into a 
centrifuge tube and 20 ml of  10M hydrochloric 
acid was added. The extraction was assisted by 
shaking vigorously for about 30 min. The 
resulting slurry was centrifuged at 3000 r.p.m. 
for approximately 5 min and the supernatant 
was gravity filtered (Whatman 44) into a 100 ml 
volumetric flask. This procedure was repeated a 
further two times on the same 5 g sample of  soil. 
When the extraction was complete, the soil was 
washed into the filter paper with water and the 
solution diluted. 

Speciation of triralent arsenic 

A 10 ml aliquot of  the arsenic extract was 
transferred to a 100 ml separating funnel and 80 
ml of 10M hydrochloric acid was added, 
adjusting the acid concentration to greater than 
9M. This was followed by extraction of 

arsenic(III) into chloroform with 4 x 10 ml 
washings. At this stage the strongly acidic 
aqueous phase was discarded. The arsenic was 
then back-extracted from the organic phase into 
2 x 20 ml aliquots of  water and diluted to 100 
ml. 

Speciation of total &organic arsenic 

A separate 10 ml aliquot of  arsenic extract 
was transferred to a large test tube and 10 ml of 
50% potassium iodide was added. The tube was 
then covered and immersed in a water bath at 
60°C for about 30 rain. After the solution had 
cooled, it was diluted to 50 ml, 10 ml of  which 
was transferred to a 100 ml separating funnel. 
After adjusting the acid concentration to greater 
than 9M, extraction for inorganic arsenic was 
performed as for arsenic(III). 

RESULTS AND D I S C U S S I O N  

Extraction of arsenic from soil 

Initially, the arsenic was extracted from 1 
g of  cattle dip soil with 20 ml of  hydrochloric 
acid. The mixture was shaken for about 30 
min and the resulting slurry gravity filtered. 
Consequent analysis revealed that this method 
yielded 85% of the total arsenic present. In 
order to achieve a higher extraction efficiency, 
it was decided to try a multiple extraction. 
When performing liquid-liquid extractions, it 
is common practice to extract two or three 
times to ensure a complete transition between 
the phases. This same principle was applied 
to the extraction of arsenic from soil with 
acid. A three-fold extraction procedure on 1 
g of  cattle dip soil yielded 97% of the total 
arsenic present. 

The ratio of  acid to soil and the concentration 
of the acid also affects the extraction efficiency. 
In the first instance, it was found that when 
applying the extraction technique to 5 g of  soil, 
86% of the arsenic was removed compared with 
97% when extracting 1 g of soil. It is not 
surprising then that the concentration of hydro- 
chloric acid should also affect the extraction 
efficiency. During the developmental stages of 
the process, extractions were attempted using 
water and I M hydrochloric acid as well as 
concentrated hydrochloric acid. Extraction with 
water yielded less than 5% of the total arsenic 
while the I M hydrochloric acid extraction 
yielded 56% of the total arsenic. Such an effect 
has also been noted by other workers. '~~° 
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Table 2. Reduction of As 5+ to As ~+ t,s. HCI strength a3 

Normality of  HCI Reduction (%)* 

4.0 96.29 
5.0 96.98 
6.0 97.49 
7.0 95.68 
7.5 31.90 
8.0 11.26 
9.0 I 1.98 

*Reduction performed as follows: (i) adjust the acid strength 
to approximately 6N with HCI, (ii) add 4 ml of  50% 
SnCI 2 solution, (iii) add 5 ml of 15% KI solution and (iv) 
leave to stand at room temperature for 15 min. 

Importance of acid concentration 

The success of  the proposed method is highly 
dependent upon careful monitoring of the 
concentration of  hydrochloric acid. Trivalent 
arsenic will only be completely extracted into an 
organic solvent from a solution which is highly 
concentrated in hydrochloric acid. Beard and 
Lyerly ~ employed a similar solvent extraction 
technique to separate arsenic from antimony 
and bismuth using benzene as the extracting 
solvent. It is claimed that the extraction of 
arsenic(III) into benzene was almost non- 
existent until the hydrochloric acid 
concentration reached 4M. The efficiency of 
extraction then rose sharply with increasing acid 
concentration, yielding a 100% extraction at 
acid concentrations of 9M or greater. Other 
researchers observed similar results using 
chloroform as the extracting solvent. 3"~2 

The concentration of hydrochloric acid also 
has a significant effect on the reduction of 
arsenate to arsenite. This method utilized 
potassium iodide as a reducing agent. Literature 
suggests that reduction by this method requires 
the concentration of hydrochloric acid to be at 
least IM. ~3~4 However, it was found that at acid 
concentrations above 7M, the reduction 
efficiency decreases significantly. Hydrochloric 
acid concentrations of I, 6 and 9M were used in 
the reduction of a 100 mg/l. arsenic(V) solution 
with potassium iodide. Reduction efficiencies of  
93, 95 and 15% were obtained, respectively. 
Forehand et al. 13 performed a more comprehen- 
sive study of the dependence of reduction upon 
concentration of hydrochloric acid when using 
a potassium iodide/stannous chloride mixture as 

the reducing agent. Their results clearly show a 
dramatic decrease in reduction at an acid 
concentration above 7M (Table 2). 

Efficiency of solvent extraction 

Prior to investigation of soil samples, the 
solvent extraction technique was applied to 100 
mg/l. solutions of arsenic(III) and arsenic(V) to 
ascertain the efficiency of the method. The mean 
and standard deviation results from eight 
determinations demonstrated that the method 
was accurate and precise for both trivalent and 
pentavalent arsenic (Table 3). 

Fate of organic arsenic during speciation 

The two major forms of organic arsenic are 
monomethylarsonic acid (MMA) and dimethy- 
larsinic acid (DMA). Neither of these 
compounds will be extracted into chloroform 
under the conditions described in this paper? 
However, one must also consider the fate of 
these two compounds during reduction of 
inorganic arsenic(V) with potassium iodide. It is 
possible that MMA and DMA will be reduced 
by potassium iodide to CH3AsI 2 and 
(CH3)2AsI, respectively/5 If these compounds 
are formed and can be extracted into chloro- 
form, then the results for the total inorganic 
arsenic and hence the inorganic arsenic(V) will 
be erroneous. However, it would seem that the 
reduction of DMA to (CH3)2Asl is very slow 
and will not occur to any significant level during 
the time scale of this experiment. ~5 The 
reduction of MMA to CH3Asl 2 is much faster 
but the organic arsenic(lII) product is not likely 
to be soluble in chloroform to any appreciable 
extent. ~6 Therefore, it was concluded that only 
inorganic arsenic(Ill) would be extracted into 
the chloroform. 

Results for speciation of arsenic in cattle dip soil 

X-Ray fluorescence spectrometry, based on 
triplicate analyses, revealed that the cattle dip 
soil contained 1145_+ 57 mg/kg total arsenic. 
Experiments were then conducted to determine 
the quantity of soil required to yield meaningful 
speciation results. The speciation procedure was 
applied to both 1 and 5 g masses of soils and it 
was found that the mean results for both masses 

Table 3. Solvent extraction of  arsenic species in solution 

Arsenic species Extraction efficiency (%) Standard deviation (%) 

Arsenite 97 3.4 
Arsenate 95 3.6 



Speciation of As in soil 

Table 4. Speciation results for cattle dip soil* 
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5 g of soil 1 g of  soil 

1145 +_ 57 1145 ± 70 Concentration of arsenic obtained from XRF (mg/kg) 
Average concentration of  arsenic 
determined by HCI extraction (mg/kg) 
Extraction percentage 
Concentration of inorganic arsenic (mg/kg) 
Concentrat ion of  arsenic(lII) (mg/kg) 
Concentration of arsenic(V) (mg/kg) 
Concentration of organic arsenic (mg/kg) 

985 _+ 70 978 ± 70 
86% 85% 

945 ± 94 921 + 27(1 
3 ± 0.3+ 3 ±  I 

942 i 94 918 ± 270 
40 ± 4 64 ± 13 

*Means and their associated errors are calculated from at least six determinations. 
tCalculated but not statistically meaningful standard error. 

of soils were similar, but the precision for the 
lower mass was poor (Table 4). Therefore, it 
could be generalized that for soils with arsenic 
concentrations of 1000 mg/kg or greater, at least 
5 g aliquots must be used, as it would appear 
that precision increases with the amount of 
arsenic being speciated. It follows that for 
concentrations of less than 1000 mg/kg of 
arsenic, even larger aliquots would be required. 
Speciation of  arsenic in 5 g of cattle dip soil 
revealed that all or nearly all the arsenic is 
present in the inorganic, pentavalent state. 

Based on the observation that arsenite and 
arsenate are more than 99.9% soluble in hydro- 
chloric acid at the concentrations encountered 
in the method, it was assumed that As(Ill) and 
As(V) are extracted from the soil with equal 
efficiency. On this basis, it can be claimed that 
96% of the arsenic is in the pentavalent state 
and about 0.3% is present as As(III). Therefore, 
while only 86% of  the arsenic was extracted 
from the soil, nearly 100% of the extracted 
arsenic was speciated; thereby forming a 
representative view of the species present in the 
soil. The results for both organic arsenic and 
arsenic(Ill) fall within experimental error and 
can, therefore, be approximated to zero 
concentrations. This infers that all or nearly all 
of  the arsenic present in the soil is inorganic and 
pentavalent. Of course, the above assumption 
will not hold for all soils. For instance, under 
reducing conditions, sulfur rich soils can 
contain arsenic(Ill) as an acid insoluble 
sulfide. ~7 Therefore, it is necessary to consider 

each soil sample separately before making such 
extrapolatory calculations. 

Aliquots of the cattle dip soil were spiked 
with known quantities of arsenite and arsenate 
(Table 5). The speciation procedure was 
performed on these spikes. If the method is 
valid, the results tbr each of the species present 
should increase by the amount of the relevant 
arsenic species added. Table 6 lists the results 
for speciation of the arsenic extracted from the 
soil with hydrochloric acid. If it is assumed that 
the extracted arsenic for the cattle dip soil forms 
a representative sample of the total arsenic in 
the soil, then theoretical values can be calcu- 
lated for the speciation of the total amount of 
arsenic present (Table 7). 

In preparing CDS(III), arsenite was added so 
that the total concentration of arsenic in the soil 
increased 83 mg/kg (Table 5). Speciation of 
CDS(III) yielded an arsenic(III) concentration 
of 84 mg/kg, an increase of 81 mg/kg when 
compared with the cattle dip soil (Table 7). This 
provides strong evidence that the amount of 
arsenic(III) found in the cattle dip soil is valid. 
Similarly, preparation of CDS(V) involved the 
addition of arsenate so that the total concen- 
tration of arsenic in the soil increased by 84 
mg/kg (Table 5). Speciation of CDS(V) resulted 
in an arsenic(V) concentration of 1178 mg/kg; 
an increase of 79 mg/kg when compared with 
the unspiked cattle dip soil (Table 7). This 
provides strong evidence that the amounts of 
arsenite and arsenate determined for the cattle 
dip soil are valid. 

Table 5. Spiked samples of  cattle dip soil* 

Soil code Spike material Concentration of arsenic (mg/kg) 
CDSI  - -  1145 ± 57 
CDS(IlI) arsenic(Ill) 1228 i 61 
CDS(V) arsenic(V) 1229 ± 61 

*Means and their associated errors are calculated from three determinations by 
XRF.  

+CDS: Cattle dip soil. 
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Table 6. Speciation results for cattle dip spikes* 

Total arsenic Concentration of Concentration of 
extracted arsenic(Ill) arsenic(V) 

Soil code (mg/kg) (mg/kg) (mg/kg) 

CDS 985 + 70 3 + 0.3t 945 + 94 
CDS(III) 1032 + 72 71 + 7 942 + 94 
CDS(V) 1045 _ 73 3 + 0.3t 1002 __+ 100 

*Means and their associated errors are calculated from at least six determinations. 
tCalculated but not statistically meaningful standard errors. 

Table 7. Calculated values for speciation of total amount of arsenic in cattle dip soil* 

Total arsenic Concentration of Concentration of 
extracted arsenic(Ill) arsenic(V) 

Soil code (mg/kg) (mg/kg) (mg/kg) 

CDS 1145 __+ 80 3 _+ 0.3"[" 1099 + 109 
CDS(III) 1228 ___ 86 84 + 8 1121 ___ 112 
CDS(V) 1229 _ 86 4 +_ OAt 1178 + 117 

*Means and their associated errors are calculated from at least six determinations. 
tCalculated but not statistically meaningful standard errors. 

Since the da t a  in Table  7 are s imilar  to the 
expected results,  yet are  ca lcula ted  f rom the 
percentage  o f  a r sen ic ( I l l )  and  arsenic(V) in the 
soil extract ,  it can be c la imed tha t  the extract  
provides  a representa t ive  sample  o f  the arsenic 
present  in the soil. 

CONCLUSIONS 

The aim of  this research project  was to 
develop an inexpensive,  efficient me thod  for 
quant i t a t ive  de te rmina t ion  o f  arsenic species in 
a con t amina t ed  soil. In  o rde r  to achieve this, a 
soil f rom an a b a n d o n e d  cat t le  dip  site in 
nor thern  New South  Wales  was invest igated.  
Sa t i s fac tory  results were ob ta ined ,  reveal ing 
that  near ly  all o f  the arsenic present  was in the 
pen tava len t  state. Val ida t ion  o f  this result was 
achieved by spiking the cat t le  dip  soil with 
known amoun t s  o f  arseni te  and  arsenate.  

Specia t ion  o f  the cat t le  d ip  soil indica ted  tha t  
all o f  the arsenic was in inorganic  forms, within 
exper imenta l  error.  However ,  the me thod  for 
specia t ion should also be appl icab le  to organic  
forms o f  arsenic,  a l though  in this work,  
va l ida t ion  o f  the results was focused on the 
de te rmina t ions  o f  arsenic( I I I )  and  arsenic(V). 
Specia t ion o f  the catt le d ip  soil af ter  spiking 
with known  amoun t s  o f  organic  arsenic should 
result in a total  arsenic concen t ra t ion  greater  
than the inorganic  arsenic concent ra t ion ;  thus 
yielding the a m o u n t  o f  organic  arsenic by 
difference. 

De te rmina t ion  o f  total  arsenic and its 
species, in a 5 g a l iquot  o f  soil, requires the 
use o f  abou t  230 ml o f  hydroch lor ic  acid. This 

equates  to a cost  o f  slightly less than $1(A) 
for the acid per  sample.  The cost  o f  o ther  
chemicals ,  such as po tass ium iodide  and  chlo- 
roform,  is no more  than $1(A) per  sample.  
Therefore ,  at  a total  reagent  cost  o f  approx i -  
mate ly  $2(A) per sample,  this me thod  is inex- 
pensive even on large scale invest igat ions.  A 
ma jo r  advan tage  o f  the p roposed  me thod  over  
o ther  techniques lies in the a m o u n t  o f  arsenic 
ext rac ted  f rom the soil. As s tated previously,  
T a k a m a t s u  et alfl speciated the arsenic which 
they ext rac ted  f rom soil using I M hydro-  
chloric  acid. However ,  of  the 12 soils ana lysed  
by them, between 3.6 and 53.2% of  the total  
arsenic present  was extracted.  The me thod  
here descr ibed yields a s imilar  qual i ty  o f  re- 
sults, but  has a total  arsenic ext rac t ion  o f  be- 
tween 80 and 100%. 
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Summary--Trace levels of manganese can be determined by voltammetry after controlled adsorptive 
accumulation of the manganese-2-(5'-bromo-2'-pyridylazo)-5-diethylaminophenol (5-Br-PADAP) com- 
plex on a hanging mercury drop electrode. Optimal conditions include an ammonia buffer solution (pH 
8.8) containing I x 10-SM 5-Br-PADAP and an accumulation potential of - 1.20 V. The technique offers 
enhanced sensitivity over analogous measurements of the manganese-Eriochrome Black T chelate. The 
detection limit is 0.2 #g/l with 1 min accumulation. The new adsorptive approach is characterized with 
new selectivity dimensions (compared to the Eriochrome Black T scheme), and is not affected by large 
excess of commonly coexisting calcium and magnesium cations (which severely interfere in the Eriochrome 
Black T procedure). 

Because of the importance of manganese, highly 
sensitive analytical methods are required for its 
determination in biological and environmental 
matrices. Neutron activation and atomic 
absorption spectroscopic measurements of  trace 
levels of  manganese usually require tedious 
enrichment steps (such as co-precipitation and 
extraction). J.2 The highly sensitive electroanalyt- 
ical technique, stripping analysis, can also be 
employed for trace measurements of  manga- 
nese. 3"4 However, conventional stripping 
measurements of  manganese suffer from 
difficulties associated with the low solubility of  
manganese in mercury, large hydrogen evol- 
ution background current, the formation of 
intermetallic compounds,  and an irreversible 
redox process. Such problems may be addressed 
using an alternative stripping mode based on 
non-electrolytic preconcentration. Yet, only one 
adsorptive stripping voitammetric procedure, 
involving the adsorptive accumulation of the 
manganese/Eriochrome Black T complex, has 
been reported. 5 

This article describes an extremely sensitive 
adsorptive stripping voltammetric method for 
the quantitation of trace amounts of  manga- 
nese, in which preconcentration is accomplished 

*Author to whom correspondence should be addressed. 

by adsorption of  the manganese chelate with 
2-(5'-bromo-2'-pyridylazo)-5-diethylaminophe- 
nol (5-Br-PADAP). The formation of surface 
active chelates of  5-Br-PADAP with vanadium, 
iron, or chromium has been utilized recently for 
measuring low levels of  these metal ions. ~8 The 
characterization, optimization, and advantages 
of  the manganese-Br-PADAP adsorptive strip- 
ping procedure are elucidated in the following 
sections. 

EXPERIMENTAL 

Apparatus and reagents 

An E G & G  PAR Model 264A voltammetric 
analyzer, a PAR 303A static mercury drop 
electrode, and a PAR 0073 X-Y recorder were 
used to obtain the voltammograms.  A medium- 
size hanging mercury drop electrode, with an 
area of  0.016 cm 2 was employed in connection 
with the 10 ml cell. 

All solutions were prepared with doubly dis- 
tilled water. A 1000 ppm stock manganese 
solution (atomic adsorption standard, Aldrich) 
was diluted as required. Stock solutions 
(10-2M) of  5-Br-PADAP (Aldrich) were pre- 
pared in ethanol (Quantum Chemical Co.). A 
1 x 10 2M ammonia /ammonium chloride 
buffer (pH 8.8) served as supporting electrolyte. 
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Fig. 1. Cyclic voltammograms for 20 pg/1. manganese 
without (A) and with (B) 60 sec prior stirring at - 1 . 2  V. 
Dotted lines are the corresponding curves for the blank 
solution (0.01 M ammonia  buffer, containing 5 x 10-6M 

5-Br-PADAP, and 10% ethanol). Scan rate, 50 mV/sec. 

Procedure 

The supporting electrolyte solution (10 ml), 
containing 1 x 10-SM 5-Br-PADAP and 10% 
ethanol was pipetted into the cell and deaerated 
with nitrogen for 8 min. The preconcentration 
potential (usually -1 .20  V) was applied to a 
fresh mercury drop while the solution was 
stirred. Following the preconcentration step, the 
stirring was stopped and after 15 sec the voltam- 
mogram was recorded by applying a negative- 
going differential pulse scan (with 10 mV/sec 

scan rate and 25 mV amplitude). The scan was 
terminated at - 1.80 V. Aliquots of the manga- 
nese standard solution were introduced after 
recording the background voltammograms, and 
the cycle was repeated using a new mercury 
drop. Throughout this operation, nitrogen was 
passed over the solution. All data were obtained 
at room temperature. 

RESULTS AND DISCUSSION 

Figure 1B displays a cyclic voltammogram for 
20#g/I. manganese, in the presence of 
5 x 10-6M 5-Br-PADAP, recorded after 1 min 
preconcentration at -1 .20  V. A large and 
well defined cathodic peak is observed at ca. 

- 1.72 V. No peaks are observed in the anodic 
branch. Subsequent scans exhibit a rapid dimin- 
ution of the peak (to a stable value with 15 
runs), indicating rapid desorption from the sur- 
face (not shown). Voltammogram A displays 
the analogous response without accumulation. 
A substantially lower (ca. 10-fold) peak, repre- 
senting the solution species, is observed. The 
latter is similar to that observed following the 
desorption. The effect of potential scan rate (v) 
was evaluated for the surface-confined Mn-5- 
Br-PADAP complex. A plot of log ip vs. log v 
was linear over the 5-100 mV/sec range, with a 
slope of 0.81, indicating deviation for an ideal 
behavior of adsorbed reactants. Unlike the 
manganese/Eriochrome Black T voltammetric 
measurements, which involve the reduction of 
the ligand electroactive (azo) moiety, 5 the 
manganese/5-Br-PADAP reduction process 
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Fig. 2. Differential pulse voltammograms for 10 pg/l. manganese after different preconcentration times: 
0 (a), 15 (b), 30 (c), 45 (d) and 60 (e) sec, with 300 rpm stirring. Inset shows current t,s. preconcentration 
plots for 2 (A), 5 (B) and 10 (C) pg/l. manganese. Accumulation at - 1.2 V; scan ratc, 10 mV/sec; pulse 

amplitude, 25 mV; solution, as in Fig. 1. 
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involves the metal center in the complex. This is 
supported by the fact that measurements 
without the ligand yielded a small manganese 
peak, at a similar potential; the peak was 
greatly (20-fold) enhanced upon adding the 
5-Br-PADAP (not shown). Analogous 
vanadium measurements also involved re- 
duction of  the metal center. 9 

Highly sensitive adsorptive stripping voltam- 
metric measurements can be realized utilizing 
the effective interfacial accumulation of the 
Mn-5-Br-PADAP complex. For example, Fig. 2 
displays differential pulse voltammograms for 
10 pg/l. after different preconcentration periods 
from 0 to 60 sec (a-e). Larger peak currents are 
observed for longer accumulation periods. Yet, 
even without a preceding preconcentration, a 
well-defined peak is observed (reflecting the 
strong chelate adsorption during the slow differ- 
ential pulse scan). Also shown in Fig. 2 (inset) 
are plots of peak current v s .  preconcentration 
time at three manganese levels: 2 (A), 5 (B) and 
10 (C) #g/l. While the 2 pg/l. experiment yields 
a linear increase of the peak current, a curvature 
(above 1 min period) is observed using the 5 and 
10 pg/l. manganese solutions. 

Figure 3 examines the influence of various 
experimental variables upon the stripping 
response of  the Mn 5-Br-PADAP complex. 
Increasing the pH from 8 to 8.8 results in a 
gradual increase in the peak height; a sharp 
decrease in the response is observed as the pH 
is raised further (A). The optimal pH (8.8) is 
much lower than that for the eriochrome 
procedure, 5 which is advantageous considering 
the higher stability of the dissolved form of 
the metal. A similar pH was employed in the 
Fe-5-Br-PADAP procedure, 7 while acetate 
buffer solutions (of lower pH) were used for the 
quantitation of vanadium and chromium. 6"8 The 
peak increases rapidly upon raising the ligand 
concentration from 2 x 10 6 to 8 x 10-6M, 
above which it starts to level off (B). Similar 
(micromolar) 5-Br-PADAP levels were em- 
ployed in analogous schemes for iron, vanadium 
and chromium. ~ 8 The dependence of the current 
on the preconcentration potential was examined 
over the range from - 0 . 9  to - 1.50 V (C). An 
optimal behavior was observed around -1 .20  
V. Substantially lower potentials were used in 
earlier procedures using 5-Br-PADAP. 6-8 The 
chelate peak also increased upon increasing the 
ethanol content to 10% (v/v), and then it lev- 
elled off (not shown). Such a profile reflects the 
increased solubility of 5-Br-PADAP. Because of 
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Fig. 3. Effect o f  pH (A), l igand concen t ra t ion  (B), and  

accumulation potential (C) on the adsorptive stripping peak 
current for manganese [I0 /~g/l. (A, B), 20 /~g/l. (C)]. 
Accumulation for 30 (A, C) and 60 (B) sea Other con- 

ditions, as in Fig. 2. 

the long desorption time, a new drop was used 
in each cycle. Both the linear scan and differen- 
tial pulse modes yielded a well defined stripping 
response with the latter offering slightly 
improved signal-to-background characteristics. 
Best results were obtained with a 25 mV pulse 
amplitude and 10 mV/sec scan rate. 

Figure 4 shows stripping voltammograms 
obtained for manganese solutions of increasing 
concentration in 2 /~g/l. steps after a 60-sec 
preconcentration time. Well-defined peaks, 
which increase linearly with the manganese con- 
centration, are observed. Also shown in Fig. 4 
(insets) are calibration plots over wider concen- 
tration ranges [2-14 (A) and 10-90 (B) pg/l.] 
following 60 and 30 sec accumulation, respect- 
ively. A curvature is observed above 50 pg/I. 
with a leveling off above 80 pg/i. The linear 
portions are characterized with slopes of 4.3 (A) 
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Fig. 4. Stripping voltammograms for solutions of increasing manganese concentration, 2-10 #g/l. (a-e). 
Preconcentration for 60 sec; conditions, as in Fig. 2e. Also shown (inset) are calibration plots over the 

2-14 (A) and 10-90 (B)/~g/1. ranges, following 60 and 30 sec accumulations, respectively. 

and 2.7 (B) nA l.//~g. The detection limit was 
estimated (from curve a) to be 0.2 #g/l.  
(3 x 10-9M).  The precision was estimated f rom 
15 successive measurements  o f  the 2 /~g/l. 
manganese  solution (60-sec accumulation);  
the mean peak current was 9.8 nA (range 
9.5-10.3 nA and relative s tandard deviation o f  
4.0%). 

The inherent sensitivity o f  the method is 
apparent  f rom compar ison  with the earlier 
procedure based on the manganese/  
d ihydroxyazo-dyes  complexes)  Figure 5 com- 
pares vo l t ammograms  for l0 #g/l. manganese in 

the presence o f  5 -Br -PADAP (A) to those 
obtained in the presence o f  the azo dye 
Er iochrome Black T (B) and Solochrome Violet 
RS (C). Both d ihydroxyazo  dyes yield a defined 
manganese peak, superimposed on a decaying 
background  peak (associated with the reduction 
o f  the free ligand). A sharper and larger peak, 
and a lower baseline response, are observed in 
the presence o f  5-Br-PADAP.  Even more pro- 
found sensitivity improvements  were observed 
using a differential pulse excitation waveform, 
for which the manganese-azo  dyes peaks were 
obscured by those o f  the ligand while that o f  the 

L~ 

(a) 

I 

/ 

j / i  I1 

I J I 
-1.6 -I.7 -1.8 

(b) 

I 5 nA 

', ,,', 
I I I | 

I I I 
-0,9 - I ,0  - I , I  

Potential ( V )  

(c) 

i I I 
-0.9 -1.0 -I.1 

Fig. 5. Stripping voltammograms for l0 gg/I. manganese in the presence of 5-Br-PADAP (A), Eriochrome 
Black T (B), and Solochrome Violet RS (C). Conditions, (A) as in Fig. 2e, with I x l0 5M 5-Br-PADAP; 
(B, C), 0.02M PIPES (pH 12) solution, containing 5 × 10-6M of the azo dye, using 60 sec accumulation 

at - 1.2 V. 
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Mn-5-Br-PADAP complex was well defined (as 
in Fig. 4e). 

The following metal ions (20 pg/l.) were 
tested and found not to affect the 2 #g/l. 
manganese response: AI(III), Bi(Illl), Sb(lll), 
Ni(II), Cu(II), Zn(II), Cd(II), Pb(II), In(III), 
Ca(II), Mg(II), Ir(lII) or TI(I). It should be 
pointed out that analogous manganese 
measurements in the presence of Eriochrome 
Black T suffer from severe Cu(II), Zn(II), Ca(II) 
and Mg(II) interferences. 5 The lack of calcium 
and magnesium interference is of great signifi- 
cance because of their common presence in 
biological and environmental matrices (e.g. 
mg/1. level in natural waters). Even larger (500- 
fold) excess of these ions did not affect the 
manganese response. The insensitivity to copper 
is also significant considering severe cop- 
per-manganese intermetallic problems in con- 
ventional stripping measurements. 4 Depressions 
of the 2/~g/1. manganese peak were observed in 
the presence of 20 /~g/l. uranium(VI), Fe(III), 
Ti(IV), V(V), Cr(lll) and La(llI). A separation 
step would be required in the presence of an 
excess of these metals. Organic surfactants that 
compete with the chelate on the surface sites 
represent another source of interference. While 
1 mg/1. gelatin or sodium dodecyl sulphate did 
not affect the 10/~g/l. manganese peak (60 sec 
accumulation), 4 mg/1. of these surfactants 
caused 30 and 70% diminutions of the response, 
respectively. 

In conclusion, the present study describes an 
effective means for the measurement of trace 
levels of manganese. Quantitation at the ~g/l. 
level is feasible with short preconcentration 
times. The 5-Br-PADAP based approach offers 
a new selectivity dimension and enhances the 
signal-to-background characteristics, compared 
to an early adsorptive stripping procedure. Yet, 
an even more selective ligand is desired to 
address remaining selectivity problems. The 
attractive performance of the 5-Br-PADAP Mn 
system should lead to various environmental or 
clinical applications, and may offer new infor- 
mation related to the speciation of manganese. 
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Summary Iron, cobalt and copper form coloured water soluble anionic complexes with disodium 
1-nitroso-2-naphthol-3-6-disulphonate (nitroso R-salt). The anionic complex is retained quantitatively as 
a water insoluble neutral ion associated complex (M-nitroso R-TDBA) on tetradecyldimethylbenzylam- 
monium iodide on naphthalene (TDBA+l -naphthalene) packed column in the pH range of: Fe(lll): 
3.1 6.5, Co: 3.4 8.5 and Cu 5.9-8.0 when their solutions are passed individually over this adsorbent at 
a flow rate of  0.5 5.0 ml/min. The solid mass consisting of  an ion associated metal complex along with 
naphthalene is dissolved out of  the column with 5 ml dimethylformamide/chloroform and metals are 
determined spectrophotometrically. The absorbance is measured at 710 nm for iron, 425 nm for cobalt 
and 480 nm for copper. Beers law is obeyed in the concentration range 9.2 82 ttg of  iron, 4.2 7.2 #g  of  
cobalt and 3.0 62 /~g of  copper in 5 ml of  final DMF/CHC13 solution. The molar absorptivities are 
calculated to be Fe: 7.58 × 103, Co: 1.33 × 104 and Cu: 4.92 x 104M ' cm '. Ten replicate determinations 
containing 25/~g of  iron, 9.96/~g of cobalt and 3 .17/ lg  of  copper gave mean absorbances 0.677, 0.450 
and 0.490 with relative standard deviations of  0.88, 0.98 and 0.92%, respectively. The interference of large 
number  of  metals and anions on the estimations of these metals has been studied. The optimized 
conditions so developed have been employed for the trace determination of  these metals in standard alloys, 
waste water and fly ash samples. 

Disodium 1-nitroso-2-naphthol-3,6-disulphon- 
ate (nitroso R-salt) was introduced in 1921 by 
Van Klooster for the detection of cobalt ~ and 
then subsequently used by various investigators 
for the determination of small quantities of this 
metal in plant and animal tissues, 2-7 soils, s ,0 
grasses, ~H2 steels and carbidesJ 3 Preliminary 
experiments indicated that metalions like Fe 3+, 
Co 2+ and Cu 2+ also react with this reagent and 
form coloured water soluble anionic complexes. 
These anionic complexes in the presence 
of tetradecyldimethylbenzylammonium cation 
form coloured water insoluble ion associated 
complexes which can be easily adsorbed on 
microcrystalline naphthalene. 

In the present communication we have syn- 
thesized tetradecyldimethylbenzylammonium 
iodide-naphthalene as an adsorbent and used it 
for the preconcentration of  iron (III), cobalt (II) 
and copper (II) using nitroso R-salt as the 
chelating agent. This adsorbent is very easy to 
synthesize (simply by mixing the solutions) and 
is highly economical and gives a preconcentra- 
tion factor ~ 100 for these metals. The interfer- 

ence of a large number of  metal ions and anions 
has been studied in detail and the optimized 
conditions so developed have been employed for 
the preconcentration and determination of iron, 
cobalt and copper from the large volume of 
their aqueous solutions in alloys, waste water 
and fly ash samples. After preconcentration by 
this method, these metals may also be deter- 
mined by atomic absorption spectrometrically 
by aspirating their D MF  solution in a flame. 
However, the spectrophotometric method is 
much more economical (since it is cheaper than 
AAS and does not require any gas or mainten- 
ance), sensitive and free from matrix effect. The 
sensitivity and the selectivity of the developed 
method has been compared with recent methods 
reported in the literature (Tables I and 2). 
Except iron, the method is fairly sensitive for 
cobalt and copper but the preconcentration 
factor ~ 100 is a highly favourable factor for the 
trace estimation of  these metals from a large 
volume of their aqueous solutions. The selectiv- 
ity of the method is much better than most of 
the recent methods. 
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Table I. Comparison of  sensitivities of  various methods 

Metal Reagent M ~ c m - t  Ref. 

Fe 3-Thiobenzoyl-l-p-tolythiocarbamide 4.00 x 103 14 
Mandelohydroxamic acid 1.15 x 104 15 
Thocyanate and cetyl tr imethylammonium bromide 3.59 x 104 16 
Di-2-pyridylmethanone-2(5-nitro)pyridylhydrazone 5.83 × 104 17 
2-Nitroso-5-(N-propyl-N-sulphopropylamino)phenol 1.23 x 104 18 
Present method (TDBA+I naphthalene) 7.58 x 103 
3-Thiobenzoyl-l-p-tolylthiocarbamide 1.00 x 104 14 
4-(2-quinolylazo)-l ,3-Dihydroxy-naphthalene 6.40 x 103 19 
1,2-Cyclohexanedione-2-oxime-l-guanylyhydrazone 5.20 x 103 20 
N(a-pyridyl)2-Thioquinaldinamide 5.20 × 103 21 
Cyclopentane-spiro-2-( 1 -phenyl-4-dithio)-s-triazine 1.08 × 104 22 
Present method (TDBA+I - naphthalene) 4.92 × 104 
4-Bromodibenzoylmethane 6.00 × 103 23 
3-Hydroxy-3-propyl-l-phenyltriazine 1.00 × l04 24 
1,5-Bis(2-arsonophenyl) formazan 5.70 × 103 25 
Thiocyanate and ephederine 4.30 × 103 26 
2-(5-bromo-2-pyridyazol)-5-Diethylaminophenol 9.80 × 104 27 
Present method (TDBA+I - naphthalene) 1.33 x 104 

Cu 

Co 

Table 2. Compar ison of  selectivity of  various methods 

Tolerance limit Tolerance limit 
Metal to be 
determined Method Metal Amoun t  Metal Amount  

Fe(IIl) 

Fe(IlI) 

Co 

Co 

Cu 

Cu 

Using PAN-Fe (IlI) 
C A P R I O U A T  on a 
membrane 

Ref. 28 

Tiron and TDBA ÷ 
AAS 

Ref. 29 

Cyanex 272 uv/vis 

Ref. 30 
Br P ADAP  with 
NH~- T P B -  as 
adsorbent 
AAS 
Ref. 31 
2-Nitroso- l -naphthol  
4-sulfonic acid 

Ref. 32 
PQM 

ReL 33 

Co 5 / tg  Present method Co 200 pg 
Ni 5/~g Ni 500 ltg 
Cu 10 pg Cu 700 pg 
AI 100 ~g AI 2.0 mg 
F 500 pg F 2.0 mg 

AI(III) 1.0 mg Present method AI(III) 2.0 mg 
Ag 1.0 m g  Ag 1.2 m g  
Cd 1.0 m g  Cd 1.2 mg 
Pb 1.0 m g  Pb 1.2 mg 
Hg 1.0 m g  Hg 1.2 mg 
Bi 1.0 m g  Bi 1.2 mg 

Mn 1.0 m g  Mn 1.2 mg 
Pt 50 ,ug Pt 150 pg 
Zn 700 pg Zn 1.5 mg 
Mo 500 lag Mo 1.5 mg 
Cr 500 pg Cr 1.5 nlg 

AI <0.5 mg Present method AI 2.0 mg 
Cr <0.5 m g  Cr 1.5 mg 
Zn <0.5 m g  Zn 1.5 m g  
Mn <0.5 m g  Mn 1.5 m g  
V <0.5 m g  V 0.7 mg 
Sn < 1.0 m g  Sn 1.5 m g  
Zn 500 ,ug Present method Zn 1.5 mg 
Ni 500 pg Cr 1.5 mg 
V 100 pg V 700 pg 

Cu 100 pg Cu 700 tLg 

Cr 100 pg Present method Cr 1.5 mg 
Co 100 # g  Co 200 pg 
Ni 100 ug Ni 500 pg 
Pb 300 ug Pb 1.5 mg 
AI 200/ag AI 2.0 mg 

Hg, Bi, Zn 1.0 mg Hg, Bi, Zn 1.5 m g  
Mn 1.0 mg Mn 1.5 mg 
Mo 1.0 mg Mo 1.5 nlg 
Os 450 pg Present method Os 1.0 mg 
Cr 1.0 mg Cr 1.5 nlg 
Zn 1.0 mg Zn 1.5 nlg 
Pb 1.0 mg Pb 1.5 nlg 

F-, CI-, NO 3- 10 mg F-, CI-, NO 3- 30 nlg 
CHsCOO-,  each CHsCOO-,  each 

so?,- so~- 
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EXPERIMENTAL 

Reagents 

Standard iron, cobalt and copper solutions 
were prepared from analytical grade ferric 
ammonium sulphate, cobalt (II) chloride and 
copper (lI) sulphate in double distilled water 
and standardized by known methods. Sodium 
acetate/acetic acid and ammonia/ammonium 
acetate solutions were used to adjust the pH. 
Naphthalene, chloroform and dimethylfor- 
mamide were checked spectrophotometrically 
before use. Double distilled water was used 
wherever needed. To study the interferences of 
various ions, a solution containing 25-30 mg of 
anion or 1 mg of cation were prepared in 
distilled water. 

Preparation of tetradecyldimethylbenzyl- 
ammonium iodide-naphthalene 

A solution of naphthalene was prepared by 
dissolving 10 g in 100 ml of acetone. This 
solution was transferred to a beaker containing 
0.8 g KI in 1000 ml of distilled water in a fast 
stream with continuous stirring. An aqueous 
solution of tetradecyidimethylbenzylammonium 
chloride ( T D B A + C 1 )  was prepared by dissolv- 
ing 0.4 g in 250 ml of  distilled water. This 
solution was transferred to the beaker 
containing the above solutions and stirred for 5 
h. The supernatant solution was drained off by 
decantation. The residue was washed twice with 
distilled water. The final adsorbent TDBA+I 
supported on naphthalene was stored in a bottle 
for subsequent use. 

Apparatus 

An Elico pH meter, Lambda 3b UV/VIS 
spectrophotometer and a Pye Unicam 191 
atomic absorption spectrometer were used. 

General procedure 

An aliquot of a metal ion solution, Fe: 9.2 8.2 
pg, Co: 4.2-72 pg, and Cu: 3.0-62 pg was taken 
in a 100 ml beaker and to it, 0.2-4.0 ml of  
0.20% solution of nitroso-R salt was added. 
The pH of these solutions was adjusted 
by adding a suitable volume of buffer solution 
(sodium acetate/acetic acid, ammonia/ 
ammonium acetate) or dilute solutions of hy- 
drochloric acid or sodium hydroxide (3 5 ml) to 
adjust the pH; Fe: 3.1-6.5, Co(II): 3.4-8.5 and 
Cu(II): 5.9-8.0. The metal complex solution was 
passed over the adsorbent (tetradecyldimethyl- 
benzylammonium iodide-naphthalene, 0.2 g 
placed to height of 1.2 cm in a column) at a flow 
rate of 0.5-5.0 ml/min. Metal-nitroso R-TDBA 
complex along with naphthalene was dissolved 
out of the column with 5 ml of chloroform in the 
case of Fe(III) and 5 ml of D MF  in the case of 
Co(II) and Cu(II). The absorbances were 
measured in a 1 cm cell at 710 nm for iron, 425 
nm for cobalt and 480 nm of copper against the 
reagent blank prepared similarly. 

RESULTS AND DISCUSSION 

Absorption spectra 

The absorption spectra of metal complexes 
were recorded in chloroform/dimethyl- 
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formamide against the reagent blank and the 
reagent blank against water (Fig. la, b). These 
complexes show absorption maxima, iron at 710 
nm, cobalt at 425 nm and copper at 480 nm. 

Effect of pH 

Adsorption was carried out at different pH 
keeping other conditions constant. Adsorption 
was found to be maximum and constant in the 
pH range Fe(III): 3.1-6.5, Co(II) 3.4-8.5 and 
Cu(II): 5.9-8.0 (Fig. 2). Adsorption for each 
metal chelate anion was carried out by adding 
different volumes of buffer solutions. It was 
found that 1.0-5.0 ml of a buffer solution did 
not affect the percentage of  retention of the 
metal complex on the adsorbent. 

Reaction conditions 

The reaction conditions were established tak- 
ing 25.00/~g of iron, 9.96/~g of cobalt and 3.17 
/~g of  copper. 

Adsorption was maximum and constant 
when 0.1-1.2 g of tetradecyldimethylbenzylam- 
monium iodide-naphthalene (adsorbent) and 
0.2-4.0 ml of  0.20% (w/v) of the reagent 
(nitroso-R salt) were used. The volume of the 
aqueous phase containing the metal ion was 
varied from 20 to 500 ml. It was observed that 
the adsorbance was constant when the aqueous 
phase did not exceed 400-500 ml in all the cases 
(preconcentration factor of ~80-100).  

Absorbance of metal-nitroso-R TDBA 
complex in chloroform/dimethylformamide was 
constant for 24 hr in all the cases. 

Sodium chloride, sodium nitrate and sodium 
perchlorate when added in the concentration 

range of  0.01-0.1M had no effect on the 
adsorption. 

The affect of flow rate on adsorption was 
examined in the range of 0.5-10 ml/min. 
Adsorption was maximum and constant when 
the flow rate was between 0.5 and 5.0 ml/min. 
Above 5 ml/min, the percentage retention of  the 
metal complexes decreased gradually. The per- 
centage retention was decreased by 14% for 
iron, 8.8% for cobalt and 5% for copper at a 
flow rate of  10 ml/min. 

A flow rate of i ml/min, was chosen for 
subsequent studies for convenience. In cases of 
larger aqueous phase volume, a flow rate of 5 
ml/min may be maintained. 

Beet" 's law 

Beer's law was obeyed in the concentration 
range, Fe: 9.2-82 #g, Co: 4.2-72 /~g and Cu: 
3.0-62/~g, in 5 ml of final solution. The concen- 
tration range as given by a Ringbom plot 
(in ppm) was Fe: 1.84-6.0, Co: 0.8-3.6 and Cu: 
0.2-1.27. The molar absorptivities for these 
complexes were calculated to be (M ~ cm -~) 
Fe: 7.58 × 10 3, Co: 1.33 × 10 4 and Cu 
4.92 × 104. The sensitivity of  the developed 
method is better than many of the recent 
methods reported in Table 1. Ten replicate 
determinations containing Fe: 25.00 #g, Co: 
9.96/~g and Cu: 3.17/~g gave mean absorbances 
of  0.677, 0.450 and 0.492 with relative standard 
deviations of 0.88, 0.98 and 0.92%, respectively. 
The accuracy of this method was checked by the 
determination of these metal ions in standard 
alloys, waste water and fly ash samples. 
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Composition of the metal complex 

The composi t ion o f  the meta l -n i t roso  R com- 
plex was studied by Job ' s  method and mole 
ratio method.  Peaks at 0,50 mole fraction for 
iron, 0.25 for cobalt  and 0.33 for copper  and a 
break at 1:1 for iron, 1:3 for cobalt  and 1:2 
for copper  suggested the format ion of  
Fe(CIoHsO8NS2) 2, Co(CIoHsOsNS2)3 and 
Cu(C~oH508NS2)2. The structure o f  the 
meta l -n i t roso  R - T D B A  complex was confirmed 
by infrared analysis in which - O H  stretching 
was prominent  at 3100-3450 cm ' in the free 
ligand but disappeared completely after the 
metal complex formation.  

Retention capacity of chelating agent supported 
on naphthalene 

The retention capacity o f  the chelating agent 
supported on naphthalene was determined for 
each metal ion by a batch method.  This exper- 
iment was carried out  by taking 350/~g of  metal 
ion, 3-5 ml o f  buffer, 0 .5-4 .0  ml o f  0.20% 
reagent (ni troso-R salt) and a suitable amount  
o f  the adsorbent  in a 100 ml separatory funnel. 
This mixture was diluted to 30 ml. It was shaken 
with a mechanical  shaker for 15 min and then 
filtered through a filter paper. The amount  o f  
the metal ion in the filtrate was determined by 
AAS. The retention capacity o f  metal ion was 
found to be propor t ional  to the amoun t  o f  
T D B A  on naphthalene and also on nitroso 
R-salt. The maximum capacity was found to be 

Fe: 1.2 mg, Co: 1.4 mg and Cu: 1.8 mg per g o f  
adsorbent.  

Effect of diverse ions 

The interference o f  various ions on the 
estimation o f  these metal ions has been studied 
in detail. Generally, 30 mg of  the alkali metal 
salts o f  anions and !.5 mg salt o f  cations were 
added individually to the solution containing 25 
# g  of  iron, 9,96 #g  of  cobalt  and 3.17 p g  of  
copper,  respectively and the general procedure 
applied. A m o n g  the anions examined (Tables 3 
and 4) large amounts  o f  chloride, bromide, 
nitrate, acetate, carbonate  and sulphate could 
be tolerated (30 mg each). Citrate, oxalate, 
or thophosphate ,  tartrate and E D T A  interfered 
in all the cases. Except E D T A ,  a relatively low 
amoun t  o f  these anions could be tolerated 
(Table 3). Obviously the stability constants  o f  
these m e t a l - E D T A  complexes must  be higher 
than their metal nitroso R-salt complexes. Of  
the metal ions examined (Table 4), many did not 
interfere up to mg levels. Rh 3+, Ru  3+ , P d  2÷ Os 
and V interfered, however relatively low 
amounts  could be tolerated. The interference of  
copper  in the determination o f  iron and cobalt  
was eliminated by adding 1 mg of  thiourea 
during adsorption.  I ron was masked with 3 ml 
of  5% N a F  solution in the determination o f  
copper  and cobalt.  Ag + was masked with 3 ml 
o f  I %  Na2S203 in all cases. Interference of  
cobalt  and nickel in the estimation of  iron was 

Table 3. Effect of diverse anions 

Salt of Co 
anion added Fe Absorbance Cu 

Alkali salt added (mg) 710 nm at 425 nm 480 nm 

Sodium chloride 
Sodium sulphate 
Sodium nitrate 
Sodium acetate 
'lhiourea 

Amonium fluoride 

Potassium iodide 
Sodium thiosulphates 

Potessium sodium tartrate 

EDTA 

- -  0.677 0.450 0.492 
30 0.675 0.450 0.492 
30 0.677 0.448 0.49 l 
30 0.678 0.449 0.492 
30 0.677 0.450 0.490 
20 0.677 0.449 0.215 
2.0 0.677 0.450 0.492 

10 0.374b 0.450 0.492 
2.5 0.677 0.451 0.491 

25 0.677 0.451 0.491 
20 0.677 0.452 0.09 I 
2.0 0.677 0.452 0.492 

10 0.400 0.201 0.201 
7.5 0.450 0.412 0.252 
6.0 0.650 0.432 0.475 
5.0 0.677 0.452 0.492 
0.08 0.092 0.221 0.101 
0.04 0.677 0.452 0.492 

Fe: 25.00 /~g, pH: 6.0. 
Cu: 3.17 ,ug, pH: 7.5. 
Co: 9.96 ,ug, pH: 6.5. 
Nitroso R-Salt 2~, ml (0.2%). 
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Table 4. Effective of  diverse cations 

Metal salt added 

Co 
Salt of  Fe(lll) Absorbance Cu 

metal added 710 n m  at 425 n m  480 n m  

(rag)  0.677 0.450 0.492 

Zinc (II) sulphate 1.5 0.675 0.449 0.491 
Lead (II) nitrate 1.5 0.677 0.450 0.490 
Manganese (II) sulphate 1.5 0.674 0.450 0.491 
Silver (I) nitrate 1.2 0.677 0.450 0.492 
Tin (II) chloride 1.5 0.675 0.450 0.493 
Cadium (II) chloride 1.5 0.675 0.450 0.493 
Aluminium (II) nitrate 2.0 0.677 0.449 0.498 
Rhodium (III) chloride 0.5 0.675 0.450 0.491 
Platinum (IV) chloride 0.15 0.677 0.450 0.491 
Ruthenium (III) chloride 0.07 0.677 0.450 0.492 
Palladium (II) chloride 0.05 0.675 0.449 0.491 
Iridium (II) chloride 1.5 0.677 0.450 0.492 
Bismuth (III) nitrate 1.5 0.675 0.450 0.491 
Ammonium molybdate (VI) 1.5 0.667 0.450 0.491 
Osmium tetraxoide (VIII) 1.0 0.667 0.450 0.492 
Mercury (II) nitrate 1.5 0.675 0.449 0.492 
Chromium (III) chloride 1.5 0.677 0.450 0.491 
Iron (III) chloride 0.20* - -  0.450 0.490 
Nickel (II) sulphate 0.500 0.677 0.450 0.492 
Copper (II) sulphate 0.200t 0.671 0.450 - -  

0.700 0.677 0.449 - -  
Cobalt (II) sulphate 0.200 0.677 - -  0.491 
Vanadium (V) sulphate 0.700 0.677 0.450 0.490 
Tungsten (IV) chloride 0.150 0.677 0.450 0.492 

Conditions same as in Table I 
*Iron was masked with 3.0 ml of  5% sodium fluoride. 
tCopper  was masked with 1 m g  of thiourea. 

eliminated by pre-adsorption of cobalt and 
nickel at pH 8.4 where iron did not adsorb on 
the adsorbent and then after the removal of 
nickel and cobalt, iron was determined. At pH 
8.4 iron does not interfere in the determination 
of  cobalt. 

Determination of  cobalt and copper in alloys 

A sample of an alloy (0.1-1.0 g) was dissolved 
in 10-15 ml of aqua regia on a water bath. After 
cooling, 3-5 ml of hydrogen peroxide (30%) 
was added. The excess of  peroxide was decom- 
posed by heating the solution on a water bath. 
The mixture was cooled and filtered if needed 
and then diluted to 250 ml with distilled water 
in a calibrated flask. An appropriate volume of 
this solution was taken, copper and cobalt were 
determined by the general procedure. The 
results are given in Table 5. 

Determination of  iron and copper in f ly ash and 
waste water sample 

A sample of  fly ash (460-600 mg) was taken 
in a platinum crucible and 250 mg of Li 3 Bo 3 was 
added. The crucible was heated at 700°C for an 
hour and then cooled. The contents of the 
crucible were transferred to a beaker containing 
2.2M hydrochloric acid and diluted to 300 ml in 

a calibrated flask. An aliquot of  this solution 
was taken and iron and copper were determined 
by the general procedure. Similarly, a waste 
water sample (100 ml) was treated with 2M HCI 
and heated to 200°C, it was allowed to cool, 
filtered and diluted to 50 ml in a calibrated flask 
and iron and copper were determined by general 
procedure. The relative standard deviation for 
five determinations in each case did not exceed 
___ 1.3%. The results obtained by this method 
were found to be in good agreement with those 
obtained by standard methods reported in the 
literature. 

CONCLUSION 

A solid ion pair produced from tetrade- 
cyldimethylbenzylammonium iodide on 
naphthalene provides a simple, rapid and 
economical method for column preconcentra- 
tion of iron, cobalt and copper in alloys, waste 
water and fly ash sample using nitroso R-salt as 
the complexing agent. The proposed adsorbent 
is highly effective for the trace determination of 
these metal ions from a large volume of their 
aqueous phase (preconcentration factor 
80-100). The method is relatively sensitive and 
selective as compared to recent methods re- 
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Amount of copper Amount of iron Amount of cobalt 
found by present found by present found by present 

Alloy Composition (%) method (%) method (%) method (%) 

NBS, SRM-85b Cu: 3.99, Mg: 1.49 3.92 + 0.42 0.23 + 0.020 
Aluminium Mn: 0.61, Cr: 0.21 
alloy Si: 0.18, Fe: 0.24 

An: 0.03, Ti: 0.02 
Pb: 0,021, 
Ga: 0.019, 
V: 0.066, Ni: 0.084 

NBS, SRM-94c Cu: 1.01, Ah 4.13 0.98+0.017 0.017+_0.002 - -  
Die casting Sn: 0.06, Fe: 0.018 
Alloy Cd: 0.002, 

Pb: 0.002 
Mg: 0.042, 
Ni: 0.006 

JSS, 645-7 Cu: 0.28, C: 0.060 0.27 + 0.021 -- 0.43 + 0.042 
Stainless steel Si: 1.29, Co: 0.45 

Mn: 1.69, Cr: 24.84 
Ni: 20.30, P: 0.031 
Mo: 0.016, N: 0.025 

JSS, 6554-4 Co: 0.29, C: 0.055 0.28 _+ 0.021 - -  0,28 + 0.029 
Stainless steel P: 0.33, S: 0.06 

Ni: 11.48, Cr: 18.54 
Mo: 0.051, Nb: 0.60 
Si: 0.060, P: 0.033 
N: 0.024, Cu: 0,29 

JSS, 654-7 Co: 0.45, C: 0.060 0.027 + 0.002 - 0.44 _+ 0.040 
Stainless steel P: 0.031, Ni: 20.33 

Cr: 24.84, Cu: 
Mo: 0.016 
Si: 1.29, Mn: 1.69 
Cu: 0.028, N: 0.025 

Average of five determinations, + standard deviation. 

ported in the literature. This adsorbent may also 
be employed for any metal ion which forms an 
anionic complex with a complexing agent. 
Instead of using spectrophotometry as a tool for 
the estimation of metals, atomic absorption or 
pulse polarography may also be employed after 
the preconcentration step. The sensitivity and 
selectivity of this method may be further im- 
proved by using derivative spectrophotometry. 

REFERENCES 

1. H. S. Van Klooster, J. Am. Chem. Soc., 1921, 43, 746. 
2. H. R. Marston and D. W. Dewey, Aust. J. Exp. Biol. 

Med. Sci., 1940, 18, 343. 
3. K. J. McNaught, Analyst, 1942, 67, 97. 
4. K. J. McNaught, Analyst, 1939, 64, 23. 
5. J. W. H. Lugg and S. W. Josland, Aust. J. Exp. Biol. 

Med. Sci., 1936, 14, 319. 
6. F. J. Stare and C. A. Elvehjem, J. Biol. Chem., 1933, 99, 

473. 
7. R. Q. Parks, S. L. Hood, C. Hurwitz and G. H. Ellis, 

Ind. Engng Chem., Anal. Ed., 1943, 15, 527. 
8. E. B. Kidson, H. Q. Askew and J. K. Dixon, N.Z.J. Sci. 

Technol., 1936, 18, 601. 
9. H. T. Macpherson and J. Sttewart, Biochem. J., 1938, 

32, 763. 
10. K. J. McNaught, N.Z., J. Sci. Technol., 1936, Ig, 601. 

11. E. B. Kidson and H. O. Askew, N.Z.J .  Sci. Technol., 
1940, 21B, 178. 

12. L. I. Butler and H. D. Allen, J. Assoc. Off: Agric. Chem., 
1942, 25, 567. 

13. F. W. Haywood and A. A. R. Wood, J. Soc. Chem. Ind., 
1942, 62, 37. 

14. D. M. Ambhore and A. P. Joshi, J. Indian Chem. Soc., 
1991, 68, 175. 

15. F. Salinas, J. L. Martinez-Vidal, A. R. Fernandez-Alba, 
Anal. Lett., 1989, 22, 187. 

16. T. K. Thokdar, P. K. Paria and S. K. Majumdar, J. 
Indian Chem. Soc., 1989, 66, 456. 

17. T. Takaoka, M. Otomo and T. Taya, Talanta, 1992, 39, 
37. 

18. N. Ohno and T. Sakai, Analyst, 1987, 112, 1127. 
19. Z. Zhengqi and Y. Rugin, Sci. China, Ser. B, 1989, 32, 

278. 
20. F. Salinas, N. Berzas, J. Juan, V. Acedo and 1. Maria, 

Ann. Chim. (Rome), 1989, 79, 405. 
21. A. K. Chakrabarti, Indian J. Chem., 1986, 25A, 886. 
22. J. D. Chavan and V. P. Joshi, J. Indian Chem. Soc., 

1990, 67, 935. 
23. S. C. Sharma and M. P. Tyagi, Sci. Phy. Sci., 1990, 2, 

7. 
24. D. N. Purohit and R. Bhatnagar, J. Sci. Res., 1988, 

10, 7. 
25. Z. Baowen, H. Wei, M. Grote and A. Kettrup, Yejin 

Fenxi, 1989, 9, 13. 
26. L. Fereria, R. A. Ensanety Berea, M. L. Bermajo, 

F. Martinez, Anal. Lett., 1989, 22, 1819. 
27. Y. Sun and S. Qian, Ye]in Fenxi, 1987, 7, 27. 



344 BAL K. PURl and SANJAY BALANI 

28. I. Mori, M. Toyoda, Y. Fujik, T. Matsuo and 
K. Taguchi, Talanta, 1994, 41, 251. 

29. M. Satake, T. Nagahiro and B. K. Puri, J. Anal. Atom. 
Spectrom., 1992, 7, 183. 

30. M. N. Gandhi, N. V. Dorkar and S. M. Khopkar, 
Talanta, 1993, 40, 1535. 

31. M. Satake, T. Nagahiro and B. K. Puri, Analyst, 1993, 
118, 85. 

32. M. Satake, J. R. Lee, B. K. Puri and M. Katyal, 
Analysis, 1992, 20, 49. 

33. S. Balani and B. K. Puri, Anal. Lett., 1992, 25, 593. 



~ Pergamon 0039-9140(95)01406-3 

Talanta, Vol. 42, No. 3, pp. 345-352, 1995 
Copyright ~5~ 1995 Elsevier Science Ltd 

Printed in Great Britain. All rights reserved 
0039-9140/95 $9.50 + 0.00 

P O T E N T I O M E T R I C  S T U D Y  O F  R E A C T I O N  B E T W E E N  

P E R I O D A T E  A N D  I O D I D E  AS T H E I R  

T E T R A B U T Y L A M M O N I U M  S A L T S  I N  C H L O R O F O R M .  

A P P L I C A T I O N  T O  T H E  D E T E R M I N A T I O N  O F  I O D I D E  

A N D  P O T E N T I O M E T R I C  D E T E C T I O N  O F  E N D  P O I N T S  IN  

A C I D - B A S E  T I T R A T I O N S  IN  C H L O R O F O R M  

M. H.  POURNAGHI-AZAR* a n d  KH. FARHADI 

Faculty of  Chemistry, University of  Tabriz, Tabriz, Iran 

(Received 22 March 1994. Revised 22 August 1994. Accepted 22 August 1994) 

Summary--A potentiometric method for the titration of  te t rabutylammonium iodide (TBAI) in chloro- 
form using te t rabutylammonium periodate (TBAPI) as a strong and suitable oxidizing reagent is 
described. The potentiometric conditions were optimized and the equilibrium constants of  the reactions 
occurring during the titration were determined. The method was used for the determination of iodide both 
in chloroform and aqueous solutions after extraction into chloroform as ion-association with tetraphenyl- 
arsonium. The reaction between TBAPI and TBAI was also used as acid indicator for the potentiometric 
detection of  end points of  acid-base titrations in chloroform. 

The high dissolving power and extracting prop- 
erty of chloroform against natural products, 
organic, organometallic and pharmaceutical 
compounds make it an excellent solvent and the 
study of electrochemical behaviour of these 
compounds in chloroform is interesting in order 
to develop new electroanalytical methods. 

Peover was the first worker who employed 
polarography for the study of organic molecular 
complexes in chloroform, t In our previous 
works we have studied the electrochemical 
behaviour of quinones, anthraquinones and 
phenothiazines at a Hg electrode, 2-5 ferrocene at 
bare solid electrodes 6 and hydroquinone at 
polypyrrole-coated Pt electrode. 7 On the basis of 
results obtained from these studies, polarogra- 
phy was used for the determination of K group 
vitamins, anthracycline group anticancer 
and phenothiazinic drugs in pharmaceutical 
preparations, 5"s'9 9,10-anthraquinone in paper 
samples, black liquors 4 and some naturally 
occurring hydroxy derivatives of 9,10-anthra- 
quinone in medicinal plants. '° 

In aprotic solvents of low permittivity like 
chloroform (c = 4.8) all chemical reactions, in- 

*Author to whom correspondence should be addressed. 

cluding proton-transfer, electron-transfer and 
complex formation are greatly complicated by 
ion-association leading to ion-pairs of various 
types. Therefore, incomplete dissociation of 
electrolytes should be taken into account in 
potentiometric and, particularly, conductimet- 
ric measurements. Rumeau was the first worker 
to use potentiometry for studying the redox and 
complex formation reactions in chloroform and 
developed redox molecular scales in this sol- 
vent. ~ Golabi e t  al. ~2 applied potentiometry 
for the detection of equivalence points in oxidi- 
metric titrations of phenothiazinic drugs by 
bromine solution in chloroform. Recently we 
have developed the quinhydrone electrode in 
chloroform and used this electrode as acid 
indicator for the potentiometric detection of end 
points in acid-base titrations. A method for 
the calculation of the equilibrium constants 
of acid-base reactions in this solvent was 
proposed) 3 

The aim of this work was to study the reac- 
tion between tetrabutylammonium periodate 
and iodide in chloroform in order to develop a 
potentiometric titration method for iodide and 
use the redox system IO~-/I2 as an acid indicator 
for the potentiometric detection of end points of 
acid-base titrations in this medium. 

345 
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EXPERIMENTAL 

Reagents 

The solvent used was chloroform G.R. 
from E. Merck or Janssen, tetrabutylammo- 
nium periodate (TBAPI), iodide (TBAI) and 
perchiorate (TBAP) were from Janssen or 
Fluka. (TBAI) was purified from a mixture of 
etheracetone. Other chemicals were P.A. grade 
from E. Merck or Fluka. A 0.001M solution of 
periodate was used. Chloroform solutions of 
perchloric and sulfuric acids were prepared by 
shaking a 10 ml portion of each concentrated 
acid and 20 ml chloroform in a separatory 
funnel for 30 min. The concentration of acids in 
the extracts was determined potentiometrically 
using a quinhydrone electrode as acid indicator 
and a standard solution of (But)3 N in chloro- 
form. ~3 The other acid solutions were prepared 
by direct dissolving of required amount of pure 
acids in chloroform. 

Apparatus 

Potentiograph E 536 equipped with an E 578 
titration stand (Metrohm) or a Video titrator 
Vit 90 (Radiometer) coupled with a Toshiba 
P321SL printer were used to plot the normal 
and differential forms of the titration curves. 
The potentiometric cell was thermostated at 
25+0.1  ° using a double membrane cell 
(Metrohm) and an Eyela UA-10 (Japan) 
thermostat. 

The reference electrode Ag/AgC1 (satd) 
0.05M TBACI and 0.50M TBAP in chloroform 
prepared in a separated compartment with a 
dense ceramic plug in the bottom was used, the 
indicator electrode was Pt wire. 

Procedure 

Tetrabutylammonium iodide 0.005 M (10 mi) 
was pipetted into the reaction cell, a suitable 
strong acid added up to 0.2M, and titrated 
by 0.001M tetrabutylammonium periodate at 
0.5 ml/min. 

THEORETICAL 

Equations of the potentiornetric titration curves 

By gradual addition of periodate to iodide 
solution in chloroform, the reaction pathway 
between periodate and iodide may be two suc- 
cessive electron transfer steps forming AI3 and 
Iz, respectively. In strongly acidic medium as 

0.2M p-toluenesulfonic acid (TSO3H) the first 
step of reaction can be shown as follows: 

I 1AI + AIO4 + 8TSO3 H 

~-4AI3 + 8ATSO 3 + 4H 20, (1) 

where A is the tetrabutylammonium cation. 
Assuming that the chloroform is saturated with 
H20 the equilibrium constant of reaction (1) is: 

[AI3]4[ATSO3] s 
K~ = [AI]~I[AIO4][TSO3H]8. (2) 

Before the equivalence point of reaction l, the 
half cell reaction at the Pt electrode at 25°C can 
be shown as: 

AI3 -t- 2e + 2A + ~ 3AI 

• 0.059 1 //[AI3I[A+]2"~ 
E =E~  + - ~  og~,- ~ 3  )" (3) 

Because of the ion-pair formation in chloroform 
the dissociation equilibria for A+I -, A+I3, 
A+TSO~ and A+IO£ should be considered. 

[A +] [I-] 
A I ~ - I  + A  + Kd,= [AI] (4) 

[A+][I3] 
AI3~-~Ij-+A + Kd2-- [AI3] (5) 

ATSO3 ~ TSO3 + A + 
[A+][TSO;] 

Kd3= [ATSO3] (6) 

[A+][IO4] 
AIO4 ~- IOn- + A + Kd4 - [ A I O 4 ]  , (7) 

from equations (4)-(6) we have: 

[A +] = [I ] + [I3] + [TSO3] 

Kd,[AI] Kd2[AI3] K~3[ATSO3] 
= 4 + (8) [A +] [A +] [A +] 

According to the following equation: 

0.43Zj Z2 Ne 2 I 
- l o g  Kd = C ~e + x - ,  

(r + + r-)RT 

in which the cation radii (r +) is constant and 
large for ion-pairs A+B -, the influence of the 
anion radii (r-) change upon the log Kd can be 
neglected and in a first approximation we can 
assume that: 

Kd, = Kd2= Kd~= gd4= Kd. 

Thus equation (8) can be written as: 

[A+] 2 = K0([AI] + [AI3] + [ATSO3]). (9) 
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Considering: 

added amount of AI04 
X - -  

required amount of AIO4 until 
the first equivalence point 

added AIO4 

C0/11 ' 

where Co is initial concentration of AI solution. 
At any point of the titration, we have: 

F= V/(V + v); 

[AI] = rCo(1 - x); 

[AI3] = 4FxCo/ll 

[ATSO3] = 8FxCo/ll and equation (3) can be 
shown as: 

0.059 
E = E ° + - ~  x 

f Kd [FCo(1 -- x) + 4FxCo/ll 
] + 8FxCo/l l](4FxCo/11) 

log [. [FC~0(I-----~ , (10) 

where V is initial volume of AI and v is added 
volume of AIO 4 or: 

• 0.059 1 [ x ( x + l l ) ' ~  ( II ) 
E = a , - f T  °g~F-O-- x)3//' 

where: 

0 059 0.059 
a, = E ° + - : - ~  log Kd + T log(4/121 Co). 

(12) 

For a Nerstian behaviour of potential variation, 
the plot of E vs. log[x(x + I I)/F(1 - x) 3] should 
be a straight line with a slope of 0.059/2V. 

The second step of the oxidation reaction is 
attributed to the oxidation of AI 3 formed in the 
first step to 12 as: 

7A13 + AIO4 + 8TSO3H ~ 1112 

+ 8 A T S O 3 + 4 H 2 0  (13) 

[12]"[ATSO3] 8 
/(2 = [AI3]7[AIO4][TSO3H]8. (14) 

Before the second equivalence point the half cell 
reaction at the Pt electrode in this step will be: 

3I 2 + 2e + 2A + ~ 2AI 3 

0.059, /'[I213[A+12"~ 
E = E ° + T , o g  ~ ~ ). (15) 

Considering the dissociation equilibrium of AI 3 
(equation 5) and ATSO3 (equation 6), equation 
(15) can be written as: 

0.059 1 fKd([ATSO3] + [AI31)[I213"~ 
E = E ° + - -5 - -  og .  -17 ) 

N ] 

(16) 

According to reaction (13) in the interval of 
1 < x < 11/7, (x = 11/7 corresponds to second 
equivalence point) and considering that the 
concentration of produced AI in first step is 
4FCo/11, we have: 
[AIO4] added in this step = F(xCo/l l -Co~11) 

[AL] = FC0(1 - 7x/l 1) 

[I2] = F C o ( x  - -  l )  

[ATSO3] = 8xCoF/l 1. 

Therefore, equation (16) can be rewritten as: 

0.059 
E = E ° + - - x  

2 

1 /11FZC~Kd(x - 1)3(11 + 
og~- ( i i22 =/-~ x ! )  (17) 

or  

0.059, [F2(x - 1)3(11 + x ) )  
E = a2 + - - T - - ' ° g ~  ~ _ 7x)2 / ' (18) 

where 

0 0 059 0.059 
a 2 = E 2 + T l o g K d + ~ - - l o g l l C o .  (19) 

A plot of E vs. log(F2(ll - t - X ) ( X  - -  1)3/ 

(11 - 7 x )  2) must be a straight line with a slope 
of 0.059/2 V. 

After the second equivalence point the half 
cell reaction in this interval is: 

2AIO4+ 14e + 16TSO3H 

12 + 2ATSO3 + 14TSO~ + 8 H 2 0  

0.059 [AIO4]2[TSO3 H] '6 
E = E ° + T log [I21 [ATSO3I:[TSO3 ] '4" 

(20) 

From equation (6) 

[TSO3 ]2 = K ~ [ A T S O 3 ] 2 / [ A + ] 2  (21) 

since 

[A +] = K<[ATSO3] + Kd,[AIO4] 

= Ka([ATSO,] + [AIO4]). (22) 
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Therefore, 

[ T S O 3 ]  2 =  K d [ A T S O 3 ] 2 / ( [ A T S O 3 ]  + [ A I O 4 ] ) ,  

(23) 

considering 

[AIO4] = (FxCo/ l  l - FCo/7), 

[I 2 ] = 4FCo/7, 

[ATSO3] = 8FCo/7 

[A+] 2 = KdFCo(11 + x ) / l  l 

we can write 

0 059 
E = a 3 + ~ 4 "  log(7x - 11)2(11 + x ) 7 / F  8, (24) 

where 

a 3 = E ° - _ _  
0.059 0.059 

i4  log C08 - - - ~ -  log K d 

+ 0.0671 log[TSO3H] + 0.049. (25) 

A plot of E vs. log(7x - 11)2(11 + x)7/F 8 should 
be a straight line with a slope of 0.059/14 V. 

Potentiometric  determination o f  equilibrium 
constants 

During the gradual addition of  AIO4 to the 
AI in chloroform the redox reactions o f ( l ) ,  (13) 
and complex formation reaction of  (26) can 
simultaneously occur as follows: 

12 + AI ~-- AI3 (26) 

[AI3] 
K~ - - -  (27) 

[I2 ] [AI] 

and their equilibrium constants may be deter- 
mined potentiometrically. 

Determination o f  K ,  

This constant may be obtained as follows: 
subtracting equations (12) and (19) leads us to: 

0.059 
a 2 - -  a I = E ° -- E ° + ~ 1og(332.75C03). (28) 

Since the potentials of the half cell at the Pt 
electrode in this interval (0 < x < l) given by 
equations (3) and (15) are the same, one can 
conclude that: 

0.059 [I213[A+] 2 
E ° + T l ° g  [13A12 

0.059 [AI3][A+] 2 
= E ° + ~ log [AI] 3 

o r  

E ° - E ° = 0.0885 log Kc. (29) 

Inserting equation (29) into equation (28) leads 
us to: 

a2 -- al = ~ 1og(332.75C~) + 0.088 log Kc. 

(30) 

at and a2 are determined by means of plots of 
E vs. l o g ( x ( l l + x ) / F ( 1 - x )  3) for 0 < x < l  
and E vs. log(F2(x + 11)(x - 1)3/(11 - 7x) 2) for 
1 < x  < 11/7 using the experimental potentio- 
metric titration curves of the known solutions of 
AI by AIO4. 

Determination o f  K~ 

KI is accessible from the experimental 
measurement of  a~ and a3: subtraction of 
equations (25) and (12) leads us to: 

0.059 
a 3 - - a l = E 3  ° - E  ° ~- log Co 

+ 0.0591 log K~ 

= +0.0671og[TSO3H]+ 0.093 (31) 

and according to the equations (2), (3), (20) 
and (6) 

o o E3 - El = 0.059 log Kd 

0.059 0.059 log K~ + log K~ (32) - - T -  • 

By inserting equation (32) in equation (31) 

0 059 
a3  _ a l  - -  "]L~ log Co 

0.059 0.059 
+ - - - - ~  log K I ~- log K~ 

+0.067 log[TSO3 H] + 0.093. (33) 

a3 can be obtained from the plot of E vs. 
Iog(7x - 1 l)2(x + 1 l)7/F 8 for the last segment of 
the titration curve (x > 11/7) and log K~ may be 
calculated from equation (33). 

Determination o f  K2 

This may be calculated by subtraction of 
equations (19) and (25) 

0.059 
a3 -- a2 = E ° - E ° - - - i4--  log Co-" 

- 0.059 log Kd + 0.067 log[TSO3 H]. (34) 
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According to equations (15), (20), (5) and (6) we 
have: 

0 059 
E ° - E ° = 0.059 log Kd + Y_2~55_ log 1(2. (35) 

Inserting equation (35) in equation (34) gives 
equation (36) and log K2 can be determined: 

0.059 0.059 log Co 2 + - ~ -  log K2 
a3 -- a2 - 14 

+ 0.067 iog[TSO3H] + 0.018. (36) 

RESULTS AND DISCUSSION 

The potentiometric curve for the titration of 
10 ml 0.005M TBAI by a 0.001M solution of 
TBAPI in the presence of  a suitable strong acid 
such as TSO3 H in chloroform is shown in Fig. 1. 
Two equivalence points corresponding to reac- 
tions (1) and (13), are discernible. The color of 
the titrating solution before the first equivalence 
point (0 < x < 1) was yellowish (AI3 formation) 
which tended to orange (AI 3 and 12 mixture) 
between the first and second equivalence points 
(1 < x  < 11/7). Finally its color changed to 
violet (I2) after the second equivalence point. 

Influence of acid 

The potentiometric titration plots for a 
0.005M solution of TBAI were recorded in the 
presence of various organic and inorganic 
strong acids. During the titration, HC104 reacts 
as an oxidizing agent and the stoichiometry of 
the reactions according to (1) and (13) was not 
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Fig. 1. Potentiometric titration of 10 ml 0.005M 
T B A I + 0 . 2 M  TSO3H with 0.001M TBAPI solution. 
(1) Plot of  E vs. Vlo ,, (2) plot of  A E / A V  vs. Vjo ,. (a) Plot 
of  E rs. P l = l o g [ x ( l l + x ) / F ( I - x )  3, (b) plot of  E vs. 
P : = l o g [ F 2 ( x - l ) 3 ( l l + x ) 2 / ( l l  +7x)] ,  (c) plot of  E vs. 

P~ = log[(7x - l l)2(x + l 1)7/FS]. 
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Fig. 2. Titration curves of  l0 ml TBAI 0.005M by 0.001M 
solution of  TBAPI, in the presence of 0.2M (a) toluene- 

sulfonic acid, (b) methanesulfonic acid. 

verified. On the other hand methanesulfonic 
acid with a moderate concentration, is not 
strong enough for a quantitative proceeding of 
reaction (13). The titration curve in the presence 
of  trichloroacetic acid was not reproducible, 
the electrode potential suffers from a loss of 
stability during its measurement and the first 
equivalence point is a poor one. A well defined 
and reproducible curve was recorded in the 
presence ofp-toluenesulfonic and sulfuric acids. 
Two illustrative curves are shown in Fig. 2. On 
the other hand the precision and accuracy of the 
titrations were influenced by the titration speed. 
More precise and accurate results were obtained 
with a speed of 0.5 ml/min. The detection of 
equivalence points is more precise by inflection 
mode potentiometry. 

Influence of  water 

The addition of a few drops of water to the 
sample solution (IA) or using an aqueous con- 
centrated solution of  HCIO4 and H2SO 4 gives 
rise to second phase formation and the extrac- 
tion of I3, produced during the first step (1), 
into the aqueous phase. The potential measured 
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in this condition did not agree with the relation- 
ships developed in chloroform (see Theoretical 
section). In addition, the curves obtained were 
not verified. 

Influence of the tetrabutylammonium salts 

Potentiometry in the presence o f0 .5M TBAP 
shows that the electrode potential is more stable 
and two well defined equivalence points were 
observed. But in the presence of  T S O  3 H-ATSO3 
and H2 SO4-AHSO4, the solution was buffered, 
the oxidation reactions became less quantitative 
and the second step of AI oxidation cannot 
proceed. 

Determination of the equilibrium constants of 
reactions 

To prevent intervening of  ion-pairs dis- 
sociation equilibrium of TBAP, with unknown 
equilibrium constants, in a thermodynamic 
analysis of  the electrode potential changes, we 
used potentiometric titration curves recorded in 
the absence of  this salt in spite of  its influence 
on the stability of  the potentials measured. The 
plots of E vs. log[x(l I + x)/F(l  - x)  3] for the 
first segment of  the titration curve (0 < x < 1), 
E vs. Iog[F2(x - 1)3(11 + x ) / ( l l  - 7x) 2 for 
the second segment (l < 11/7) and E vs. 
Iog[(7x - I l)2(x + 11)7/F 8] for the last segment 
were straight lines with slopes of 0.030, 0.031 
and 0.005 (Fig. la-c), respectively. These agree 
with the proposed stoichiometry for the ti- 
tration reactions and equations (30), (33) and 
(36) allowed the calculation of  K¢, K, and /(2, 
respectively. The results obtained are shown in 
Table I. 

Analytical applications 

Determination of iodide concentration. Since 
the tetrabutylammonium iodide is used as a 
phase-transfer catalyst for some organic syn- 
theses in the water-chloroform system, ~4J5 the 
proposed potentiometric method was con- 
veniently used for the determination of  this 
catalyst in chloroform. In addition at pH 1-12 
the iodide was extracted from aqueous solutions 
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Fig. 3. Potentiometric titration curve for 10 ml chloroform 
solution of iodide (extracted from an aqueous solution of 
I -  and Br- each 0.025M as ion association with tetra- 
phenylarsonium into 25 ml chloroform). The titrant solution 

was a 0.001M TBAPI. 

Table I. Calculated equilibrium constants 

Intercepts* a~ = 312.7 a 2 = 671.8 a 3 = 870.4 
of y-axis 

Equilibrium* logK~=5.5 logK 1=62.2 l o g K . , = l . l  
constants 

SD 0.08 0.78 0.06 

*Mean of three determinations. 

into chloroform as ion association with tetra- 
butylammonium chloride, ~6 tetraphenylarson- 
ium chloride ~7 or tetraphenylphosphonium 
chloride 18 and then titrated potentiometrically. 
The method is selective in the presence of bro- 
mide and the relative standard deviation for 
three determination at 0.005M concentration 
level was 1.5%. A typical example of the ti- 
tration curve for iodide, after its extraction from 
a 0.005M aqueous solution of I and Br- with 
tetraphenylarsonium chloride into chloroform 
is shown in Fig. 3. The titration curve exhibits 
one equivalence point and the concentration of 
iodide can be determined. 

Potentiometric detection of end points in 
acid-base titrations. The reaction between 
periodate (TBAPI) and iodide (TBAI) may be 
utilized (i) for the potentiometric titration of 
strong acids and (ii) as a potentiometric indi- 
cator for the detection of end points of 
acid-base titrations in chloroform. 

Titration of Strong Acids 

On the basis of results obtained from poten- 
tiometric titration of TBAI with TBAPI, only 
strong acids seem to be titrated by this way. This 
can be carried out according to three different 
procedures as follows: (i) titration of a known 
solution of  TBAI in the presence of TBAPI 
(excess amount) by the sample acid solution. 
(ii) Titration of TBAI solution in the presence of 
the acid sample by TBAPI. (iii) Titration of 
TBAPI solution in the presence of  the acid 
sample by TBAI. Of the three proposed pro- 
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cedures only (i) gives a precise and accurate 
result. A typical example of  the titration curve 
for p-toluenesulfonic acid solution is presented 
in Fig. 4. These behaviors are predictable from 
the values obtained for K c, K~ and K2 and 
competition between the various chemical reac- 
tions occurring in the titration process. 

Detection of End Points of Acid-base Titrations 

This can be carried out only in the case of the 
acidimetric mode. The titration plots for 10 ml 
0.01M solution of  various organic bases, by 
0.01M solution of some organic acid having a 
different strength are recorded in the presence of  
5 x 10-SM TBAI and 2 x lO-2M TBAPI in 
chloroform. The potential ranges from 0.300 to 
1.100 V vs. reference electrode with a large rise 
in the region of the equivalence point for strong 
acids and bases. The relative standard deviation 
for three assays of l0 2M of  the acids or bases 
was 1-2% depending on the strength of the 
analyte. Note that the precision and accuracy of 
the method depend on the concentration of 
TBAI and titration speed. The most reliable 
results were obtained with 5 x IO-SM of TBAI 
and 0.5 ml/min. Typical examples of the ti- 
tration plots are shown in Fig. 5. 

CONCLUSIONS 

On the basis of the results obtained, the 
chloroform solution of TBAPI in the presence 
of a suitable strong acid can be used as a 
powerful and stable reagent for oxidimetric 
titration in chloroform. The titration reactions 
were rapid in acidic medium and among the 
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Fig. 4. Titration curve of 10 ml TBAI 0.005M + TBAPI 
(excess amount) by a chloroform solution of p-toluene- 

sutfonic acid. 
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Fig. 5. Typical example of acidimetric titration of 10 ml 
0.01M. (a) (Bu)3N, by a 0.01M methanesulfonic acid, 
(b) (C3HT)2HN by 0.01M p-toluenesulfonic acid in the 

presence of 5 x 10-SM TBAI and 2 x 10 2M TBAPI. 

various strong organic and inorganic acids, 
p-toluenesulfonic was convenient for this pur- 
pose. The equilibrium constants of the titration 
reactions may be determined potentiometrically 
and the reaction between TBAPI and TBAI 
may be used as a potentiometric indicator 
for the detection of  acid-bases titrations in 
chloroform. 
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Summary--Nitroso R salt and potassium ferricyanide, in hydrochloric acid, have been used as the reaction 
medium for simultaneous generation of arsine and plumbane, combined with inductively coupled 
plasma-atomic emission spectrometric detection. Both of the reagents enhance the lead signal and neither 
reagent inhibits the arsenic signal, provided that the potassium ferricyanide is mixed on-line with the 
analyte solution. Potassium iodide, which is used to prereduce As(V) to As(Ill), does not interfere with 
plumbane generation in both reaction systems. Various parameters affecting the signals have been studied, 
and the hydrochloric acid potassium ferricyanide system has proved to be a better reaction medium. 
Detection limits of lead and arsenic are 1.I and 2.8 ng/ml, respectively, have been obtained in the 
HC1 K~Fe(CN) 6 system at a sample uptake rate of 1.5 ml/min. 

The contents of arsenic and lead in the environ- 
ment is of great concern because both of them 
are recognized as cumulative poisons to animals 
and people. In addition, arsenic has been ident- 
ified as a potential human carcinogen. There- 
fore, determination of trace arsenic and lead in 
various samples is of great interest of analysts 
and environmental chemists. 

Among the various techniques, inductively 
coupled plasma-atomic emission spectrometry 
(ICP-AES) is favored because of its capability 
for multi-element analysis. However, the sensi- 
tivity of ICP-AES by solution nebulization can- 
not meet the needs of determining As and Pb at 
low trace and ultra-trace concentrations. The 
combination of ICP with mass spectrometry 
does provide excellent detection limits for 
arsenic and lead of less than 1 ng/ml, ~ but the 
expense of such equipment has prevented their 
being commonplace in analytical laboratories. 

Since Thompson and co-workers combined 
ICP-AES with hydride generation 2 in 1978, this 
technique has received considerable attention by 
analysts because the sensitivity and detection 
limit could be greatly improved, compared to 

*Author to whom correspondence should be addressed. 

those obtained by conventional solution nebu- 
lization into an ICP source. Thus, methods of 
sequential or simultaneous determination of 
hydride forming elements, 3 and simultaneous 
determination both hydride forming elements 
and non hydride forming elements 45 have been 
developed. Nevertheless, it is difficult to find 
reasonable compromise conditions required for 
the simultaneous determination of all eight of 
the hydride forming elements because of their 
different requirements for hydride formation. 
Thompson et al. reported that germanium and 
tin could not be reduced satisfactorily by 
sodium tetrahydroborate(llI) under the high 
acid conditions necessary for the reduction of 
arsenic, antimony, bismuth, selenium and tel- 
lurium and hence had to be separately reduced 
in a low acid medium. ~ 

Oxidation state of the analytes is another 
important factor affecting the hydride for- 
mation. Trivalent arsenic and antimony, quadri- 
valent selenium and tellurium are more easily 
reduced to hydrides in comparison to the corre- 
sponding species of higher oxidation state. 7 
Therefore, prereduction reagents, such as pot- 
assium iodide, 8 potassium iodide plus ascorbic 
acid, 9 and L-cysteine, ~° have been used to 
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convert arsenic(V) to arsenic(Ill) before hydride 
generation. On the other hand, efficient gener- 
ation of plumbane from lead(II) requires the 
presence of strong oxidizing reagent such as 
potassium dichromate, ~'j2 hydrogen per- 
oxide t2"j3 and ammonium peroxodisulfateJ 2 It 
has been assumed that the lead(II) was con- 
verted to metastable lead(IV) by the oxidant 
before it was reduced to plumbane. '3 The intro- 
duction of strong oxidizing reagents into the 
reaction medium prevented simultaneous re- 
duction of other hydride forming elements, as 
reported by Zen and his co-workers: 5 the en- 
hancement of lead signal, owing to the presence 
of H202 and (NH4)S2Os, was obtained at the 
sacrifice of 99, 98, 70 and 32% decrease in the 
signals from selenium, tellurium, arsenic, and 
antimony, respectively. The conflicting require- 
ments for the reaction medium lead to 
difficulties in the simultaneous and efficient 
generation of arsine and plumbane for ICP-AES 
determination. 

Recently, chelating reagents such as nitroso 
R salt ~4 and l-(2-pyridylazo)-2-naphthol-6- 
sulphonic acid (PAN-S), etc. t5 were found effec- 
tive in enhancing the lead signal of hydride 
generation-atomic absorption spectrometry 
(HG-AAS) Potassium ferricyanide, a mild oxi- 
dizing agent, was also found to be an excellent 
reagent to enhance efficiency of plumbane gen- 
eration. (H. Chen, R. Zhu and J. Wu, unpub- 
lished results). ~6'17 It was assumed that the 
chelation ~4"j5 or coordination t7 of lead by these 
reagents might exert a critical influence in the 
enhancement of lead signal. Because the con- 
ditions for the generation are so mild, it seemed 
likely that a method could be developed which 
would enhance the lead signal without de- 

pressing the arsenic signal. This paper reports 
the main results of a detailed investigation into 
the determination of lead and arsenic using 
reaction media containing nitroso R salt or 
K 3Fe(CN)6 for the simultaneous generation of 
arsine and plumbane, followed by determi- 
nation with ICP-AES. 

EXPERIMENTAL 

Apparatus 

A Leeman Labs PLASMA-SPEC inductively 
coupled plasma-atomic emission spectrometer 
was use to obtain emission signals. 

The continuous hydride generation system, 
shown schematically in Fig. 1, was constructed 
by modification of the liquid sample introduc- 
tion assembly of the plasma source. The pneu- 
matic nebulizer was removed from the Teflon 
cap of the spray chamber, and was replaced by 
a rubber septum with the similar dimensions 
containing two 1 mm i.d. x 30 mm glass tubes. 
The upper glass tube was connected to the argon 
carrier, and the lower tube which was positioned 
above the drain port of the spray chamber, was 
connected to the reaction tubing (1 mm i.d. x 10 
cm) where hydride formation occurred. A PTFE 
tube (1 mm i.d. x 150 mm) was used to mix the 
acidic test solution and K3Fe(CN)6 solution. 
The three channel peristaltic pump originally 
attached on the ICP machine was used to propel 
the analyte, reductant and K3Fe(CN) 6. A sec- 
ond peristaltic pump was used to drain the 
waste. 

Reagents 

Arsenic(Ill) standard solution (1000 /lg/ml) 
was prepared by dissolving 0.1320 g of As203 
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Fig. I. Manifold of the continuous hydride generation-separation system. M: Mixing tube, P), P_,: 
peristaltic pumps, R: reaction tube, S: spray chamber. 
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(analytical grade, The Second Chemical Fac- 
tory, Tianjin, P. R. China) in 4 ml of 2 mol/l. 
NaOH solution followed by the addition of 50 
ml water and 5 ml of 2M HCI. The solution was 
diluted to 100 ml with deionized distilled water. 

Arsenic(V) standard solution (1000 /~g/ml) 
was prepared by dissolving 0.4179 g of 
Na2HAsO4.7H20 (AnalaR, BDH, Poole, 
U.K.) in 100 ml deionized distilled water, and 
was standardized against As(Ill) standard sol- 
ution by conventional aspiration into the 
plasma. 

Lead(lI) standard solution (1000 #g/ml) was 
prepared by dissolving 0.1000 g granular lead 
(analytical grade, The Third Chemical Factory, 
Tianjin, China) in nitric acid and was diluted in 
100 ml with deionized distilled water. 

Sodium tetrahydroborate(Ill)  solution (2.5% 
m/V) was prepared daily from powder (Merck) 
by dissolution in 0.2% m/V sodium hydroxide 
solution and filtered through a filter paper be- 
fore use. 

Nitroso R salt solution (1.6% m/V) was made 
by dissolution of the reagent (Analytical grade, 
Beijing Chemical Factory, Beijing, China) in hot 
deionized distilled water, the solution was 
cooled to room temperature before use. 

Potassium ferricyanide (5% m/V) was made 
by dissolving 10 g of the salt (Analytical grade, 
Cuihau Chemical Co., Shanghai, China) in 200 
ml deionized distilled water and was kept in a 
brown bottle. 

All other reagents used are analytical grade or 
better. 

Operating parameters, Plasma-Spec 

Operating conditions for the Plasma Spec 
were as follows: coolant flow rate, 14 1. Ar/min; 
carrier gas, 0.6 1 Ar/min (optimized); applied 
powder (measured as oscillator current), 0.52 A 
( ~ 1.1 kW): viewing height was aligned on the 
zone where the best signal to background ratio 
for lead is obtained. Wavelengths for the deter- 
minations were: Pb 220.35 nm, As 234.98 nm 
(except where stated). Sample flow rate, 1.5 
ml/min; NaBH4 flow rate, 0.9 ml/min; 
K~Fe(CN)6 flow rate, 0.6 ml/min. Integration 
tine: 3 sec. 

RESULTS AND DISCUSSION 

The sample introduction system of the Lee- 
man Labs Plasma-Spec was equipped with a 
dual platinum grid nebulizer, which was used 
for on-line hydride generation by Watling and 
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CollierY Using this device, the spent solution, 
together with the hydride and by-product gas, 
was aspirated into the plasma. This created 
problems for the present work. When nitroso R 
salt was used as reagent, the introduction of 
aerosol containing the organic compound into 
the torch caused the deposition of carbon par- 
ticles at the tip of the torch injector, which 
resulted in deterioration of the plasma stability. 
Therefore, the dual platinum grid nebulizer 
was simply replaced by a rubber septum with 
two inlet ports, as described in the Experimental 
section. With this arrangement, the spray 
chamber acted as a gas-liquid separator with 
a large dead volume. Although it is evident 
that the continuous hydride generation 
separation system would be significantly im- 
proved by the use of a gas liquid separator, this 
device allows rapid conversion of the sample 
introduction mode from conventional solution 
nebulization to hydride generation and vice 
versa. 

According to the manual, the spectrometer 
can undertake a search for the best zone in 
which to view the plasma. For multi-element 
analysis by solution nebulization, the manufac- 
turer recommends that the optimal viewing zone 
be aligned on the area where the most intense 
signal from nickel is obtained. For the present 
study, however, since lead and arsenic were the 
only analytes, the alignment was performed 
during simultaneous generation of plumbane 
and arsine. Thus, the viewing zone must be 
aligned on either lead or arsenic. Tests indicated 
that the viewing zone for lead was a better 
compromise condition with respect to signal-to- 
noise characteristics. 

Hydrochloric acid nitroso R salt system 

The hydrochloric acid-nitroso R salt system 
was first chosen as a reaction medium for 
the simultaneous generation of arsine and 
plumbane because no oxidizing reagent existed 
in the system. In the tests, nitroso R salt sol- 
ution was directly added to the acidic sample 
solution, and the pump line for K3Fe(CN), 
solution in the manifold (Fig. 1} was omitted. 
Figure 2 shows the influence of the nitroso R 
salt on the arsenic and lead signal. With the 
increase of the reagent concentration up to 
1.0% m/V, the final concentration in the test 
solution, the lead signal increased steadily while 
the arsenic signal was not affected. After an 
initial sharp rise between 0 and 0.4% m/V, the 
lead signal climbs relatively slowly. Further 
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Fig. 2. Influence of  nitroso R salt concentration on arsenic and lead signals. 1 pg/ml Pb ( + ) and 0.5 pg/ml 
As(III) (C)) in 0.25M HCI. 2% m/V NaBH 4 as reductant. 
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Table 1. The influence of reagents on the signals* of Pb(il), As(l l l l  and As(V) in the 
medium of HCI-nitroso R salt 

Reagent concentration (%) Relative signals 

RL KI Ascorbic acid Pb(II) As(Ill) As(V)/As(I1 I) 

1.0 0 0 1.00 1.00 0.39 
1.0 1.0 0 0.99 1.06 0.99 
1.0 1.0 1.0 0.80 1.13 1.06 

*1 ltg/ml Pb(II) and 0.5 /~g/ml As(Ill) [or 0.5 llg/ml As(V)] made 0.24M in HCI. 
tR:  Nitroso R salt. 
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increase of the reagent beyond 1.4% was re- 
stricted by its solubility (approximately 1.5% 
m/V). Considering both sensitivity and the ex- 
pense of the reagent, 1% m/V nitroso R salt was 
chosen for the following study. 

Figure 3 shows the effect of acidity on the 
signal. As can be seen, the lead signal reached 
a maximum at the HC1 concentration of  0.3 
mol/l, beyond which it decreased. The optimum 
acid concentration for plumbane formation was 
also suitable for arsine formation, since the 
change in arsenic signal was small after the acid 
concentration exceeded 0.2M. Tests also re- 
vealed that changing the length of the reaction 
tubing in the range of 10 35 cm and changing 
the NaBH4 concentration over the range of 
2-6% m/V had no significant effect on either 
arsenic or lead signals. 

The reagents used for prereduction of As(V) 
to As(III) were examined to determine whether 
they had any harmful impact on plumbane 
generation. Anderson et al. reported that re- 
duction of As(V) to As(III) by potassium iodide 
was incomplete if the acid concentration was 
less than 0.3 mol/1. Therefore, prereduction of 
As(V) was carried out in 3 ml of 2M HCI, into 
which 0.25 g KI (or 0.25 g KI plus 0.25 g 
ascorbic acid) had been added, for I hr. The 
solution containing both Pb(II) and prereduced 
As(V) was diluted to 25 ml with a solution of 
1.2% m/V nitroso R salt for the following 
hydride generation. The influence of prereduc- 

ing reagents on the signals from lead, As(Ill) 
and As(V) are summarized in Table I. Thus, 
without any prereducing reagent, As(V) could 
not produce the same signal as did As(Ill). 
When KI was used, both As(V) and As(III) 
produced almost the same signal while the lead 
signal did not change. If the test solution, which 
had been diluted with nitroso R salt to the 
acidity required for hydride generation, stood 
for 1 hr, no change was observed in either the 
lead or the arsenic signals. Introduction of 
ascorbic acid, which is recommended to elimin- 
ate the formation of free iodine, owing to the 
oxidation of iodide by dissolved oxygen, 9 caused 
partial depression of the lead signal. Therefore, 
potassium iodide was selected as the prereduc- 
ing reagent for the study. 

Despite the fact that the nitroso R salt inter- 
fered with neither generation of arsine nor 
prereduction of As(V) to As(lII), its enhancing 
effect on the lead signal was limited, as can been 
seen in Fig. 2. As a result, the detection limit for 
lead, defined as three times the standard devi- 
ation of the signals from a blank solution, is 
high (see Table 2). The poor sensitivity for lead 
in the present system was not a result of arsenic 
interference, since the lead signal obtained in the 
presence of arsenic was the same as that in its 
absence. Zhang et al. obtained a satisfactory 
sensitivity of atomic absorption spectrometric 
determination of lead by using batch-wise 
plumbane generation in the medium of HC1 

Table 2. Comparison of detection limits obtained in various reaction media 

Detection limit (ng/ml) in the reaction medium of 
Wavelength 

Element ~nm) HCI* HCI H202 + HCI (NH4)2S20 ~ H202 + HCI Nitroso R salt§ HCI K~Fe(CN)~,§ 

Pb 220.35 1.0 1.4 21.4 I. I 
As 193.76 7.6 2.8 

228.8 0.8 . . . .  
234.98 - -  - -  5.7 6.0 

*Sample flow 
'Sample  flow 
++Sample flow 
§Sample flow 

rate 9.2 ml/min? 
rate 3.8 ml/min. I~ 
rate 2.0 ml/min. 4 
rate 1.5 ml/min, this work. 
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nitroso R salt. ~4 Thus, the poor sensitivity for 
lead in the present work was assumed to be 
related to the continuous flow generation mode 
that might be kinetically unfavourable for the 
generation of plumbane in the nitroso R salt 
medium. 

Hydrochloric acid-potassium ferricyanide system 

When potassium ferricyanide is used, its re- 
dox behaviour should be considered. It is a mild 
oxidant with a standard electrode potential of  
+0.36 V that is much lower than those of  
As(V)/As(III) (+0.559 V) and I2/I- (+0.5355 
V). 19 However, in 1 mol/I. HC1, the formal 
electrode potential of K3Fe(CN)6 rises to 
+0.700 V. Therefore, K3Fe(CN)6 may be able 
to oxidize As(Ill) to As(V) and iodide to iodine 
in strongly acidic media. This was verified by 
tests. If K 3Fe(CN)6 was added to the test sol- 
ution containing Pb(II), As(Ill) and KI, the 
arsenic signal steadily decreased as the solution 
was allowed to stand. Therefore, on-line ad- 
dition of  K3 Fe(CN)6 was adopted for the deter- 
minations, which would minimize the contact 
time between the reagent and the arsenic(Ill). 
With the manifold shown in Fig. 1, K 3Fe(CN)6 
solution (5% m/V) was mixed on-line with the 

test solution, resulting in no influence on the 
As(Ill) signal, whether KI was added to the 
test solution or not. Changing the length of 
the mixing tube from 10 to 80 cm caused no 
change in either lead and arsenic signals. There- 
fore, the following tests were made with this 
manifold. 

The influence of K3Fe(CN)6 concentration 
on lead and arsenic signals is shown in Fig. 4. 
From the figure, one can see that K3Fe(CN)6 
greatly enhanced the lead signal while having 
no impact on the arsenic signal. It should 
be noted that the lead concentration used 
in this work was 0.5 /~g/ml compared with 
1 /~g/ml lead used when nitroso R salt was 
investigated. Moreover, in a wide range of 
K3Fe(CN)6 concentration (1.25-10% m/V), 
both lead and arsenic signals remained con- 
stant. Therefore, it is an ideal reagent for simul- 
taneous generation of plumbane and arsine. 
Figures 5 and 6 show the influence of HCI 
concentration and that of NaBH 4 concen- 
tration, respectively. From these figures, one 
can concluded that 0.3 mol/I. HCI, 2% m/V 
NaBH 4 and 5% m/V K3Fe(CN)6 are the best 
compromise conditions for the determination of  
arsenic and lead. 

90  

80  

70  

60  

~"  50  

40  
_= 

z 30 

20  

10 

O O O 

4- :F. 

O O 

0 l { i { ) 

0 2 4 6 8 I 0  

Concentration of  Potassium Ferricyanide (% m/V) 

Fig. 4. Influence of K~ Fe(CN)6 concentration on arsenic and lead signals. 0.5 pg/ml Pb ( + ) and 0.5 pg/ml 
As(ll l)  (O)  in 0.30M HCI. 2% m/V NaBH 4 as reductant. 
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Pre reduc t ion  o f  As(V) to A s ( I l l )  was carr ied  
out  in the same way as with the n i t roso  R salt  
system. Af te r  p re reduc t ion ,  the test so lu t ion  was 
di lu ted  with deionized wate r  to volume,  and  
p u m p e d  to mix with K3Fe(CN)6 so lu t ion  for 

hydr ide  generat ion.  The da ta  listed in Table  3 
show the influence o f  the re levant  reagents  on 
signals. Ascorb ic  acid could  not  be used because 
it severely inhibi ted the lead signal. When  1.3% 
m/V K I  was used alone,  As(V) could  be 
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Fig. 6. Influence of NaBH 4 concentration on arsenic and lead signals. 0.5/~g/ml Pb ( + ) and 0.5/~g/ml 
As (II1) (O) in 0.3M HCI, mixed on-line with 5% m/V K3Fe(CN) 6. 
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Table 3. The influence of reagents on the signals* of Pb(II), As(Ill) and As(V) in 
HCI-K 3 Fe(CN)6 medium 

Reagent concentration Relative signals 

K3Fe(CN) 6 KI Ascorbic acid Pb(ll) As(Ill) As(V)/As(lll) 

5.0 0 0 1.00 1.00 0.11 
5.0 1.3 0 1.00 0.99 0.96 
5.0 1.3 1.3 0.31 1.05 1.00 

*0.5 pg/ml Pb(ll) and 0.5 #g/ml As(Ill) [or 0.5 #g/ml As(V)] made 0.3M in HCI. 

comple te ly  reduced to As(I I I ) ,  while the lead 
signal wa-', not  affected. Hence,  the 
HCI -K3Fe (CN)6  system, coupled  with K I  for  
p re reduc t ion  o f  As(V), is an ideal react ion 
med ium for the s imul taneous  genera t ion  o f  
arsine and p lumbane .  

The  detec t ion  l imits ob ta ined  in the 
K3Fe(CN)6 system are listed in Table  2. F o r  
compar i son ,  we have c o m p a r e d  values for  the 
detec t ion  limit, ob ta ined  by o ther  groups ,  in 
var ious  react ion media .  Thus,  the detect ion 
l imits for arsenic and lead ob ta ined  in the 
K 3 Fe(CN)6 system are comparab le ,  not  only  to 
those ob ta ined  in mul t i -e lement  determi-  
nat ion,  ~'4 but  also to that  ob ta ined  in de termi-  
na t ion  o f  lead a lone?  ° Since it is well know that  
faster  sample  up take  rate  usual ly results in 
higher  sensitivity, it may  be possible  to improve  
fur ther  the detec t ion  l imits o f  the HC1-  
K3Fe(CN)6 system if  a higher  sample  up take  
rate in con junc t ion  with a higher  input  power  
for  ICP source is appl ied.  

CONCLUSION 

Arsenic  and lead can be s imul taneous ly  re- 
duced to the hydr ides  in hydroch lor ic  a c i d -  
n i t roso  R salt and  hydroch lor ic  a c i d - p o t a s s i u m  
ferr icyanide media  by means  o f  sod ium te t rahy-  
d r o b o r a t e ( I I I )  reduct ion.  The  la t ter  is preferable  
owing to the fact that  lower detect ion l imits 
for bo th  arsenic and lead can be ob ta ined  by 
induct ively coupled p l a sma-a tomic  emission 
spec t romet ry  in combina t i on  with hydr ide  gen- 
era t ion.  It is well known that  hydr ide  gener-  
at ion,  especial ly p l u m b a n e  generat ion,  is subject  
to interferences f rom t rans i t ion  metals  and  hy- 
dr ide  forming  elements.  Fu r the r  work  on devel- 
oping  an unders tand ing  o f  these interferences 
occurr ing  in the r ecommended  media  and on the 
way to e l iminate  these interferences will be 
necessary before the technique can be appl ied  to 
analyze  real samples  with complex  matrices.  It 

is very l ikely that  bet ter  detect ion limits would 
be ob ta ined  if  a super ior  gas - l iqu id  sepa ra to r  
were used, or, as a reviewer has suggested, an 
axial ly viewed ICP system. 
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Summary--When Pd and EDTA ammonium salt are used as a common matrix modifier, the establishment 
of  a common furnace programme for the determinations of indium, silver and thallium would greatly 
simplify routine analysis. The continuous determination of indium, silver and thallium by the analyses 
on the basis of  characteristic mass and the graphite furnace with the V-shaped boat is described. The 
possibility of  the proposed method for application to continuous determination of  indium, silver and 
thallium in real sample is discussed. The continuous determination of indium, silver and thallium in 
drainage sediment and geochemical samples by the analyses on the basis of characteristic mass is carried 
out and the results of  sample analyses are in good agreement with the expected values. 

Theoretical characteristic masses mo (cal) were 
calculated and compared with experimental val- 
ues mo (exp) by L'vov e t  al.  t'2 for 32 elements 
measured under STPF conditions, the mean 
value of mo (cal)/mo (exp) was found to be 0.85 
with a SD of 0.10. For the other elements 
vaporized from the furnace wall or the platform 
mo (cal)/mo (exp) deviated from the ideal value 
of 1 by a factor of 2-10. The discrepancies may 
be accounted for by the formation of thermo- 
stable gaseous carbides and monocyanides or 
partial ionization of the atoms. Baxter and 
Frech 3 have pointed out that temperature gradi- 
ents over the length of tube may be a limiting 
factor for absolute analysis by GFAAS. They 4 
defined mo (cal)/mo (exp) as the calculated atom- 
ization efficiency and studied the temperature 
dependence of  calculated atomization efficien- 
cies of some elements in a two-step atomizer, 
and showed that the calculated atomization 
efficiency for most elements reaches a plateau, 
often in the higher temperature region. 

There are only a few reports about the absol- 
ute analysis applying to the determination of an 
element in a real sample. Slavin e t  al.  5 reported 
the possibility of  standardless analysis applied 
to determinations of the elements in real 
samples. They showed that the stabilized tern- 

*Author to whom correspondence should be addressed. 

perature platform furnace (STPF) equipped 
with Zeeman background correction satisfied 
the requirements for standardless analysis in 
GFAAS, and this method was based on the 
stability of characteristic mass. As the charac- 
teristic masses must be determined using stan- 
dard solutions, the method of Slavin e t  al.  is not 
quite a standardless analysis. However, the 
analysis on the basis of characteristic mass is 
simpler and more convenient than applying a 
calibration curve and the method of Slavin et  al.  

accelerates the development of absolute analy- 
sis. Recently, Zheng e t  al.  6 s and Ma e t  al. 9"1° 

reported the determinations of Ag, Cd, Cr and 
In in real samples with analyses on the basis of 
characteristic mass. At the same time, Zheng 
e t  al.  6 showed that it was an important con- 
dition to use a matrix modifier to eliminate 
interferences for application of analysis on the 
basis of characteristic mass in real sample. Shan 
e t  al.  ~ ~3 have reported that the addition of some 
metal salts result in improved sensitivity for the 
determinations of indium and thallium, and 
they found Pd to be the best matrix modifier. 
Moreover, when ammonium salt of EDTA was 
used as a matrix modifier, the interference of 
perchloric acid, which was used for decompo- 
sition of sample, was suppressed completely. ~4 

In graphite furnace atomic absorption spec- 
trometry, the establishment of a common 
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furnace programme suitable for most elements 
would greatly simplify operating procedure and 
reduce test time. Welz et al." 17 reported use of  
Pd(NO3)2-Mg(NO3)2 as matrix modifier and a 
uniform furnace programme for determinations 
of some elements in real samples. Berglund 
et al. ~8 have studied the feasibility of  using a 
single set of  atomizer conditions for a suite of  
elements covering a wide range of volatilities 
using a platform-equipped, integrated-contact 
furnace and a palladium modifier. Moreover, 
Harnly eta/. w~2° pointed out that simultaneous 
multielement furnace conditions were accom- 
plished using compromise atomization 
parameters in multielement GFAAS. 

This work aims to establish a common fur- 
nace programme suitable for the determi- 
nations of indium, silver and thallium. The 
feasibility of  the continuous determination of 
indium, silver and thallium in real sample using 
analysis on the basis of characteristic mass is 
discussed. The proposed method was applied 
to the continuous determination of indium, 
silver and thallium in drainage sediment and 
geochemical samples and satisfactory results 
were obtained. 

EXPERIMENTAL 

Apparatus 

A Hitachi 180-50 atomic absorption spec- 
trometer with a GA-3 graphite furnace and a 
XWT-164 (made in China) strip chart recorder 
was used. Pyrocoated graphite tubes (made in 
China) and a V-shaped boat (made in our 
laboratory) 2t were used. The spectral band 
width was 1.3 nm. Hollow cathode lamps (made 
in China) of  Ag, In and TI were used as a light 
source and operated at 7.5, 7.0 and 6.0 mA, 
respectively. A deuterium arc background sys- 
tem was used throughout. N 2 was used as the 
purge gas at a flow rate of 150 ml/min and the 
purge gas was stopped at atomization step. The 
328.1, 303.9 and 276.8 nm lines of  Ag, In and 
T1 respectively, were employed for all measure- 
ments and read out as peak area, respectively. 
Sample solution was injected into graphite tube 
with a 20/~1 Eppendorf micropipette. The tem- 
perature of  the furnace was corrected with a 
MT-2 optical pyrometer (made in China). The 
common graphite furnace operating parameters 
for indium, silver and thallium were: drying 
80-120°C, 30 sec; ashing 500°C, 30 sec; atom- 
ization 2200°C, 7 sec; cleaning 2600°C, 3 sec. 

Reagents 

Stock solutions (1 mg/ml) of  indium, silver 
and thallium were prepared by dissolving a 
suitable amount of  metal indium (S.P. grade), 
AgNO 3 (analytical reagent grade) and TI 2 (SO4)3 
(analytical reagent grade) in water obtained 
from a quartz flask in a sub-boiling still, with 
metal indium in 10 ml of 6 mol/dm 3 nitric acid. 
It was boiled to expel nitrogen oxide and diluted 
with sub-boiling distilled water. Working sol- 
utions were prepared by appropriate dilution 
with sub-boiling distilled water. 

A 5% (w/v) solution of  EDTA ammonium 
salt was prepared by dissolving 5.00 g EDTA 
(analytical reagent grade) in sub-boiling distilled 
water and added 15 ml of  25% aqueous am- 
monia (analytical reagent grade) to dilute to 100 
ml with sub-boiling distilled water. 

A solution of  palladium (10 mg/ml) was 
prepared by dissolving a suitable amount of  
PdCI: (analytical reagent grade) in concentrated 
nitric acid, with the addition of several drops of 
concentrated hydrochloric acid, and diluting 
with sub-boiling water. 

Procedures and sample decompositions 

In each case the blank signal was subtracted 
from the experimental result. The peak area 
absorbance values of each measurement were 
the mean of five measurements. The experimen- 
tal values of  characteristic mass were calculated 
from the average value of peak area absorbance 
obtained from the aqueous standard solution of 
the determined element using the formula 

mo = (0.0044/A~)m,, (1) 

where A~ is the average peak area absorbance, 
and m, is the mass of  analyte in picograms for 
a particular element. The experimental values of  
mo for indium, silver and thallium determined 
under the operating conditions of the common 
furnace programme above are listed in the 
footnote of  Table 1. 

Standard drainage sediment and geochemical 
reference samples (made in China) were used in 
this study. A weighed amount of sample was 
transferred into a polyfluorotetraethylene 
crucible, usually 0.1-0.2 g, and 5, 3 and 5 ml of 
67% HNO 3, 72% HCIO4 and 35% HF, respect- 
ively were carefully added. The mixture was 
then heated on a sand bath until it was nearly 
dry. The residue was dissolved in 0.02M sol- 
ution of  nitric acid, and 0.5 ml of 5% (w/v) 
EDTA ammonium salt and 1.25 mg Pd as a 
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matrix modifier were added. The solution was 
made up to the final volume of 25 ml, and the 
continuous determination of indium, silver and 
thallium under the operating conditions of  the 
common furnace programme above by GFAAS 
with the V-shaped boat was carried out. 

RESULTS AND DISCUSSION 

Establishment of  a common furnace programme 

It is an important  task to establish a common 
furnace programme suitable for determining 
indium, silver and thallium. It is reported 2t that 
the characteristic masses of  some elements in a 
furnace with a V-shaped boat were lower than 
that in a furnace with a platform. Palladium is 
the best matrix modifier for determinations of  
indium and thallium and EDTA ammonium 
salt can completely suppress the effect of  
perchloric acid. ~t ,4 The experimental results 
show that use of  50 #g/ml Pd and 2% (v/v) 
EDTA ammonium salt as a common matrix 
modifier for determination of indium, silver and 
thallium was the best choices. Ashing tempera- 
ture tests for indium, silver and thallium in the 
presence of Pd and EDTA ammonium salt were 
carried out. The experimental results show that 
the highest allowable ashing temperatures of  
thallium, silver and indium were 500 °, 700 ° and 
900~'C, respectively. In order to prevent loss of  
thallium at the ashing step, a common ashing 
temperature for the continuous determination 
of indium, silver and thallium was chose to be 
500C.  

It was reported 22 that the experimental 
values of  characteristic mass of  indium and 
silver were stable in the ranges of  2200-2400 ° 
and 1600-2500°C, respectively. Moreover,  the 
experimental results of  atomization temperature 
show that in the range of 1600-2300°C, not only 
the experimental value of characteristic mass for 

thallium was stable, but also its calculated at- 
omization efficiency value [mo (cal)/mo (exp)] 
was close to 100%. The detailed results will be 
given separately. It must be emphasized that the 
establishment of  a common atomization tem- 
perature did not have a negative effect on 
sensitivity and is regarded as greatly facilitating 
routine analysis. The calculated atomization 
efficiency values of  indium, silver and thallium 
at 2200°C were larger than 80% on the basis 
of the above tests. Therefore, a common 
atomization temperature was chosen to 2200'~C. 

After a lapse of  over two years we checked the 
experimental values of  the characteristic mass 
for indium and silver with aqueous standards 
of  the corresponding element once again. The 
characteristic mass of silver at 2200:C was 0.67 
pg and it was in good agreement with 0.68 pg 
reported in Ref. 22. However, the characteristic 
mass of  indium at 220OC was 9.6 pg, slightly 
larger than 6.5 pg reported in Ref. 22. It must 
be noted that it is possible that the expected 
characteristic mass of  indium is slightly different 
from the value previously reported because the 
amount  of  Pd and ashing temperature used in 
this study are different from Ref. 22. As shown 
in Ref. 6 a frequent check of characteristic mass 
will be a key to assuring accurate analytical 
results for the application of analysis on the 
basis of  characteristic mass in a practical 
sample. Moreover, the experimental value of 
characteristic mass for thallium has appeared to 
be basically stable for three months. 

Interference studies 

It has been shown that the use of  a matrix 
modifier to eliminate interference is a necessary 
condition for application of analysis on the 
basis of  characteristic mass in a practical 
sample. In order to examine the applicability of 
the proposed method of analysis on the basis of 

Table I. Determinations of  indium, silver and thallium in samples 

Calculated method Calibration 
of  m 0 curve method 

Conten t t  (/~g/g) RSD (%) 

Sample* Ag In T1 Ag In 

Content t  (lag~g) RSD (%) 

T1 Ag In Ag In 

Expected value 
( t~g/g ) 

Ag In T1 

GSD-2 0.065 0.042 1.87 1.5 1.7 0.8 0.065 0.041 0.6 2.2 0.066 0.043 190 
GSD-8 0.064 0.042 0.79 4.7 2.0 2.4 0.061 0.047 3.5 2.8 0.062 0.046 0.78 
GSR-3 0.041 0.063 0. I I 2.4 1.6 5.5 0.039 0.062 5. I 4.7 0.040 0.063 0.12 
GSS-4 0.070 0.11 0.86 4.3 6.5 2.3 0.070 0.12 2.4 3.6 0.070 0.12 0.90 

Characteristic mass (rn o) of  Ag, In and T1 was 0.67, 9.6 and 9.4 pg, respectively. *GSD-2 and GSD-8 are drainage sediment 
samples (China). GSr-3 and GSS-4 are geochemical reference samples (China). tThis  value is the average values of  four 
separate determinations. 
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characteristic mass for continuous determi- 
nation of indium, silver and thallium in a real 
sample, a series of  experiments was undertaken 
to test the interference effects of  a variety of  
foreign ions. The interference effect of  each 
foreign ion was estimated by reference to the 
peak area absorbance obtained by the same 
amount  of  corresponding analytical element 
standard. It was found that there were no 
interferences in the presence o f0 .2M HCIO4 and 
HNO3, a 1000-fold excess of  K, Na, Ca, Cd, Co, 
Ba, Mg, Ni, Pb, Si, Ze, A1 and Fe when Pd and 
ammonium salt of  EDTA was used as a com- 
mon matrix modifier. It would appear that the 
P d - E D T A  ammonium salt is the best choice 
and it can fulfil the above condition. 6 

Determinations of indium, silver and thallium 

The continuous determination of indium, sil- 
ver and thallium in the standard drainage sedi- 
ment and geochemical reference samples by a 
graphite furnace with V-shaped boat and the 
use of  50/~g/ml Pd and 2% (v/v) EDTA am- 
monium salt as a matrix modifier was carried 
out. The graphite furnace operating conditions 
and sample decomposition were described in the 
Experimental section. Analyses on the basis of  
characteristic mass, i.e. the mass of  indium, 
silver and thallium in the sample were calculated 
from equation (1) on the basis of  characteristic 
mass value of  the corresponding element which 
was determined by use of  the aqueous standard 
and listed in the footnote of  Table 1. In order 
to examine the accuracy of analysis on the basis 
of  characteristic mass, the calibration curve 
method for indium and silver was also carried 
out. The analytical results of  samples are listed 
in Table 1. The calibration curve method is a 
calibration prepared with the aqueous standard 
of the corresponding element, It indicated that 
the continuous determination of indium, silver 
and thallium in the drainage sediment and 
geochemical reference samples by analyses on 
the basis of  characteristic mass produces satis- 
factory results. In conclusion, the proposed Pd 
and EDTA ammonium salt as modifier makes 
continuous determination of  Ag, In and T1 by 

analyses on the basis of  characteristic mass 
under study possible, not only with a common 
modifier, but also using a common furnace 
programme. Our current experiment indicates 
that the method can simplify operating pro- 
cedure and reduce time. It is favourable to 
routine analysis. 
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Summary--A rapid, highly selective and simple method has been developed for the quantitative 
determination of pyro-, tri- and orthophosphates. The method is based on the formation of a solid 
complex of bis(ethylenediamine)cobalt(III) species with pyrophosphate at pH 4.2~,.3, with triphosphate 
at pH 2.0 2.1 and with orthophosphate at pH 8.2-8.6. The proposed method for pyro- and triphosphates 
differs from the available method, which is based on the formation of an adduct with tris(ethylenedi- 
amine)cobalt(Ill) species. The complexes have the composition [Co(en)2HP2OT]4H20 and 
[Co(en)2H2P30~0]2H20, respectively. The precipitation is instantaneous and quantitative under the 
recommended optimum conditions giving 99.5% gravimetric yield in both cases. There is no interferences 
from orthophosphate, trimetaphosphate and pyrophosphate species in the triphosphate estimation up to 
5% of each component. The efficacy of the method has been established by determining pyrophosphate 
and triphosphate contents in various matrices. In the case of orthophosphate, the proposed method differs 
from the available methods such as ammonium phosphomolybdate, vanadophosphomolybdate and 
quinoline phosphomolybdate, which are based on the formation of a precipitate, followed by either 
titrimetry or gravimetry. The precipitation is instantaneous and the method is simple. Under the 
recommended pH and other reaction conditions, gravimetric yields of 99.~%100% are obtainable. The 
method is applicable to orthophosphoric acid and a variety of phosphate salts. 

Of all the condensed phosphates, sodium 
triphosphate (STP) (also known commercially 
as sodium tripolyphosphate) and tetrasodium 
pyrophosphate are of industrial importance. 
Owing to its extensive use in the manufacture 
of detergents, anhydrous triphosphate is also 
of great commercial importance. Because of 
complexities in controlling the conditions for 
thermal condensation of orthophosphate to 
triphosphate, the commercially available anhy- 
drous triphosphate is always contaminated 
with other phosphates, viz. orthophosphate, 
trimetaphosphate and pyrophosphate. ~ 

Chromatographic-' and infrared spectroscopic 
techniques 3-5 have been employed for the 
identification and for the estimation of phos- 
phate compounds. A method based on tri- 
s(ethylenediamine)cobalt(III) species forming a 
solid adduct with pyrophosphate and triphos- 
phate at pH about 6.5 and 3.5, respectively, is 
widely used for the quantitative estimation of 
these two compounds gravimetrically) Hexam- 
inecobalt(III) chloride has also been suggested 

*Author to whom correspondence should be addressed. 

as precipitant for use in the determination 
of pyrophosphate and triphosphate, 6 but this 
reagent suffers from nonselectivity when em- 
ployed to estimate an admixture of pyrophos- 
phate and triphosphate, and is hence not a 
very valuable reagent. In this paper, a rapid 
and simple method for the determination of 
pyrophosphate and triphosphate by forming 
a coordination complex with aqueous bis- 
(ethylenediamine)cobalt(III) species at pH 
4.2-4.3 and 2.0-2.1, respectively, is described. 
By physicochemical studies, it was found that 
the solid complexes formed correspond to [Co- 
( en )2HP2OT]4H20  and [Co(en)2HzP3Oio]2H20, 
respectively. 7 Gravimetric yields of 99.5% were 
obtained in the case of pure pyro- and triphos- 
phates. 

Various analytical methods for the determi- 
nation of orthophosphoric acid and phosphate 
salts have been reported. 8 They include direct 
titrimetric, ~ ~ complexo titrimetric, ~2 potentio- 
metric ~3 ~6 complexo gravimetric, ~'~7 colorimet- 
ric,~.~s_~ chromatographic22 27 and atomic 
absorption spectroscopic techniques. 2s Ortho- 
phosphates are also known to form complexes 
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with Co(III), Cr(III), etc. ,  containing other 
ligands such as ethylenediamine and 
ammonia. It was found that bis(ethylenedi- 
amine)cobait(III) species also forms complex 
with orthophosphate anion under specific 
pH and other reaction conditions. Several 
phosphato complexes of cobalt(III) of the 
type [Co(NH3)4PO4], [Co(NH3)sPO4] , 
[Co(NH3)4H20. HPO4] +, [Co(en)2PO4], 
[Co(en)2H20. HPO4] +, [Co(en)2OH. HPO4], 
[Co(en)2OH. PO4]-, [Co(en)2H20. H2PO4] 2+ 
and [Co(en)2H20.H3PO4] 3+ have been re- 
ported and characterized. Their hydrolytic 
properties have also been studied? 9 Although 
the synthesis of [Co(en)2PO4] was reported 
starting from transdichloro bis(ethylenedi- 
amine)cobalt(III) perchlorate, 3° it has not been 
exploited for the quantitative estimation of or- 
thophosphates. 

The above method for the estimation of pyro- 
and triphosphates is extended for the quantitat- 
ive estimation of orthophosphate based on the 
complex formation of orthophosphate anion 
with acidified solution of (carbonato)- 
bis(ethylenediamine)cobalt(III) chloride. The 
precipitation is quantitative between pH 8.2 and 
8.6 under the recommended reaction conditions. 
The solid complex formed corresponds to 
[Co(en)2PO4]. 7 The method is also applicable to 
salts such as NaH2PO4, Na2HPO4, Na3PO4, 
(NH4)2HPO4, KH2PO4 and other similar salts 
of orthophosphoric acid. Gravimetric yields of 
99.6-100% are obtainable in the case of or- 
thophosphoric acid and its salts. The method 
was employed for the phosphate estimation of 
commercial matrices such as tricalcium phos- 
phate, dicalciumphosphate, etc.  The cis-  and 
t rans  - dichlorobis (ethylenediamine) cobalt ( III ) 
chloride were also tried as alternative reagents 
for the quantitative determination of or- 
thophosphate anion. The results were not 
encouraging. 

EXPERIMENTAL 

R e a g e n t s  a n d  i n s t r u m e n t s  

(Carbonato)bis(ethylenediamine)cobait(III) 
chloride was prepared by a known method?' It 
was recrystallized and air-dried. The purity of 
the compound was checked by chemical analy- 
sis. This complex (75 mg) was acidified with I M 
hydrochloric acid (1 ml) to decompose the 
carbonate and obtain the aqueous bis(ethylene- 
diamine)cobalt(Ill) species which was used 
as the reagent for the precipitation reaction. 

Tris(ethylenediamine)cobalt(lll) chloride was 
prepared by a known method. 32 It was recrystal- 
lized and dried at l l0°C before use. A 4% 
aqueous solution was used for all the exper- 
iments. One drop of toluene was added to 
inhibit mold growth, cis-  and t r a n s - D i c h l o r o b i -  

s(ethylenediamine)cobalt(III) chloride were pre- 
pared by a known methodY These complexes 
are water soluble and 7% aqueous solutions 
were used as reagents. Sodium pyrophosphate, 
analytical reagent tetrasodium pyrophosphate, 
N a 4 P 2 0 7  . 10H20 (Koch-Light, U.K.) was 
used as a standard pyrophosphate. Sodium 
triphosphate, from the commercially available 
anhydrous sodium triphosphate (Ballarpur In- 
dustries Ltd, Karwar, India), its hexahydrate 
was prepared. 34 Sodium trimetaphosphate was 
prepared by thermal dehydration of NaH2PO 4 
under controlled conditions. The condensation 
polymerization was carried out between 500 and 
600°C for about 5 hr, followed by slow cool- 
ing. 35 From this product, the monohydrate was 
prepared by precipitating it from aqueous sol- 
ution with ethanol at 40°C and then air-dried. 
Orthophosphoric acid, analytical reagent grade 
orthophosphoric acid (E. Merck) was used. 
Orthophosphates, analytical reagent grade 
NaH2PO4.2H20, Na2HPO4, Na3PO4.12H20, 
KH2PO4 and (NH4)2HPO4 of BDH and Sarab- 
hai chemicals were used. Sodium acid pyrophos- 
phate (Na2H2P207) was prepared by a known 
method 36 by heating NaH2PO 4 to 250°C for 5 
hr. It was recrystailized from ethanol. Detergent 
powders, commercially available spray-dried 
premier detergent powders of Indian origin were 
employed. 

Model 3B Perkin Elmer double beam elec- 
tronic spectrophotometer, model 2380 Perkin 
Elmer atomic absorption spectrophotometer 
and a model 361 microprocessor pHmeter (Sys- 
tronics) were used. 

P r o c e d u r e  

A known amount of pure tetrasodium py- 
rophosphate (about 150 mg) Jn a 100 ml beaker 
was taken. Distilled water (15 ml) followed by 
15 ml of propanol was added, 2-3 ml of bi- 
s(ethylenediamine)cobalt(III) reagent was then 
added and precipitation occurred immediately. 
The pH of the solution was adjusted to between 
4.2 and 4.3 using lM sodium hydroxide and the 
contents of beaker were stirred for 10-15 min. 
The precipitate was filtered quantitatively 
through a G-3 sintered crucible. The filtrate was 
used for the complete transfer of the precipitate 



Pyro-, tri- and orthophosphates 367 

to the crucible. The precipitate was washed with 
I: 1 ethanol. It was dried at 110c'C for I hr and 
weighed. The same procedure was used for the 
precipitation of triphosphate except that in this 
case, the pH was adjusted to between 2.0 and 
2.1. In the case of orthophosphate, the reagent 
requirement was 8 ml and the pH was adjusted 
to between 8.2 and 8.6. The precipitate was 
washed with absolute ethanol instead of i : l  
ethanol. Since this complex is hygroscopic, im- 
mediately after drying the crucible is kept in a 
vacuum desiccator and weighed as soon as it 
attains ambient temperature. 

Using the same procedure, cis- and trans- 
dichlorobis(ethylenediamine)cobalt(III) chlor- 
ide were used as precipitating agents for 
orthophosphates instead of the acidified sol- 
ution of (carbonato)bis(ethylenediamine)- 
cobalt(III) chloride. The use of the aquo 
complex of trans-dichlorobis(ethylenedi- 
amine)cobalt(III) chloride, obtained by the 
overnight aquation of the trans-dichloro bi- 
s(ethylenediamine)cobalt(III) chloride was also 
attempted. 

RESULTS AND DISCUSSION 

The electronic spectra of acidified solution of 
[Co(en)2CO3]Cl and the filtrates of the precipi- 
tation experiments showed an absorption maxi- 
mum at 494 nm. Stoichiometrically for each 
mole of pyro-, tri- and orthophosphates, one 
mole of bis(ethylenediamine)cobalt(III) species 
is required. It was also confirmed by the ratio of 
Co :P  obtained by the analysis of the respective 
precipitates. 
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Fig. I. Effect of pH on the estimation of pyrophosphate. 

precipitation and takes 30 min for the precipi- 
tation to go to completion in the case of pyro- 
and triphosphates. However, the addition of a 
non-aqueous solvent, preferably propanol, is 
needed in the described method. A few precipi- 
tations were carried out by adding excess water 
during precipitation and without adding 
propanol before precipitation, to study the 
effect of dilution and absence of propanol on the 
quantitative estimations. Precipitations were 
also carried out using methanol and ethanol 
instead of propanol. Dilution with water and 
absence of propanol in the reaction mixture 
during the precipitation gave lower yields. 
Although methanol and ethanol could be used, 
propanol is preferred for the best results. The 
completeness of  the precipitation was confirmed 
by the absence of  phosphate in the mother 
liquor. 

Effect of pH 

In a series of beakers, the same amount of 
pure pyrophosphate (about 150 mg) was taken 
and the precipitations were carried out at differ- 
ent pH. Similarly, the effect of pH on the 
precipitation of triphosphate and orthophos- 
phate were also studied. The plots of pH vs. 
mean yield values of pyro-, tri- and orthophos- 
phates are shown in Figs 1-3, respectively. The 
results indicate that pH 4.2-4.3, 2.0-2.1 and 
8.2--8.6 are optimum for the quantitative deter- 
mination of pyro-, tri- and orthophosphates, 
respectively, and maximum yields of 99.5 100% 
are obtainable under these optimum conditions. 
The advantages of the present method are that 
it is simple, rapid and more accurate than the 
available method. The available method re- 
quires buffering and seeding for initiation of 
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Fig. 2. Effect of pH on the estimation of triphosphate. 
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Determination of excess reagent 

Since the reagent, bis(ethylenediamine)- 
cobalt(III) is coloured, pyrophosphate and 
triphosphate were precipitated using a known 
amount of the reagent and then the excess 
reagent was measured spectrophotometrically. 
A calibration curve was made by diluting a 
known amount of the acidified solution of 
[Co(en)2CO3]Cl and measuring the absorbance. 
Similarly, the filtrates of  pyrophosphate and 
triphosphate precipitations were collected and 
diluted to a known volume with water. Ab- 
sorbances of all these solutions were measured 
at 494 nm using cells of  1 cm path length. From 
the calibration curve, the quantity of excess 
reagent in the filtrate and hence the net amount 
of the reagent consumed for complexation was 
determined. From the reagent consumption, 
condensed phosphate present in a given aliquot 
was calculated. 

The results of the spectrophotometric deter- 
mination of excess reagent are presented in 
Table I. Although the quantity of  pyro- and 
triphosphates could be calculated by determin- 
ing spectroscopically the quantity of the reagent 
consumed, the accuracy of the results obtained 
would depend upon the quantitative collection 
of  filtrate. However, the yield was calculated 

based on the quantity of precipitate in all fur- 
ther experiments. 

Effect of ortho-, trimeta- and pyrophosphates in 
triphosphate estimation 

Phosphate solutions of known concentrations 
were prepared and a known amount of it was 
added to a known quantity of triphosphate 
(for fractional volumes, microburette was 
used) so that the total phosphate in the aliquot 
was 150 mg. A series of precipitation exper- 
iments were carried out using the proposed 
procedure on binary and quaternary mixtures 
containing varying amounts of ortho-, trimeta-, 
pyro- and triphosphates to determine the inter- 
ference of these components and their effect 
on the estimation of triphosphate. Similarly, 
the effect of varying amounts of sodium sul- 
phate in triphosphate estimation was investi- 
gated. 

The results of interference of ortho-, trimeta- 
and pyrophosphates in the binary mixtures of 
each with triphosphate are shown in Tables 2-4. 
The results indicate that there is no interference 
up to 10% of orthophosphate in the mixture. 
However, as noted above, orthophosphate also 
forms a complex with the new reagent, the 
precipitation starts at pH 6.5, and it is quantitat- 
ive between pH 8.2 and 8.6. 
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Table 1. Determination of tri- and pyrophosphates by excess reagent method 
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Reagent in Reagent 
STP/pyrophosphate Reagen t  filtrate f rom consumed for STP/pyrophosphate 

Sample taken added  absorbance complexation found Deviation 
num ber (rag) (rng ) (rag) (rag) (rag) ( % ) 

I 150.00 (STP) 120.00 9.00 110.00 149.00 -- 0.66 
2 120.00 (STP) 120.00 27.00 93.00 124.00 + 3.30 
3 90.90 (pyro) 150.00 57.00 93.00 90.10 0.8~ 
4 87.20 (pyro) 150.00 58.00 92.00 89.10 + 2. I(! 

Table 2. Effect of orthophosphate in the estimation of triphosphate 

In the mixture Found* 
Triphosphate Orthophosphate 

Sample taken a d d e d  Triphosphate Orthophosphate 1 11 Mean 
number (rag) (rag) (%) (%) (%) (%) (%,) 

1 150.00 Nil 100.0 Nil 99.4 99.8 99.6 
2 148.50 1.50 99.0 1.0 99.4 99.6 99.5 
3 147.00 3.00 98.0 2.0 99.3 99.7 995 
4 144.00 6.00 96.0 4.0 99.4 99.9 99.6 
5 141.00 9.00 94.0 6.0 99.7 99.5 99.6 
6 135.00 15.00 90.0 10.0 99.8 100.0 99.9 

*Calculated as [Co(en)2H2P3Oi0]2H20. 

Tr imetaphosphate  also does not  interfere in 
the precipitat ion of tr iphosphate.  It is interest- 
ing to note that t r imetaphosphate  does not  
precipitate as a complex with an acidified sol- 
ut ion of bis(ethylenediamine)cobal t(III)  species 
at all pHs. The yields of t r iphosphate are quan-  
titative, if pyrophosphate  present in the mixture 
is less than 5%. When the pyrophosphate  pre- 
sent in the mixture is higher than 5%, owing to 
the co-precipi tat ion of pyrophosphate  complex, 
the yields were unrealistic, over 100%. This is 
contrary  to the observat ions made in the litera- 
ture method,  wherein the precipi tat ion is said to 
be incomplete at increased levels of pyrophos-  
phate. 6 

The results of  the studies on the interference 
of sodium sulphate in t r iphosphate est imation 
are presented in Table 5. It was found that 
sodium sulphate does not  interfere up to 10% in 
the binary mixture with triphosphate.  

The results of the determinat ion of triphos- 
phate in the qua te rnary  mixtures conta in ing  
ortho-,  trimeta- and pyrophosphates  are pre- 

Table 3. Effect of trimetaphosphate 

sented in Table 6. The results indicate that there 
is no interference from these up to 5% each of 
the components  in the t r iphosphate est imation,  
This study of the mul t i componen t  system was 
carried out keeping in view the composi t ion of 
the commercial ly available sodium triphos- 
phate. 

A ccura~3' 

The reproducibil i ty of the results by the de- 
scribed method was determined by carrying out 
five replicate determinat ions  of five different 
commercial  t r iphosphate samples and a stan- 
dard sample. Five replicate determinat ions  of 
t r iphosphate in all the six samples were also 
made using the known method. 6 Based on the 
results, mean and s tandard deviations have 
been calculated (Table 7). From the results, it 
is observed that s tandard deviat ions of the 
present method are lower than those of the 
available method,  showing that more accurate 
and precise results are obta inable  from the 
present method. 

in the estimation of triphosphate 

Triphosphate Trimetaphosphate 
Sample taken added 
number (rag) (mg ) 

In the mixture Found* 

Triphosphate Trimetaphosphate l 11 Mean 
(%~ (%) (%) (%) (%) 

I 150.00 Nil 
2 149.25 0.75 
3 148.50 1.50 
4 147.00 3.00 
5 145.50 4.50 
6 142.50 7.50 

100.0 Nil 99.7 99.3 99.5 
99.5 0.5 99.6 99.4 99.5 
99 0 1.0 99.4 99.4 99.4 
98.0 2.0 99.4 99.6 99.5 
97.0 3.0 99.5 99.5 99.5 
95.0 5.0 99.6 99.2 99.4 

*Calculated as [Co(en)_,H2P~Oi,]2H_,O. 
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Table 4. Effect of  pyrophosphate in the estimation of  triphosphate 

In the mixture Found* 
Triphosphate Pyrophosphate 

Sample taken added Triphosphate Pyrophosphate 1 II Mean 
number  (mg) (rag) (%) (%) (%) (%) (%) 

I 150.00 Nil 100.0 Nil 99.4 99.6 99.5 
2 147.50 2.50 98.4 1.6 99.6 99.6 99.6 
3 145.00 5.00 96.6 3.4 99.6 99.8 99.7 
4 142.50 7.50 95.0 5.0 99.9 100.1 I00.0 
5 140.00 10.00 93.3 6.7 102.0 102.3 102.1 
6 135.00 15.00 90.0 10.0 103.0 103.9 103.4 
7 120.00 30.00 80.0 20.0 107.4 107.6 107.5 
8 105.00 45.00 70.0 30.0 110.4 109.5 110.0 

*Calculated as [Co(en)2H2P3Oi0]2H,O. 

Table 5. Effect of  sodium sulphate in the estimation of  triphosphate 

In the mixture 
Sodium Found* 

Triphosphate sulphate Sodium ............... 
Sample taken added Triphosphate sulphate I II Mean 
number  (rag) (rag) (%) (%) (%) (%) (%) 

1 150.00 Nil I00.0 Nil 99.6 99.8 99.7 
2 150.00 3.10 98.0 2.0 99.5 99.9 99.7 
3 150.00 7.90 95.0 5.0 99.8 100.0 99.9 
4 150.00 16.60 90.0 10.0 99.7 99.9 99.8 

*Calculated as [Co(en)2H2P30~0]2H20. 

In the case of  orthophosphates, the repro- 
ducibility of the results by the described method 
was determined by carrying out six replicate 
determinations on six samples of analytical re- 
agent grade orthophosphate salts. The mean 
and standard deviations have been calculated 
and the results are given in Table 8. It shows 
that the standard deviations of the present 
method are low, demonstrating the precision 
and accuracy of the results obtainable by the 
described method. 

Since the total PO 3 content present in the 
aliquot is complexed, it is difficult to distinguish 
between various types of orthophosphates pre- 
sent in the admixture. However, in the case of  
a single component pure orthophosphate sys- 

tem, such as NaH2PO4, Na2HPO4, etc., it can 
be distinguished by the weight of  the complex, 
since different orthophosphates contain differ- 
ent weight percentage of  PO43 . 

In the case of trans-dichlorobis(ethylenedi- 
amine)cobalt(Ill) chloride and also its aquo form 
as complexing agent, the yields were about 98% 
for PO43- ion. The adjustment of pH was rather 
difficult owing to the gradual decrease of the pH 
of  the solution with time. The precipitates ob- 
tained in these cases were amorphous in nature 
and the filtration was extremely slow. The same 
situation was observed in the case of cis- 
dichlorobis(ethylenediamine)cobalt(III) chlor- 
ide. Hence, these reagents are not suitable for 
the quantitative estimation of orthophosphates. 

Table 6. Effect of  ortho-, trimeta- and pyrophosphates in the estimation of  triphosphate 

In the mixture 
Triphosphate Orthophosphate  Trimetaphosphate Pyrophosphate Found* 

Sample taken added added added Tri Ortho Trimeta Pyro mean 
number (rag) (rag) (rng) (rag) (%) (%) (%) (%) (%) 

1 150.00 Nil Nil Nil 100.0 Nil Nil Nil 99.6 
2 147.70 0.75 0.75 0.75 98.5 0.5 0.5 0.5 99.5 
3 145.50 1.50 1.50 1.50 97.0 1.0 1.0 1.0 99.9 
4 141.00 3.00 3.00 3.00 94.0 2.0 2.0 2.0 99.7 
5 136.50 4.50 4.50 4.50 91.0 3.0 3.0 3.0 99.8 
6 127.50 7.50 7.50 7.50 85.0 5.0 5.0 5.0 99.8 
7 123.00 9.00 9.00 9.00 82.0 6.0 6.0 6.0 100. I 

*Calculated as [Co(en)2 H_, Pa O,d2H_, O. 
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Table 7. Comparison of the present method with the available method for the determination of triphosphate 

Triphosphate content by 

Reported method 
Manufacturer 's  ........ 
code I II 1II IV V 
number (%) (%) (%) (%) (%) 

Mean 
(%) 

This method Reported metho& This method 

1 I1 111 IV V Mean Mean Standard Mean Standard 
(%) (%) (%) (%) (%) (%) (dev.%) (dev.%) (dev.%) (dev.%) 

1 86.5 86.2 89.1 86.9 87.5 
II 92.3 93.2 93.9 93.5 92.7 

Ill 88.9 91.2 92.9 90.0 92.0 
IV 87.7 89.9 89.9 88.6 89.6 

V 92.0 93.6 94.5 93.2 93.6 
VI* 76.6 76.0 76.9 76.2 76.8 

87.2 87.4 88.0 87.7 87.4 88.0 87.7 0.84 1.10 0.24 0.30 
93.1 94.9 94.3 95.2 94.3 95.3 94.8 0.50 0.63 0.40 0.48 
91.0 93.2 92.7 92.9 92.5 93.3 92.9 1.24 1.58 0.26 0.33 
89.1 90.0 89.4 90.0 89.5 90.1 89.8 0.80 0.96 0.28 0.32 
93.4 95.8 95.0 94.0 95.8 94.8 95.3 0.62 0.91 0.42 0.48 
76.5 77.2 76.9 77.0 76.9 76.7 76.9 0.30 0.39 0.12 0.19 

*Standard triphosphate namely Na~P~O~o6H,_O (77.3% 

Application of the method jor pyro-, tri- and 
orthopho,whates in commercial matrices 

Estimation qf triphosphate in commercial 
samples. The present method was employed for 
the estimation of triphosphate samples obtained 
from four different manufacturers spread over 
four different countries. The estimations were 
carried out in replicate using both the present 
and the reported methods. The results are 
given in Table 7. There are some differences in 
the results for the triphosphate content in the 
samples and they can be accounted for by the 
variations in the raw materials used and con- 
ditions for thermal condensation of orthophos- 
phate during the manufacture of triphosphate 
by different manufacturers. In all the determi- 
nations, the results obtained by the known 
method 6 are lower than the results obtained by 
the described method. This is also in agreement 
with the yield obtainable (98-99.5%) by the 
reported method. 6 

Estimation qfpyrophosphate. Under the opti- 
mum conditions recommended for the precipi- 
tation of pyrophosphate, it was found that the 
present method gives a yield of 99.5% which is 
in contrast to a maximum yield of 93% obtain- 
able by the known method. The absence of 
phosphate in the filtrate in all the precipitation 
experiments by the present method confirmed 
the completion of precipitation. Generally, com- 
mercial samples of pyrophosphate do not con- 

Na~P~Oio), 

tain triphosphate or any other polyphosphates. 
However, a series of experiments were con- 
ducted to study the effect of triphosphate up to 
30%, in the determination of pyrophosphate by 
the described method (Table 9). It is observed 
that with up to 5% of triphosphate, the yields 
were as expected. Furthermore, it was found 
that in the presence of 10, 20 and 30% of 
triphosphate, the yields were unrealistic, over 
100%. Above 30% of triphosphate, the precipi- 
tate was sticky in nature at room temperature. 
which upon cooling to 10C turned solid. The 
present method was also applied to the determi- 
nation of pyrophosphate in sodium acidpy- 
rophosphate (Na2H2P207) prepared by a 
standard method. 36 The results were tbund to be 
good. The replicate experiments showed the 
purity to be 99.4-99.8%. 

Determination oJ triphosphate in commercial 
detergent powders. The present method was 
utilized for the determination of triphosphate in 
premier detergent powders of Indian origin. 
Detergent powders, in general, are complex and 
multicomponent systems. The samples for the 
analysis were prepared by dissolving the deter- 
gent powder in 95% ethanol to remove anionic 
detergent. The alcohol insoluble phosphates were 
then dissolved in water and used for the esti- 
mation. ~ Determinations were made in triplicate 
for each sample, employing the known and the de- 
scribed methods (Table 10). It is observed that the 
results of both the methods are in good agreement. 

Table 8. Analysis of  orthophosphoric acid and its salts by the present method 

Purity of  sample obtained (in wt%) 
Mean Standard 

Sample I 2 3 4 5 6 dev. (%) de','. 1%1 

H~ PO 4 (85.0%) 84.8 84.8 84.9 85.3 84.6 84.9 0.15 0.25 
Nai l ,  PO42H20 99.9 99.8 99.6 99.6 100.0 100. I 0.16 0.21 
N a, H PO 4 100. I 99.7 99.5 99.9 100.0 99.6 0.20 0.24 
Na ~ PO412H, O 100. I 100.2 100.0 99.9 99.8 100. I 0. I l 0.15 
KH2 PO4 100.0 100.5 100.3 100.3 100.4 100.2 0.15 0.19 
(N H4), HPO4 99.7 99.9 99.5 100.2 99.9 100.0 0.17 0.25 
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Table 9. Effect of triphosphate in the estimation of pyrophosphate 

Sample 
number 

In the mixture 
Pyrophosphate Triphosphate Found* 

taken added Pyrophosphate Triphosphate Mean 
(mg) (mg) (%) (%) (%) 

125.00 Nil I00.0 0.0 99.4 
121.87 3.12 97.5 2.5 99.8 
118.75 6.25 95.0 5.0 99.8 
112.50 12.50 90.0 10.0 100.9 
100.00 25.00 80.0 20.0 102.3 
87.50 37.50 70.0 30.0 t 

*Calculated as [Co(en)2HP207]4H20. 
tThe yield could not be accurately determined owing to the sticky nature of the precipitate. 

Table 10. Comparison of the present method with the known method for the determination 
of triphosphate in commercial detergent powders 

Triphosphate content 

Reported method 6 This method 

Manufacturer's I II III Mean I II III Mean 
code number (%) (%) (%) (%) (%) (%) (%) (%) 

A 19.9 20.9 20.1 20.3 20.6 21.3 20.2 20.7 
B 27.9 27.9 27.0 27.6 28.5 27.5 27.3 27.8 
C 16.8 18.9 18.0 17.9 18.2 16.9 17.0 17.4 

Determination of  orthophosphate in commer- 
cial matrices. For this purpose, some commer- 
cial tricaicium and dicalcium phosphates were 
taken. Since these are water insoluble, acid 
extract of these samples were used for the 
estimation. It was found that calcium severely 
interferes. At the optimum pH, precipitation of 
calcium phosphate occurs preferentially over 
the precipitation of [Co(en)2PO4], resulting in a 
mixture of both the precipitates. Masking of 
calcium by EDTA followed by precipitation of 
the phosphate complex by acidified solution 
of (carbonato)bis(ethylenediamine)cobalt(III) 
chloride did not give the desired results. 
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Summary--A method was developed for the ultra-trace determination of tin by #1 situ preconcentration 
in a graphite tube using a flow injection hydride generation technique with on-line ion-exchange 
separation. The sample was prepared in 2M hydrochloric acid before being passed through an 
incorporated micro-column packed with a strongly basic anion-exchanger D-201. The tin was retained 
as its chlorostannate complex and subsequently eluted by de-ionized water into the hydride generation 
system. The hydride and hydrogen gases evolved were separated from the liquid phase in a gas liquid 
separator and transferred into a palladium-coated graphite tube pre-heated to 300C to collect the analyte, 
which was later atomized at 2300'~C. With the reported system, tin was determined at a sampling frequency 
of  30/hr with a detection limit (3tr) of 0.01 llg/l, using 10.7 ml sample. The precision was 1,5% RSD at 
the 0.5 #g/1. level. The proposed method was applied to the determination of tin in tap water, hair, serum 
samples and geological reference samples. 

Recently the/n situ preconcentration of vapour- 
forming analytes in a graphite furnace following 
vapour generation reactions has aroused con- 
siderable interest as a new technique for ultra- 
trace analysis using electrothermal atomic 
absorption spectrometry (ETAAS). Originally 
developed for the preconcentration of hydride- 
forming elements, most recently the technique 
has been extended also to the preconcentration 
of mercury, t2 Several attempts were made to 
automate the preconcentration procedure under 
batch or continuous flow configurations to im- 
prove the efficiency as well as to decrease human 
intervention. The latter is helpful in minimizing 
contamination risks in the ultra-trace determi- 
nations. The implementation of flow injection 
(FI) techniques in the automation of on-line 
preconcentration systems for atomic absorption 
spectrometry (AAS) was frequently shown to 
provide significant advantages over other ap- 
proaches] This is also true for in situ preconcen- 

*On leave from the Research Centre for Eco-Environmental 
Sciences, Chinese Academy of Sciences, Beijing, China. 

tAuthor  to whom correspondence should be addressed. 

tration with hydride generation. In a recent 
application of the FI technique to the determi- 
nation of germanium in environmental samples 
in our group using in situ preconcentration 
ETAAS, 4 apart from automation of the system 
and decreases in contamination, the system 
featured large improvements in the tolerance to 
interferences, in comparison to batch pro- 
cedures. Hitherto, FI in situ preconcentration 
has been applied successfully to germanium, 4 
arsenic 5 and tin? 

The determination of tin in environmental 
samples is of importance owing to its biological 
interest] 9 Hydride generation AAS is one of the 
most commonly used methods owing to its high 
sensitivity and selectivity, ~5  but the methods 
suffer strong influences from acidity in the 
sample matrix. ~° ~2 Recently, Fang et al. ~6 de- 
scribed an on-line modification of the acid 
matrix of sample digest by incorporation of an 
anion-exchanger column in an FI system prior 
to the hydride generation reaction. The analyte 
was initially converted into its chlorostannate 
complex, retained on an ion-exchange column 
and subsequently eluted by diluted nitric acid 

375 
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under strictly controlled conditions. Repro- 
ducible conditions for hydride generation reac- 
tion were achieved, with 3.5-fold gain in 
sensitivity. 

Although detection limits as low as 0.08/~g/l. 
for tin were reported using hydride generation 
approaches, j6 the sensitivity is often insufficient 
for the precise determination of tin at ultra-trace 
levels in some samples, such as natural waters. 
More recently, in situ preconcentration of tin in 
a graphite furnace by FI hydride generation was 
used successfully by Zhang et al. 6 to improve the 
performance of ETAAS procedures. A detec- 
tion limit of  7 ng/l. was achieved with a pre- 
cision of  3-5% RSD at the 1.0 /~g/l. level. 
However, no systematic studies on the influence 
of acidity were given. In order to enhance the 
sensitivity, 10 ml sample were used, resulting in 
a long collection (preconcentration) step of  145 
sec at 300°C in the graphite furnace programme. 

In this work, an attempt was made to apply 
the FI on-line ion-exchange sample matrix 
modification technique to the in situ preconcen- 
tration of tin in a graphite tube to create robust 
conditions for hydride generation, with the aim 
of  providing a reliable and sensitive method for 
the determination of  tin. The feasibility of  this 
approach was illustrated by its application to 
the determination of trace amounts of tin in 
biological samples and geological reference 
samples. 

EXPERIMENTAL 

Apparatus 

A Perkin-Elmer Model 2100 atomic absorp- 
tion spectrometer with a deuterium lamp back- 
ground corrector was used with a Perkin-Elmer 
Model HGA-700 graphite furnace. A wave- 
length of 286.4 nm was used with a spectral 
band pass of 0.7 nm. A tin hollow cathode lamp 
was operated at 30 mA. Pyrolytic graphite 
coated polycrystalline graphite tubes were used 
with similarly coated L'vov platforms. The 
graphite furnace temperature programme is 

given in Table 1. Integrated absorbance (peak 
area) was used for evaluating the results 
throughout this work. The analyte absorption 
peaks were recorded by a PC computer, pre- 
sented on a high-resolution screen, and printed 
out using an Epson EX-800 printer. 

A Perkin-Elmer Model FIAS-200 system with 
a 5-port FI-valve was used with the hydride 
generation accessories. '7 The rotation speed of  
the two multichannel peristaltic pumps, their 
stop and go intervals and the actuation of the 
injector were programmed and automatically 
controlled by a separate PC computer, indepen- 
dent of the spectrometer. The outlet of the 
gas-liquid separator, consisting of a 50 cm 
length of PTFE tubing, was connected to a 5 cm 
long x 1.5 mm o.d. x 0.5 mm i.d. quartz capil- 
lary with a short piece of silicone-rubber tubing. 
The quartz capillary was loaded on a labora- 
tory-made rotating arm that could be used to 
swing the tip of the capillary into the sample 
introduction port of  the graphite tube and func- 
tioned as a hydride introduction probe during 
the in situ collection (preconcentration) stage. 

The ion-exchange column used for separation 
was made by packing a strongly basic macrop- 
orous anion exchanger D-201, 60-100 mesh 
(Shenyang Organic Chemicals Co.) into a 3 mm 
i.d. x 30 mm long column whose construction 
was described previously. ~8 The column was 
connected to the FI-valve via threaded fittings. 

Tygon pump tubing was used to deliver all 
solutions. All reaction coils and connections 
were made with 0.7 mm i.d. poly(tetra- 
fluoroethylene) (PTFE) tubing. A chemifold 
plastic connector block (Perkin-Elmer) fur- 
nished with W-configuration conduits was used 
for merging of the reagent and carrier streams. 

Plastic containers were used for the samples. 

Reagents 

A 1000 mg/1. tin stock standard solution was 
prepared by dissolving the appropriate amount 
of SnCI2.2H20 in 2M hydrochloric acid. 
A series of working standard solutions were 

Table 1. Furnace programme for in situ preconcentration and atomization 

Inner argon 
Step Temperature (C)  Ramp time (sec) Hold time (sec) flow-rate (ml/min) 

1. Drying 90 5 20 300 
120 15 20 300 

2. Pyrolysis/pre-treatment 300 1 20 300 
3. Collection 300 1 30 300 
4. Atomization 2300 0 5 0 
5. Cleaning 2650 1 3 300 
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prepared by three-stage dilutions of the stock 
standard solution with 2M HCI. 

Ultra-pure reagent grade hydrochloric acid 
(Beijing Chemical Factory) was further purified 
by iso-thermal diffusion, as described in the 
Procedures. 

Sodium tetrahydroborate solution (0.1-0.5%, 
v/v) was prepared using purified NaBH4 
(Merck, Schuchardt, Germany) and purified as 
described under Reagent purification. The con- 
centration of sodium hydroxide in the reagent 
solution was 0.05M. 

De-ionized water was used throughout. Nitric 
acid was of ultra-pure reagent grade (Beijing 
Chemical Factory, Beijing, China). Palladium 
solution 500 mg/1. was prepared by dissolving 
0.166 g of palladium chloride in 10 ml of nitric 
acid and diluting to 100 ml with de-ionized 
water. All other chemicals were of analytical, or 
ultra-pure reagent grade. 

Procedures 

On line ion-exchange preconcentration. The FI 
manifold used for on-line ion-exchange separ- 
ation hydride generation ETAAS is shown in 
Fig. 1, together with the optimized operating 
parameters. The manifold was almost the same 
as that for hydride generation AAS applications 
described previously, ~6 except the stannane 
formed (Fig. i b) was introduced into the graph- 
ite furnace for collection instead of the heated 
quartz tube for atomization. The graphite fur- 
nace temperature programme in Table 1 also 
shows the various stages of operation for the 
in situ collection. 

Before each hydride generation and collection 
cycle, 20/~1 of 500 mg/l. Pd was pipetted into the 
furnace. Then the furnace programme and FI 
system were initiated simultaneously. The Pd 
solution was dried and the furnace was heated 
to 30ff'C and held constant at that temperature 
for 20 sec to complete the pre-treatment. The 
sample loading procedure of the FI system was 
performed in parallel with the drying and pyrol- 
ysis/pre-treatment steps. In the loading step 
(Fig. l a), pump 1 was stopped, and pump 2 
actuated to propel the sample in 2M hydro- 
chloric acid through the ion-exchange column at 
8 ml/min. The chlorostannate complex was 
sorbed on the column and the effluent emerging 
from the column was discarded. This step lasted 
80 sec which coincided with the drying and 
pyrolysis/pre-treatment steps of the furnace pro- 
gramme. 

At the end of the loading period, which was 
also the end of the pyrolysis/pre-treatment step, 
the tip of the quartz capillary probe was inserted 
through the sample introduction port at the 
centre of the graphite tube by manually swing- 
ing over the arm on which the probe was fixed, 
and was kept in contact with the graphite 
platform throughout the collection period. The 
valve was then actuated automatically, directing 
the eluent flow into the column. The sorbed 
chlorostannate complex was eluted by de-ion- 
ized water into the hydride generation manifold 
and merged with the tetrahydroborate reduc- 
tant solution. The residual acidified sample sol- 
ution remaining in the column provided the acid 
conditions for the hydride generation reaction. 

(a) (b) 

RE~ wml/min ..(>W 1 W ~  

S ~P2 
O C 

ml/min 

P1 

Fig. 1. F1 on-line ion-exchange hydride generation manifold for ETAAS in situ preconcentration 
determination of tin: (a) sample loading; and (b) eluting and collecting. (A) Reaction coil: (C) ion-exchange 
column; (E) de-ionized water; (GF) graphite furnace; (PI,P2) peristaltic pumps; (R) 0.5% NaBH4; (S) 

sample; (SP) gas-liquid separator; (V) injector valve; (W) waste. 
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(a) (b) 

0.5% NaBH 4 11 

Samp • 11 

Acid 

t=W ,, A ~ A  

0.5% N 

v 

Fig. 2. FI manifold for investigation on effects of the hydride generation media for the in situ 

preconcentration determination of tin: (a) collection; and (b) washing and sample changing. (A) Reaction 
coil; (GF) graphite furnace; (PI,P2) peristaltic pumps; (SP) gas-liquid separator; (V) injector valve; (W) 

waste. 

After passing through a 30 cm length of reaction 
coil (A), the gas-liquid mixture was guided into 
the gas-liquid separator where the waste was 
pumped out at a flow-rate of 35 ml/min. The 
stannane generated was separated and trans- 
ferred by the evolved hydrogen gas into the 
Pd-coated graphite tube and tin was collected in 
the furnace following decomposition. The 
elution procedure was 20 sec. During this stage 
the next sample was introduced into the uptake 
line at a reduced rotation speed and ready for 
the next determination. The FI system was 
stopped automatically at this point. After an 
interval of I0 sec for the withdrawal of the 
quartz capillary probe from the graphite tube, 
giving a total of 30 sec at the 300°C collection 
temperature, the graphite furnace was heated to 
the atomization temperature at 2300°C, using 
maximum power with interrupted internal ar- 
gon flow, and the absorbance signals were 
recorded. Finally, the furnace temperature was 
increased to 2650°C for 3 sec to clean the 
furnace. 

Studies on the effects o f  acidity. For the 
studies on the effects of the hydride generation 
media, the FI manifold shown in Fig. 2 was 
used. It is very similar to that reported pre- 
viously 4 for the in situ preconcentration determi- 
nation of germanium. The procedures were also 
similar to those in the previous system. After the 
drying and pyrolysis/pre-treatment steps were 
completed, the tip of  the quartz probe was 
inserted into the graphite furnace and the FI 
system was actuated immediately. This initiated 
the collection sequence. The acidified sample 

was merged with the tetrahydroborate reduc- 
tant, both propelled by pump PI at !1 ml/min. 
The stannane formed was separated and trans- 
ferred into the Pd-coated graphite tube. After a 
30 sec generation (collection) period, the valve 
was automatically actuated to the washing and 
sample change position. An acid rinsing sol- 
ution, propelled by pump 2, was run for 10 sec 
to expel the residual sample in the reaction coil 
to the separator in order to prepare the system 
for the next sample and collect the remaining 
fraction of  stannane evolved from the residual 
sample after the termination of  the sampling 
period. Meanwhile the next sample was intro- 
duced into the sample uptake lines. After the 
withdrawal of  the quartz probe from the graph- 
ite tube, the analyte was atomized. The furnace 
temperature programme was the same as that 
used in the FI on-line ion-exchange separation 
hydride generation ETAAS system. 

Reagent purification. For purification of HCI, 
3000 ml HCI were introduced into a 30 cm i.d. 
desiccator. A 500 ml PTFE beaker containing 

ml/min 
1.5% NaBH4J 11 I • 30 crn 

0'IMHCIJ 11 I r ~ ~  F I Ip Ar = 

Fig. 3. Schematic diagram for purification of NaBH 4. (P) 
Peristaltic pump; (F) flask. 
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300 ml de-ionized water was placed on the 
porcelain shelf of  the desiccator. The desiccator 
was kept sealed at room temperature for 10 
days. The final concentration of the purified 
HCI in the beaker was obtained by titration. 

The schematic diagram for the purification of 
NaBH4 is shown in Fig. 3. The manipulation 
was conducted in a ventilated hood. Both i .5% 
(v/v) NaBH4 solution and 0. I M HCI were deliv- 
ered by a peristaltic pump at flow rates of  11 
ml/min. The two solutions merged and reacted 
in a 30 cm long reaction coil. Analyte contami- 
nant in NaBH 4 was transformed to stannane 
and released from the solution with the aid of  an 
argon stream. The concentration of NaBH4 was 
about 0.5% after purification. 

Sample pre- treatment .  Geological samples: 
0.5 g samples were treated with 5 ml of  a nitric 
acid-hydrofluoric acid mixture (7 + 3 v/v) in 
PTFE beakers. The vessels were heated on a hot 
plate at 140"C and gently boiled nearly to 
dryness. A further 2 ml of acid mixture were 
added and the solutions were again taken nearly 
to dryness. After cooling, the digests were di- 
luted to 50 ml. A 1 ml volume was taken and 
diluted further to 100 ml with 2M HCI. 

Hair  and serum samples: 0.2 g hair or 1 ml 
serum sample was digested gently in PTFE 
beakers with 5 ml of  a nitric acid-perchloric 
acid mixture (3 + 1 v/v) on a hot-plate at 140°C 
until near dryness. A further 1 ml of  acid 
mixture was added and the solution was taken 
nearly to dryness again. After cooling, the digest 
was diluted to 50 ml with 2M HCI. 

Tap water samples were filtered and acidified 
to 2M HC1 with concentrated HC1. 

RESULTS AND DISCUSSION 

Effect o f  hydride generation reaction medium on 
in situ preconcentration E T A A S  signal response 

Jbr tin 

It has been demonstrated by several authors 
that the stannane generation efficiency is 
strongly dependent on the acidity at which the 
reaction is performed and also on the acid 
species. Various acidity conditions for the hy- 
dride generation determination of tin have 
been proposed. ~°-~2~9-2~ Thompson and 
Pahlavanpour ~9 observed a distinct maximum of  
the analytical signal at approximately 0.1M 
HCI. De Doncker et al. ~ found that 0.09M of 
H 2 S O  4 gave opt imum sensitivity for the gener- 
ation of stannane. A mixed reaction medium of 
0.4M nitric acid and 0.2M tartaric acid was used 

by Legret et al. ~° as the optimal condition. By 
means of radio tracers, Petrick and Krivan 2° 
showed that the stannane efficiency was close to 
100% for 0.5M HCI. A model for hydride 
generation was proposed by Wang and Barnes 2~ 
and they concluded that stannane could be 
generated only within a critical range in the 
vicinity of  pH 1.0, referring to the final acidity. 
In the above studies, batch-wise or continuous- 
flow approaches were used for hydride gener- 
ation. However recently Fang et al. ~ pointed 
out that influences from acidity were more 
pronounced in FI approaches than in the batch 
mode. In their FI application, Welz et al. ~2 used 
0.1M HC1 in saturated boric acid as reaction 
medium and observed that sensitivity increased 
significantly with decreasing HC1 concentration 
in saturated boric acid solution down to 0.1M 
and no reliable signals could be obtained for the 
concentrations lower than 0.1M owing to hy- 
drolysis of  tin. In the recent F! hydride gener- 
ation in situ preconcentration application, 
Zhang et al. 6 used 0.5 or 2.0% HC1 as the 
hydride generation medium; but no detailed 
effects of the acidities and acid species were 
reported. In their previous work, ~3 they reported 
the efficiency of stannane generation for 0.5% 
HCI (0.17M) was higher than 2.0% . 

Therefore, an attempt was made in this work 
to investigate the effect of  hydride generation 
medium on the sensitivity for the in situ precon- 
centration ETAAS system. Hydrochloric, nitric, 
and sulphuric acids were studied using the FI 
manifold shown in Fig. 2. The influence of 
varying acid concentrations on the signal is 
shown in Fig. 4. The sensitivity depended 
strongly on the concentration, but the maxi- 
mum signals were quite similar for all three 

loo  

>,  
80 

c 6 o  

¢/1 

~ 4o 

~ 20 

"- 1 'a ~2 

0.1 0.2 0 3  0 4  o5  06  
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Fig. 4. Effect of acid concentrations on the tin signal 
expressed in % integrated absorbance, using the manifold 
shown in Fig. 2 and taking the maximum absorbance as 
100% for all the acids studied. (l) Nitric acid; (2) Hydro- 
chloric acid; (3) Sulphuric acid. The concentration of tin was 

0.5 pg/l. Other conditions are as shown in Fig, 2. 
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acids. This observation was quite similar to that 
reported by Thompson et al. j9 and de Doncker 
et aL ~J Although it is not difficult to adjust the 
sample acidity to 0.15M to produce maximum 
sensitivity, no stable region of  influence on 
sensitivity could be found, which would imply 
lack of  robustness for the method. Therefore, 
the on-line modification of  the acid matrix of  
sample solutions using an incorporated ion-ex- 
change column proposed by Fang et al. 16 was 
adopted in this work, in order to create more 
reliable conditions for the hydride generation. 

Optim&ation o f  experimental parameters for  FI  
on-line ion-exchange separation in situ hydride 
preeoncentration system 

FI hydride generation AAS coupled with 
on-line ion-exchange separation and preconcen- 
tration system has been used successfully in the 
determination of tin in canned f o o d .  j6 The 
manifold was adapted to the in situ preconcen- 
tration ETAAS system, resulting in the FI 
manifold shown in Fig. 1. 

In their previous studies, ~6 Fang et al. used 
0.1M nitric acid as the eluent and found its 
concentration very critical for the system's per- 
formance. Therefore, a detailed investigation of 
the acid concentration under different sodium 
tetrahydroborate concentrations was carried 
out. The flow-rates for sample, eluent and re- 
ductant solutions were adopted mainly based on 
previously established experimental conditions 
for FI on-line ion-exchange separation and pre- 
concentration of tin j6 and other hydride-form- 
ing elements. 22'23 The results are shown in Fig. 5. 
The absorbance remained almost constant in 
the nitric acid concentration range of  0 (de-ion- 
ized water)~).2M at all NaBH4 concentrations 
tested. This phenomenon was different from 
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0 . 0 5  

c- 

O 
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- - o  . . . . .  ~3 - -  " ( 3 -  - -  
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q + q 03% NaBH 
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Fig. 5. Effect of nitric acid concentrations on integrated 
absorbance under different NaBH a concentrations. The 
concentration of tin was 0.5/lg/I. Other conditions are as 

shown in Fig. 1. 

that reported in Ref. 16 where the peak height 
absorbances dropped dramatically with an in- 
crease in acid concentration from 0 to 0.4M. 
This is because the readouts for the in situ 
preconcentration system were not based on 
transient signals produced during the hydride 
generation reaction but on integrated readings 
from the electrothermal atomization process. 
The readouts will remain identical as long as the 
amount of analyte trapped on the tube during 
the collection period are identical. This is in 
agreement with the observation of Fang et al. ~6 
that for the transient eluate signals, when the 
peak height increased with a decrease in acid 
concentration, the peak width decreased, pro- 
ducing approximately the same peak area. The 
explanation for the responses using de-ionized 
water as eluent is that the residual acidified 
sample solution remaining in the column fol- 
lowing sample loading provided the acid con- 
ditions for the hydride generation reaction. The 
sensitivity increased with an increase in tetrahy- 
droborate concentration (Fig. 5). However the 
reaction became so violent when the concen- 
tration was higher than 0.5% that trouble-free 
gas-liquid separation could no longer be en- 
sured. Since lower reductant concentration also 
provides reduced blank values. A de-ionized 
water eluent and 0.5% NaBH4 were used in 
subsequent studies. 

In most hydride generation AAS and recently 
in situ preconcentration systems, carrier gases, 
normally argon, were used to strip and trans- 
port the hydrides into the atomizer or graphite 
tube. However, recent studies by Tao and Fang 4 
showed that effects from the carrier gas flow- 
rate were negligible in the in situ preconcentra- 
tion system. In their system, no carrier gas was 
used. The hydride was transported into the 
graphite furnace by the hydrogen generated 
during the reaction. This produced about 10% 
higher sensitivity apart from a saving in the 
argon gas supply. Therefore no argon carrier 
was used in the present work following this 
experience. No unfavourable effects were found 
by doing so. However, no increase in sensitivity 
was observed either. 

The optimum operating conditions for 
ETAAS are given in Table 1. The catalytic 
reactivity of palladium was reported to promote 
low temperature deposition of the hydride by 
dissociative chemisorption 24-26 and, therefore, 
palladium was used for coating the furnace tube 
in the present work. It was found that 20 pl of 
500 mg/I. Pd were sufficient for trapping and 
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Table 2. Effect of co-existing ions on the recovery of Sn 

Concentration Recovery 
lnterferent (mg / l. ) (%) 

Ca(ll) 2000 102 
Cu(ll) I I01 

5 94 
10 87 

Fe(ll) 1000 99 
Fe(lll) 1000 98 
Mg(ll) 2000 95 
Na(I) 2000 100 

5000 110 
Ni(lI) 3 102 

10 103 
As(Ill) 20 99 

40 105 
As(V) 10 100 

20 107 
Ge(IV) 5 103 

16 106 
Se(IV) 5 98 

20 95 
Se(VI) 10 97 

20 93 
C 20~ 100 97 
F 2000 100 
NOa 2000 97 

5000 92 
OAc 1000 102 

5000 98 
Po~ 10 95 

20 89 
SO~ 20 89 

All samples contained 0.5/tg/1. Sn. All results are averages 
of three measurements with 2 3% RSD. 

stabilizing the collected product  on the substrate 
at a temperature  of 300°C. An a tomizat ion  
temperature  of 2300~C recommended by the 
manufac ture r  for convent ional  ETAAS,  27 was 
used in this study. 

Interference studies 

Interferences studies on possible interferents 
both in the ion-exchange process and in the 
hydride generat ion reaction showed consider- 
able high tolerance to a wide range of coexisting 

Table 4. Determination of tin in geochemical reference 
samples (n = 3) 

Material Found (lag~g) * Recommended (lag~g) 

GSR-I 12.8 +0.2 12.5 
GSS-5 17.9 + 0.2 17.7 

• The terms + are 95% confidence intervals. 

ions (Table 2). Cu(II)  and Ni(II)  were frequently 
reported to be two of the most  significant 

t ransi t ion metal interferences in the determi- 
na t ion  of tin. In their studies, ~9 T h o m p s o n  et al. 

reported that 1 mg/l. Cu(II)  and 1 mg/1. Ni(II) 
could depress responses of  tin by 40 and 65%, 
respectively. In this study, up to 5 mg/1. Cu(II)  
and 10 mg/l. Ni(II)  could be tolerated without  
any significant adverse effects on the integrated 
absorbance.  Other potential  interferents such as 

Fe(II), Fe(III)  did not  interfere seriously up to 
higher levels. Since the stability of the chloro- 
complexes of  these metal ions in 2M hydro- 
chloric acid are considerably lower compared to 
the chloros tannate  complex, their in t roduct ion  
into the hydride generat ion manifold  were par- 
tially impeded owing to decreased retention on 
the ion exchanger. The hydride forming el- 
ements such as As(III) As (V), Ge(VI) and 
Se(IV), Se(VI) were also investigated, and nei- 
ther of  these interfered up to at least 2 x 104- 
fold excess concentrat ions.  In their FI hydride 
generat ion in situ preconcentra t ion system, ~' 
Zhang  et al. reported that the system could 
tolerate these hydride forming elements at 200- 
fold excess. Table 2 also shows that the anions  
tested exhibit no serious interferences on the 
determinat ion of tin. 

Analy t ical  per formance  

Characteristic data for the performance of the 
FI on-l ine ion-exchange separat ion hydride 

Table 3. Characteristic performance for the FI on-line ion-exchange separation hydride 
generation in situ preconcentration ETAAS system 

Sample consumption 
Sampling frequency 
Calibration curve 
%RSD (n = 11) 

L.o.D. (3a) 
Characteristic mass/pg per 0.0044 sec 

conventional ETAAS* 75 
present method 127 

Overall collection efficiency 59% 
Retention efficiencyt 61% 
Deposition efficiency 96% 

10.7 ml 
30 sample /hr 
A = 0.038 + 0.35Cs, (0~).7 lag~L, r = 0.9996) 

2.0 (0.3 lag~L) 
1.5 (0.5 !@/I.) 
0.01 lag/I. 

*The conditions recommended by the manufacturer were used. 27 
-tA 0.5 lag/l, solution of tin was used to evaluate the retention efficiency of the ion-exchange 

procedure.~S- 22 
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Table 5. Recoveries of tap water, serum and hair digest 
samples spiked with 0.2 ltg/I, tin (n = 3) 

S a m p l e  Concentration* Recovery (%)* 

Tap water 1 0.70 + 0.05 pg/I. 95 +_ 3 
Tap water 2 0.73 _+ 0.05 l~g/I. 96 _ 3 
Serum 32 _+ 2 ~g/I. 94 + 2 
Hair 89 _+ I itg/kg 98 + 3 

*The terms + are 95% confidence intervals. 

dride deposition on the platform. To assess the 
accuracy of  the proposed method,  geochemical 
reference samples were analyzed. The results 
shown in Table 4 are in good agreement with the 
recommended values. Determinat ion o f  tin in 
tap water, serum and hair samples were also 
satisfactory (Table 5). 

generation in situ preconcentrat ion E T A A S  sys- 
tem are summarized in Table 3. A sampling 
frequency of  30/hr was achieved owing to the 
short  hydride collection period (30 sec) made 
possible by the on-line ion-exchange separation 
system used. With an 80 sec loading period, 
corresponding to a consumpt ion  of  10.7 ml 
sample solution, and using the proposed con- 
ditions, the detection limit (3a) was found to be 
0.01 #g/l.,  which was about  a factor  o f  eight 
better than FI  hydride generation with ion-ex- 
change separation without  collection in a fur- 
nace. ~6 The detection limit was also similar to 
that reported in Ref. 6 (0.007 #g/l.), where an 
electrodeless discharge lamp was used instead o f  
the hollow cathode lamp used in this study. The 
favourable reproducibility ensured a low detec- 
tion limit and showed effective control  over the 
condit ions for s tannane generation through the 
ion-exchange matrix modification. 

Al though several purification measures were 
taken, the high tin blank still remained to be the 
main obstacle for further improving the detec- 
tion limit. Iso-thermal diffusion has shown to be 
an effective method for the purification o f  HC1. 
However,  it was difficult to purify NaBH4 
al though several other methods,  including 
filtration, '4 and BaSO 4 co-precipitation 2s were 
tested. Smith 29 and Castillo '4 ascribed the high 
blank to the contaminat ion  o f  NaBH4 which is 
usually packed in a plastic bag inside a tin 
container.  Detailed investigations on further 
reducing tin blank values in NaBH4 are under- 
way. 

The characteristic mass o f  the present method 
was compared  with that o f  the conventional  
E T A A S  method to evaluate the overall collec- 
tion efficiency of  the ion-exchange separation, 
hydride generation and in situ preconcentrat ion 
procedures,  taking the efficiency of  conventional  
E T A A S  as 100%. The overall collection 
efficiency was 59% since the ion-exchanger 
could retain only 61% of  the analyte (Table 3). 
The deposit ion efficiency (overall collection 
efficiency/retention efficiency) was 96%, which 
implied complete s tannane generation and hy- 

CONCLUSIONS 

The combinat ion  o f  on-line ion-exchange sep- 
arat ion with FI  hydride generation in situ pre- 
concentra t ion was shown to be capable o f  
producing an efficient system for ultra-trace 
analysis o f  tin in waters and biological samples. 
The on-line sample matrix modification tech- 
nique improved the selectivity and robustness o f  
the method,  and significantly reduced the hy- 
dride collection time, resulting in higher sample 
throughput .  The detection limit o f  the system 
might be further improved by using a tin elec- 
trodeless discharge lamp and purer reagents. 
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Summary--Ultrasmall-volume measurements of oxidizable compounds have been accomplished by 
coupling a capillary flow injection system with amperometric detection. Remarkably low (femtomole) 
mass detection limits result from the combination of nanoliter sample volume and the inherent sensitivity 
of the wall-jet detector. A substantial economy of reagent consumption and disposal accrues from the 
operation of the nl/min flow regime. Variables influencing the physical dispersion in the capillary flow 
injection system, including capillary length, sample volume or flow rate, are explored and optimized. 

Flow injection analysis (FIA) has proved highly 
useful in practical applications in fields as varied 
as environmental monitoring, process analytical 
chemistry or clinical diagnostics, t-3 The tech- 
nique offers distinct advantages in versatility, 
reproducibility, and sample throughput over 
conventional (wet-chemistry) methods. Typical 
sample volumes and flow rates are of the order 
of 20-50 /~1 and 0.5-2.0 ml/min, respectively. 
Yet, substantial reduction in the carrier con- 
sumption and sample volume are highly desired 
for addressing environmental concerns on 
reagent/waste disposal or the growing needs 
for assays of ultrasmall (nanoliter) biological 
samples. One approach to reduce the flow rate 
and sample size is to employ miniaturized FIA 
systems, such as those based on integrated micro- 
conduits 4 or micromachined silicon structures. 5 
Another promising avenue for ultraflow-volume 
FIA is to replace the traditional Teflon inter- 
connecting tubing with fused-silica capillary 
tubes. Liu and Dasgupta 6 reported on a capillary 
FIA system with calorimetric detection and 
electroosmotic pumping. Olesik et al. 7 employed 
an infrared-absorption detector for a capillary 
FIA system with supercritical CO, as the carrier 
fluid. 

The present note aims at characterizing 
capillary FIA systems with amperometric detec- 
tion and elucidating the dispersion phenomena 

*Author to whom correspondence should be addressed. 

in such systems. Amperometric detection, which 
has been extremely useful for microscale separ- 
ations and in other microenvironments, s holds 
great promise for capillary FIA. During the 
course of this investigation, Matysik and 
Werner 9 reported on the stripping voltammetric 
assay of tear samples in connection with capillary 
FlA. In the following sections we will illustrate 
how a detailed understanding of the dispersion 
phenomena and the use of amperometric 
detection can lead to reliable assays of nanoliter 
sample volumes, to a million-fold reduction in 
the flow rate (compared to conventional FIA) 
and to remarkably low mass detection limits 
(at the femtomole level). 

EXPERIMENTAL 

Apparatus 

The capillary FIA system is shown in Fig. 1. 
It consisted of a sample and carrier reservoirs 
(D, E), a 52 /~m i.d., 120 cm long, fused-silica 
capillary (Polymicrotechnologies Inc., F), sup- 
ported by a glass tube (G), and a large-volume 
wall-jet detector. Glassy carbon or platinum 2 
mm diameter disks (BAS, Models MF-2012 
and MF-2013, respectively), placed at a 1 mm 
distance from the capillary outlet, served as the 
working electrode (A). The platinum disk was 
employed in connection with the detection of 
hydrogen peroxide and hydrazine. The reference 
electrode (Ag/AgC1, BAS Model RE-I,B) and 
the platinum wire auxiliary electrode (C) were 
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G D E 

Fig. I. Capillary FIA system with amperometric detection: 
A, working electrode; B, reference electrode; C, auxiliary 
electrode; D and E, sample and carrier reservoirs; 

F, fused-silica capillary; G, glass-tube support. 

J. WANG and L. CHEN 

inserted through the cell cover. Amperometric 
measurements were carried out with an EG&G 
PAR Model 264A voltammetric analyzer, in 
conjunction with a Houston Omniscribe strip- 
chart recorder. 

Reagents 

All chemicals were reagent grade, and solu- 
tions were freshly prepared with double-distilled 
water. Potassium ferrocyanide, hydrazine 
(Baker), hydrogen peroxide (Aldrich), dopamine 
and acetaminophen (Sigma) were used without 
further purification. Phosphate buffer (0.05M, 
pH 7.4) served as the carrier solution. 

Procedure 

Capillary flow injection experiments were 
performed at room temperature after applying 
the desired potential and allowing the transient 
current to decay. The sample introduction was 
accomplished by switching between the carrier 
and sample reservoirs under conditions of 
gravity flow. The sample volume thus varied 
with the introduction time. Most experiments 
employed a flow rate of 32 nl/min and a 15 sec 
sample introduction, i.e. a sample volume of 
8 nl. 
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Fig. 2. Capillary-FlA amperometric peaks for different 
sample volumes: 3(a), 8(b), 14(c), 19(d), 25(e) and 33(f) nl. 
Analyte, K4Fe(CN) 6 at I x  10 ~M; operating potential, 
+0.4 V; flow rate, 32 nl/min; capillary length, 120 cm: 
carrier and electrolyte, 0.05M phosphate buffer (pH 7.4). 
Also shown, the resulting plots of the peak current (B) and 

width (A) against the volume. 

RESULTS AND DISCUSSION 

High-voltage electroosmotic pumping, pro- 
posed for capillary FIA with colorimetric 
detection(6), is not readily compatible with 
amperometric detection. Gravity flow, in con- 
trast, has been found in the present work to offer 
a very attractive capillary-FIA/amperometric 
behavior. Unlike electroosmotic pumping for 
which flow-induced dispersion is nonexistent", 
the gravity flow induces a significant dispersion 
of the sample plug. Factors influencing the 
physical dispersion in capillary FIA systems, 
and hence the resulting amperometric response, 
were thus elucidated. 

Figure 2 displays flow injection amperometric 
peaks for different volumes of the ferrocyanide 
solution, ranging from 3 to 35 nl (a f).  Such 
volumes are ca. 3 orders of magnitude less 
than those common in FIA/amperometry. 
Well-defined peaks are observed inspite of these 
ultrasmall volumes. The peak current increases 
rapidly with the volume at first, and then more 
slowly. Significant dispersion is indicated from 
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Fig. 3. Effect of capillary length (a) and volume flow rate (b) 
upon the amperometric response to 1 x 10-3M K4Fe(CN)6. 
Sample volume, 8(a) and 22(b) nl; capillary length, 120 (a)a, 
(b), 95 (a)b and 76 (a)c cm; flow rate, 33 (a), (b)a, 46 (b)b 

and 66 (b)c nl/min. Other conditions, as in Fig. 2. 

the resulting peak widths (43-60 sec). Sample 
throughputs in the order of  45-75 hr-~ can thus 
be realized. Such frequency, which is similar to 

that of  macro FIA systems, reflects the long 
residence times of the sample zone. The influence 
of the capillary length and flow rate is shown 
in Fig. 3 (a) and (b), respectively. The higher 
dispersion, expected for longer capillaries, lead 
to smaller and broader current peaks. Increasing 
the flow rate not only decreases the dispersion, 
but also enhances the analyte flux towards the 
wall-jet detector. The net result is a doubling of  
the sensitivity between 33 and 66 nl/min. Note 
that while these flow rates are ca. 5 orders of  
magnitude lower than those normally employed 
in FIA/amperometry,  the linear flow rate is 
remarkably high (being inversely proportional 
to the cross-sectional area of  the capillary). The 
sample plug impinging on the wall-jet detector 
surface thus leads to remarkable sensitivity 
despite the ultrasmall volume (22 nl) employed. 
(Since the jet issuing from the capillary outlet 
remains intact over larger capillary-electrode 
separations, there is no apparent advantage to 
employ an on-capillary detector, a task difficult 
to implement even with ultramicroelectrodes). 
Since the wall-jet detector dead volume is effec- 
tively the boundary layer, and in the absence of 
connecting tubing, a detector-induced dispersion 
is nonexistent. Overall, the influence of the 
above parameters upon the dispersion of the 
sample zone is similar to that encountered in 
conventional FIA systems. 

The extremely low flow rates of  capillary 
FIA assure also a highly stable amperometric 
response. Figure 4(a) displays amperometric 

(a )  

a b c 

8 min  

T i m e  

Fig. 4. Flow injection peaks for I x 10-3M K4Fe(CN)6 recorded (a) in 4-day intervals (a, b, c) and (b) 
during the 10th day of continuous flow. Other conditions, as in Fig. 2(b). 
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Fig. 5. FIA peaks for 5 x 106M hydrogen peroxide (a) and 
for dopamine solutions of ascending concentration (2.5 x 
10-4-1.25 x 10 3M, (b) a-f. Operating potential, +0.75 (a) 
and +0.70 (b) V. Other conditions, as in Fig. 2(b), except 

that a platinum working-electrode was used in (a). 

peaks recorded during the 1st, 4th and 9th day 
of a continuous carrier flow. the reproducible 
response is attributed to the negligible change in 
the gravity head during this prolonged period. 
The total volume of the carrier solution 
consumed during the entire 9 day period corre- 
sponds to nearly 500 /~1! Conventional FIA/ 
amperometry, in contrast, would require 20-50 1. 
over the same period. Also illustrated in Fig. 4(b) 
is the reproducibility of the data during the 10th 
day of the operation. This series of 20 successive 
runs yielded a relative standard deviation of 
4.9%. 

The coupling of the inherent sensitivity with 
the ultralow sample volumes of capillary FIA 
results in remarkably low mass detection limits. 
Figure 5(a) displays flow injection peaks for an 
8 nl sample containing i.38 pg (i.e. 5 x 10-6M) 
hydrogen peroxide. A detection limit of 2 x 
10 6M can be estimated based on the signal-to- 
noise characteristics (S/N = 3) of these readouts. 
This value corresponds to 540 fg or 16 fmol in 
the nanoliter sample. Slightly higher detection 
limits of 0.7, 1.3 and 8.0 pg were estimated from 
injections of hydrazine, catechol and acetamino- 
phen solutions, respectively. Ordinary FIA/ 

amperometric systems, in contrast, commonly 
offer detection limits at the low nanogram level. 
Figure 5(b) illustrates the concentration 
dependence of the capillary-FIA/amperometric 
operation. Injections of 8 nl dopamine solutions 
of increasing concentration (2.5 x 10-4-1.25 × 
10 3M, a-f) were used for this purpose. The 
peak current shows excellent linearity with the 
injected concentration (slope, 261 nA/mM; 
correlation coefficient, 0.998). Highly linear cali- 
bration plots were obtained also for analogous 
measurements of acetaminophen and ferro- 
cyanide (not shown). 

In conclusion, data presented in this article 
clearly illustrate that the coupling of capillary 
FIA and amperometric detection provides a 
powerful analytical tool. The resulting system 
permits highly sensitive measurements in 
extremely small sample volume, in connection 
with ultralow carrier flow rates. The femtomole 
quantitation is thus coupled with extreme 
economy in terms of solution consumption. 
Significantly higher flow rates, at the /~l/min 
regime, and #1 samples, characterized micro- 
machined FIA systems, 5 as well as the recent 
capillary-FIA/stripping operation 9. While the 
concept is presented in terms of direct amper- 
ometry at ordinary electrodes, it could be 
extended to highly selective amperometric probes 
based on coverage with biological or chemical 
recognition layers. For example, the remarkable 
sensitivity towards hydrogen peroxide holds 
great promise for many oxidase-based enzy- 
matic assays. Such selective detectors would 
address the lack of separation power in the FIA 
system (in comparison with microcolumn 
separation techniques). There is no fundamental 
barrier to further downscaling of the FIA/ 
amperometric system to the picoliter sample 
domain and sub-nl/min flow regime via the use 
of smaller-diameter capillaries. Such down- 
scaling should push the detection limits even 
further down to the attomole level. Additional 
improvements are anticipated by designing more 
elaborate capillary FIA systems, possessing 
sample-manipulation and liquid-handling 
capabilities. 
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Summary--A flow injection configuration for the fluorimetric determination of thiourea is proposed. The 
procedure is based on the rapid oxidation of thiourea by thallium(Ill) with concomitant formation of 
fluorescent thallium(1). Linear calibration graphs were obtained between 5 × 10 -7 and 1 × 10 5M, with 
a sampling rate of 90 samples/hr. The usefulness of the method was tested in the determination of thiourea 
in fruit juices and fruit peels. 

Thiourea(TU) and several TU derivatives have 
various industrial, agricultural and analytical 
applications. They are widely used in the rubber 
industry as accelerators, in photography as 
fixing agents and to remove stains from 
negatives, and in agriculture as fungicides, 
herbicides and rodenticides. The use of an 
aqueous solution of TU as a leaching agent 
for gold has been widely reported in the 
literature. TU is also used as a spectrophoto- 
metric reagent for the determination of several 
metals.l 

The presence of TU in urine was reported to 
be a non-specific indicator of cancer? TU is 
toxic owing to its influence on the metabolism 
of carbohydrates) Moreover, TU has been 
labelled as having carcinogenic activity 4 and so, 
all work with this compound should be per- 
formed with the greatest of care to prevent 
direct exposure of researchers and contami- 
nation of the environment. 

Various methods have been proposed for the 
determination of TU such as titrimetry with 
haloamines, s N-bromosuccinimide, 6 iodine 7 or 
mercury(lI) nitrate, 8 Raman spectrometry, 9 
spectrophotometry, t° polarography, jl stripping 
voltammetry, ~2"~3 high-performance liquid chro- 
matography, ~4 kinetic methods, 15"~6 ion selective 
electrode potent iometrf  7 and piezoelectric de- 
tection. ~8 

Despite the large number of  manual methods 
available, there are few automated procedures. 
In recent years, flow injection analysis has 

*Author to whom correspondence should be addressed. 

been used in the determination of TU. Flow 
injection procedures involve the catalyzed 
iodine-azide reaction using the amperometric ~9 
and photometric 2° detection of iodine or the 
electrochemical detection of TU using pulsed 
amperometry.2 

In this paper the development of a spec- 
trofluorimetric flow injection method for the 
determination of TU and its application to 
routine analysis is presented. The determination 
is based on the oxidation of TU by thallium(Ill) 
and the parameter measured is the fluorescence 
of  the thallium(I) formed. This violet fluor- 
escence has been attributed to the existence 
of the TICI] anionic complex 22 and hence 
the reaction is carried out in the presence 
of hydrochloric acid. The procedure is very 
simple, inexpensive and fast and allows the 
determination of TU in fruit juices and fruit 
peels. 

EXPERIMENTAL 

Apparatus 

A SLM-Aminco Bowman Series 2 spec- 
trofluorimeter was used for recording spectra; 
excitation and emission spectra were corrected. 
The detector used in the flow system was a 
Perkin Elmer model 3000 spectrofluorimeter 
with a Hellma 176.052 QS flow cell (inner 
volume 25 #l). A Gilson Minipuls-4 peristaltic 
pump and an Omnifit rotary valve were also 
used. Except for the pump tube (Tygon), PTFE 
tubing (0.5 mm i.d.) was used throughout the 
manifold. 

391 



392 TOM~S PI~REZ-RuIz et  al. 

S 

I_J w 

Fig. 1. Schematic diagram of the flow injection system for 
fluorimetric determination of thiourea. (PP) Peristaltic 
pump; (S) point of sample injection; (R) reaction coil (30 

cm); (D) ftuorimeter; (W) waste. 

Reagents 

All reagents were of  analytical grade unless 
otherwise stated. All-glass apparatus was used 
to produce doubly distilled water, which was 
used throughout. 

Stock thiourea solution (1 × 10-3M) was pre- 
pared by dissolving 0.0190 g of thiourea 
(Merck) in water and diluting to 250 ml in a 
calibrated flask; this solution remained stable 
for 1 week if kept refrigerated. Working sol- 
utions of  lower concentration were prepared 
daily by appropriate dilution of  the stock sol- 
ution. 

Thallium(III) stock solution (1 × 10 3M) in 
I M hydrochloric acid was prepared from thalli- 
um(III) nitrate trihydrate (Merck). Solutions of 
lower concentration were prepared by dilution 
with 1M hydrochloric acid. 

Manifold 
The schematic diagram of the instrumental 

set up is shown in Fig. 1 with conditions as 
stated. The sample is introduced at point S with 
the aid of the Omnifit rotary valve with a 235-/~1 
loop. The reagent streams are pumped at the 
same flow rate in order to achieve effective 
mixing of both solutions. The reaction is started 
by injection of the sample and, as the sample 
zone reaches the flow cell, the fluorescence of 
thallium(l) formed is measured (2~x = 227 nm; 
2era = 419 nm). 

RESULTS AND DISCUSSION 

TU is rapidly oxidized by thallium(Ill) to 
form fluorescent thallium(I). The fluorescence 
spectra of  a solution containing 1 x 10-4M 
TI(III), 1 x 10 5M TU and IM HCI are shown 
in Fig. 2. The excitation maximum occurs at 
227 nm and the fluorescence emission maximum 
at 419 nm. The fluorescence intensity increases 
with increasing chloride and ion hydrogen 
concentrations up to about 0.9M, above which 

it remains constant. A 1.0M hydrochloric 
acid was selected for further investigations. 
Alternatively, TU can be easily oxidized in 
a flow system by injection into a thallium(Ill) 
solution flowing on line. The manifold in 
Fig. 1 was used to investigate the effect of 
chemical and flow-injection variables on the 
peak height. 

Influence of manifold parameters 
The variables studied were flow-rate, volume 

injected and length of the reaction coil. The 
reagent concentrations used in these exper- 
iments were as follows: thallium(Ill) line, 
2 × 10-4M and hydrochloric acid line, IM. The 
mixing ratio between both streams was always 
1:1. 

The sample volume was varied between 35 
and 285 ~i. The peak heights increased with 
increasing volumes injected up to 235/zl, above 
which they remained virtually constant. A 
sample volume of  235/~! was chosen for further 
experiments. 

The peak height obviously depends on the 
residence time of the sample zone in the system, 
i.e. on the total flow rate and the tube length. 
The effect of the flow rate was checked over the 
range 0.4-2.0 ml/min. The lower flow rates gave 
higher fluorescence intensities although, up to 
0.5 ml/min, peak-height reproducibility was 
poor and the peaks were so broad that sample 
throughput was very low. A flow rate of 0.6 
ml/min (0.3 for each channel) was selected as the 
best compromise between reproducibility, sensi- 
tivity and throughput. 

Reaction coils measuring of O-150 cm were 
tested. There was little increase in fluorescence 
intensity with increased reactor lengths up to 
30 cm, above which the signal decreased 
slightly. The length chosen for the reactor was 
30 cm. 

A 8 
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200 300 400 $00 

Wsvelength(rlm) 

Fig. 2. Exci tat ion (A) ;  and emission spectra (B). [T l ( ] l l ) ]  = 
I × 10-4M;  [ thiourca] = I × 10 5M; [HC] ]  = 2M.  
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Fig. 3. Effect of hydrochloride acid concentration on the 
peak height. 

Influence of reagent concentrations 

The effect of varying concentration of  thalliu- 
m(Ill) and hydrochloric acid were tested in the 
optimized flow system. The fluorescence inten- 
sity increased slightly as the hydrochloric acid 
concentration was increased from 0.1 to 1.0M, 
above which it remained virtually constant (Fig. 
3). The peak height increased steeply with an 
increase in thallium(III) concentration up to 
4 x 10-SM, and was constant at higher concen- 
trations (Fig. 4). The reagents used were 
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Fig. 4. Effect of thallium(lII) concentration on the peak 
height. 

I × 10-4M thallium(III) and 1.0M hydrochloric 
acid. 

Calibration graph and reproducibility 

A series of standard solutions of TU were 
injected into the manifold under the selected 
conditions to test the linearity of the calibration 
graph. A linear relationship between TU con- 
centration and fluorescence intensity was ob- 
tained over the range 5 × 10 7-1 × 105M. 
Regression analysis of the linear portion of the 
calibration graph gives a standard deviation of 
1.6% for the slope and a correlation coefficient 
of 0.9993. The precision of the method was 
established by repeated assays (n = 10) using 
3 x 10 6 and 8 x 10 6M solutions of TU. The 
relative standard deviations were 2.3 and 1.2%, 
respectively. The sampling rate was about 90 
samples/hr. 

Interference studies 

In order to assess the possible analytical 
applications of the flow injection procedure 
described above, the effect of concomitant 
species on the determination of TU in real 
samples was studied by analysing synthetic 
sample solutions containing 5 × 1 0 - 6 M  of TU 
and various excess amounts of the food addi- 
tives commonly found in fruit juices and fruit 
peels, inorganic compounds and organic acids. 
A substance was considered not to interfere if 
the variation in the peak height of TU was less 
than 3%. The results are shown in Table 1. 

Analytical applications 

The proposed method was applied to the 
determination of TU in fruit juices and fruit 
peels. TU is often added to citrus as a fungicide 
to assist in its conservation during cold storage. 
The recoveries from the samples spiked with 
different amounts of TU are shown in Table 2. 

Table 1. Tolerance to different species in the determination of 
thiourea* 

Maximum tolerable 
Species added molar ratio 

CI , SO4-, PO4H 2 , acetate, citrate, tartrate, 
urea, glucose, alanine, Zn 2+, A13+ 
F - ,  glycine 
Hippuric acid, ascorbic acid, 
Br , NO 3,  MOO]-,  Cd 2+ 
Uric acid, cystine, Mn 2+ 
Fe 3+, Pb 2+, EDTA 
Bi 3+, Cu 2+, 1 , cysteine 

500t 
I00 

*Thiourea concentration, 5 x 10 6M. 
tMaximum ratio tested. 

l0 
5 
1 
0.1 
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Table 2. Recovery of thiourea in fruit juices and fruit peels 

Average Found by 
Amount Amount recovery Reference 

Sample* added foundt (%) methodl°:~ 

Lemon juice 8.0 7.65 + 0.62 95.6 7.82 
(pg/ml) 15.0 14.43 + 0.49 96.2 14.64 

30.0 28.95 + 0.37 96.5 29.20 
Orange juice 8.0 7.68 __+ 0.51 96.0 7.74 
(pg/ml) 15.0 15.04 + 0.35 100.3 14.86 

30.0 28.71 _ 0.47 95.7 29.30 
Orange peel 5.0 5.02 + 0.63 100.5 4.86 
(mg/kg) 10.0 9.58 + 0.55 95.8 9.81 

15.0 14.61 +0.47 97.4 15.2 

*Ascorbic acid was previously eliminated by heating 
alkaline medium at 50°C for 30 min. 

tAverage values of four determinations ±SD. 
:~Average of two determinations. 

the solution in 

As  can  be seen, the  assay  resul ts  fo r  all the  

samples  were  in g o o d  a g r e e m e n t  wi th  the  va lues  

fo r  the  n o m i n a l  c o n t e n t s  a n d  wi th  those  ob-  

t a ined  us ing  the  m a n u a l  p h o t o m e t r i c  m e t h o d  

r e c o m m e n d e d  by A O A C .  m 

CONCLUSIONS 

T h e  resul ts  o b t a i n e d  d e m o n s t r a t e  the  ut i l i ty  

o f  m e a s u r i n g  the  f luorescence  o f  the  tha l l ium( I )  

f o r m e d  in the  r eac t i on  b e t w e e n  T U  and  TI( I I I )  

fo r  the  d e t e r m i n a t i o n  o f  T U  at  t race  levels.  T h e  

p r o p o s e d  m e t h o d  is su i tab le  for  d e t e r m i n i n g  T U  

der iva t ives ,  wh ich  a re  a lso  ox id i zed  by thal l i -  

um( I I I ) .  Th i s  s c h e m e  w o u l d  be  useful  as a 

p o s t c o l u m n  on- l ine  r eac t ion  for  the  s imul -  

t a n e o u s  d e t e r m i n a t i o n  o f  severa l  t h i o u r e a s  

us ing  h igh  p e r f o r m a n c e  l iqu id  c h r o m a t o g r a p h y .  
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Summary--The adequation of the current theories for calculating activity coefficients has been studied for 
a series of  ionic equilibria in analytical chemistry: the water ionic product as well as two reactions of 
complex formation and oxidation-reduction. In all the cases, the specific interaction theory (SIT) has 
proved to be adequate and simple to apply in a restricted interval (0.5 3M), whereas Pitzer's theory is 
outstanding for its high precision in reproducing experimental behaviour and to correlate values of 
equilibrium constants for different conditions and media. 

Most of the equilibrium constants values re- 
ported in analytical chemistry are referred to 
given ionic medium conditions owing to the 
dependence of these values on the nature and 
ionic strength of the ionic medium. Conse- 
quently, in most cases a previous selection and 
extrapolation of these known equilibrium con- 
stants values to different experimental con- 
ditions is needed. For  this purpose, the activity 
coefficients of  the species involved in the reac- 
tions should be determined. 

The corresponding calculations are often re- 
stricted to the use of the Debye-Hiickel theory ~,2 
or the Davies equation, 3 in spite of  their short 
range of validity. However, some authors have 
applied the so-called specific interaction theory, 
SIT, ~ '  to correlate equilibrium constant data 
and an evaluation of the different theories for 
calculating mean activity coefficients has been 
reported. 7 

In a previous publication, s the specific inter- 
action and ionic associations theories for calcu- 
lating mean activity coefficients for 2: 1 and 2: 2 
electrolytes have been applied and criticised. In 
this work, two representative theories, SIT 9 and 
Pitzer ~0 ~3 for calculating single-ion activity co- 
efficients have been compared in terms of their 
applicability in the prediction and correlation of 
equilibrium data in different media and ionic 
strengths. For this purpose, the following 
examples of general interest in solution chem- 
istry have been selected: the ionic product of 

water, the formation constant of the diaminsil- 
ver complex and the redox potential of the 
Hg~ +/Hg pair. 

Table 1 shows the general SIT and Pitzer 
equations for the calculation of single-ion ac- 
tivity coefficients in mixtures of electrolytes. In 
Table 2 the values of  the parameters needed to 
perform the calculations presented in this work 
are shown. All the calculations have been car- 
ried out by means of the program LETAGROP- 
MODEL FUNCTION.  ~4 In this program the 
function to be minimized is the error square 
sum, U, defined as 

U = ~ (Aexp - A c,,~):, 
N 

where Aexp is the experimental function and Ac~c 
the corresponding magnitude calculated by the 
program, N is the number of experimental 
points. The best fit is that which gives the lowest 
values for both U and the mean standard devi- 
ation, or. The statistical factor, R = U/EA ~,p is 
also given by the program. 

RESULTS 

The ionic product of water (k,,) 

The dependence of kw on temperature is em- 
phasized in most textbooks whereas the influ- 
ence of the medium and ionic strength is usually 
omitted. However, this variation can be appreci- 
able as seen in Fig. 1, where k~ values in LiC1, 
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Table 1. General expressions of  SIT and Pitzer theories for 
calculating single-ion activity coefficients 

SIT 
1OgTM = - z h D  + £~ ( M : + , X ) m  x 
E (M, X, I) = (Iz M + Zx 12/41 )(log y ° x + Iz M z x I D ) 
D = A x/t/(l + 1.5x/l),  A = 0.5109,171 

? ° x :  mean activity coeffcient of  the pure MX electrolyte. 

Pitzer 
log )'M = zh f y  + 2Er G {BMa "b (]~mZ)CMa } + 2Errtc0Mc + 

+ ZZmcm~{ZMB ',~ + Zm Cc~ + ~Om¢. } 
X(mz) = Xm, zc = Em~IGI 
f~, = 0.392{(x/1/1 + 1.2x/l) + (2/1.2)1n(1 + 1.2~/I)} 
BMX = fl ~x + ( fl ~)x /21 ){ I - ( I  + 241)exp(  - 241)}  
B ~x = ( fl ~)x / 212){ - 1 - (I + 2x/1 + 21 )exp( - 2x/1 )} 
CMX = C~X/(2[ZMZxII/2). 

NaCI and KCI media reported by Harned 
and Owen ~5 have been plotted as a function of 
the ionic strength. This figure proves that the 
value kw= 10 -t4 usually adopted is not ade- 
quate and, therefore, extrapolations to given 
experimental conditions should be carried 
out, specially when accurate calculations are 
needed. 

The acidity reaction of water was firstly con- 
sidered with the following relationship between 
the equilibrium constant at infinite dilution, k °w 
( 1 0  -14 a t  298 K), and the corresponding stoi- 
chiometric equilibrium constant, kw: 

pkw = pK ° + log VH + log VOH -- log aw, (1) 

7H and Yon being the single-ion activity co- 
efficients and aw the water activity, which can be 
calculated from: 

aw = -0.00784v~bm, (2) 

or taken from literature. ~5 In equation (2), v is 
the stoichiometric index, ~b the osmotic co- 
efficient of the solution and m the molality. 

The application of SIT and Pitzer equations 
shown in Table I leads to the following theoreti- 
cal expressions for pkw in LiCI, NaCI and KCI 
media: 

SIT: 

pk ~w = PK ° - 2D + {c (H +, Cl- ) 

+E(OH- ,  M+ )}mMcl -- log aw (3) 

PITZER: 

2.30pk Jw = 2.30pK ° + 2 f , +  2m {BHo + BMOH 

+ m  ( C H c  I At" CMOH) } "q- m2(2B •o 

-f- 2CMcI q- OdHCl MCI -]- kI'/MCI - MOH ) 

+2m (0,CI-MCI+0MCl MOH)--log aw, 

(4) 

where M refers to Li +, Na + or K +. 
The suitability of SIT and Pitzer theories for 

calculating single-ion activity coefficients can be 
evaluated through the comparison of calculated 
kw values (using the parameters listed in Table 
2) and the corresponding experimental values 
reported by Harned and Owen. 

The results obtained are illustrated in Fig. l 
as kw =./'(ionic strength) for the three ionic 
media. It can be appreciated that at low values 
of ionic strength both theories approximately 
predict the experimental behaviour, whereas on 
increasing the ionic strength the differences are 
significant. SIT theory qualitatively reproduces 
the experimental function, whereas Pitzer 
equation gives rise to an excellent prediction of 
the experimental behaviour. For comparison, in 
the same figure, values of kw derived using the 
extended Debye-Hfickel equation for the value 
B. a = I are represented. 

Table 2. Values of  the known SIT and Pitzer parameters  for the calculations 

Interaction coeffcient, d 9) fl IO)ll 1) ]~ (I)ll D Cq~(i 1) 

~ ( H + , C 1 ) = 0 . 1 2  HC1 0.1755 0.2945 0.0008 
(H +, N O ;  ) = 0.07 LiCI 0.1494 0.3074 0.00359 
(H +, CIO 4 ) = 0.14 NaCI 0.0765 0.2664 0.001270 

E (NH4 ~ , C1 ) = -0 .01  KCI 0.04835 0.2122 -0 .00084  
E (NH~-, CIO4- ) = - 0 . 1 0  + 0.14 log / LiOH 0.015 0.14 - -  
E (NH + , N O ;  ) = - 0 . 0 8  + 0.06 log I N a O H  0.0864 0.253 0.0044 
E (Ag+, N O 3 )  = - 0 . 1 4  + 0.10 log I K O H  0.1298 0.320 0.0041 

(Ag +, C10 4 ) = 0.0 A g N O  3 -0 .0856  0.0025 0.00591 
E ( O H - ,  Li + ) = - 0 . 0 4  + 0.071 log I HCIO 4 0.1747 0.2931 0.00819 

(OH , Na + ) = 0.04 
E ( O H - ,  K + ) = 0.08 

0 0 2 ~  ho(t21 

HCI LiCl 0.015 0,000 
HCI-NaC1 0.036 - 0.004 
HCI -KCI  0.005 -0 .0 0 7  
LiOH-LiCI  - 0 . 0 6 5  -0 .0 0 5  
N a O H - N a C I  - 0 . 0 5 0  - 0 . 0 0 6  
K O H - K C I  - 0 . 0 5 0  -0 .0 0 8  
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l kw 1014 I 

• 1 A/-':- I " " .  LiCI, Pitzer I "-. ] 

',too'  0-1,1 
0 2:0 4 .0  

Fig. l. kw values in LiCI, NaCI and KC1 media as a function 
of the ionic strengthJ 4 Lines represent the predicted k,~ 

values using SIT and Pitzer theories. 

The.formation constant o f  the diaminsilver com- 
plex 

The diaminsilver formation equilibria has 
been extensively studied in different media and 
ionic strengths because of its importance in 
analytical chemistry. Consequently, there is a 
significant number of different formation con- 
stant values reported for this equilibrium. J6,t7 

In this case, the application of SIT and Pitzer 
theories should allow to correlate the different 
equilibrium constant values as well as to ex- 
trapolate to given experimental conditions. The 
precision in the correlation will indicate the 
degree of suitability of both theories. 

Besides the stoichiometric equilibrium con- 
stant values, /3~, reported in the literature in 
NaC104, KNO3, NaNO3 and LiNO3 for the 
reaction: 

Ag + + 2NH3 ~ Ag(NH3) ~ (5) 

it is necessary to consider the corresponding 
values, k ~, reported for the equilibrium: 

NH2 ¢~ NH3 + H +. (6) 

These values can be related to the correspond- 
ing at infinite dilution, /3 2 0 and k 0 by: 

log fl ~ = log/3 0 + log 7Ag(NH3)2 

--log 7Ag-- 2 log)'Nm (7) 

and 

pk ~ = pK ° - log 7NH4 + log 7~,m + log 7H, (8) 

where the calculation of the activity coefficient 
for the neutral species NH3 is needed. The 
activity coefficient for this compound can be 
calculated by means of the Long and McDevit 
equation: ~s 

log 7NH~ = s (NH 3, E)m, (9) 

where s (NH3,E)  is the so-called salting co- 
efficient of the neutral species NH 3 in the ionic 
medium E, and m is the molality. 

Prior to considering the diaminsilver for- 
mation equilibrium, s should be evaluated 
through equations (8) and (9). For the sake of 
simplicity, the SIT theory has been used to 
determine the salting coefficients and pK ~ values: 

p k ~ + { ~ ( N H 2 , X  ) - c ( H + , X  )}m 

= pKll + sm, (10) 

where X refers to NO~ or C104. 
The plot of the first member in equation (10) 

as a function of m is shown in Fig. 2. From 
the obtained straight line, the value of 
pK ° =  9.25 + 0.01 is concluded and within 
the experimental error, s(NH3, NaNO~) 
s ( N H  3, NaC104) ~ s(NH3, LiNO~) ~ 0 can be 
derived. These results agree with experimental 
data reported by Maeda et al. indicating that the 
activity coefficient of ammonia in salt solutions 
is constant and close to unity. ~ 

Therefore, the application of SIT theory to 
equation (7) leads to: 

l o g / 3 ~ - ( ( A g + , X  )m 

= l o g / 3 ° - ~ ( A g ( N H 3 ) +  X )m. (11) 

If this equation is valid, the experimental 
function log/3 ~ - c (Ag +, X ) = f ( m )  should 
yield two different straight lines, one for 
the three different nitrate media and another 
for perchlorate medium, with the same Y-axis 

9.6. 

9.2 

8.8 

p k a  I + { c (NH4 +, X ' )  - £ (H +, X ' )  } m 

[ ]  ~ Ge l  

~ N a C l O =  
/~ KNO] 

OLICIO= 
OLINO3 

m ( m o l . k g  -1 ) 

1.0 2.0 3.0 

Fig. 2. The application of  SIT theory to literature pk,, 
(NH 2 ) data at different ionic media. 
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8 . 0  

7 . 0  

log p21 - e(Ag+,X ") m 

p e r c h l o r a t e  

• 0 0 

I(mol.kg "1 ) 
0 2.0 4~0 6.0 

Fig. 3. The application of S]T theory to literature f12 data 
at different ionic strengths and media. 

in te rcept .  As seen in Fig.  3, the  p red ic t i on  is 
fulfilled in the  r ange  0 .5 -3 .0  mol /kg .  As  the 
ionic  s t reng th  increases,  dev i a t i ons  be tween  the 
expe r imen ta l  d a t a  a n d  the theore t ica l  f unc t ions  
are  higher .  F r o m  the f u n c t i o n  expressed in 
e q u a t i o n  (11), the p a r a m e t e r s  col lected in T a b l e  

3 were ob t a ined .  
O n  the o the r  h a n d ,  the  ap p l i c a t i o n  o f  Pi tzer  

theory  to e q u a t i o n  (7) has  been  res t r ic ted to 
d a t a  in n i t r a t e  m e d i a  because  the  r equ i red  Pi tzer  
p a r a m e t e r s  in  pe rch lo ra t e  m e d i a  are n o t  avai l -  
able.  T h e  fo l lowing  express ion  c an  be der ived  
for the  d i amins i l ve r  f o r m a t i o n  c o n s t a n t  in  ni-  

t ra te  media :  

In fl ~ = In fl 0 + 2 m  {BAgNO 3 - -  BAg(NH3)2NO~ 

+ m ( C A : o 3  - -  C As(N.3):03 ) 

-{- 0 A g N O 3  - MNO3 - -  0Ag(NH3)2 NO3 - M N O 3 ) }  

-1- m 2 ( W A g N O 3  MNO 3 - -  k ' I]AgtNH3)2NO 3 -  M N O 3 ) ,  

(12) 

where  M refers to Li +, N a  + or  K +. 

In  this e q u a t i o n ,  the f u n c t i o n  BAgNO 3 a n d  the 
p a r a m e t e r  C A g N O  3 shown  in Tab l e  I can  be 
eva lua ted  t ak ing  in to  a c c o u n t  the values  o f  the 
p a r a m e t e r s  n (o) a (i) a n d  C ~ col lected P' AgNO 3 , / J  AgNO 3 AgNO 3 
in  T a b l e  2. There fore ,  in e q u a t i o n  (10) there  are 
seven u n k n o w n  pa rame te r s  which  can  be 
g r o u p e d  as follows: 

In fl ~ - 2m (BAgNO 3 "+ mCAgNO3) = In fl 0 

- -  2 m  ~ n (o) ~./J Ag(NH3)2NO 3 "Jc 0Ag(NH3)2NO 3 _ MNO3 

- -  0 A g N O  ~ _ 2 4~ • MNO3 ) - m ( C A g ( N H 3 ) 2 N O  3 

"31- kI'/Ag(NH3)2 NO3 - MNO3 - -  LIJAgNO3 - MNO3 ) 

- f l ( '  ~1 - (1 + 2 x / l ) e x p ( -  2 x / I )  }, Ag(NH3)2NO3 "( 

(13) 

where  I ~ m. 
Th i s  f u n c t i o n  has  been  p lo t t ed  in Fig. 4 where  

it c an  be seen to give a good  fit in  the r ange  
I = 0 - 6  mol /kg .  In  this case the dev ia t ions  
observed  wi th  S IT  theory  as high ionic  s t rengths  
do  n o t  appear .  The  va lue  l o g f l ° =  7.22 + 0 . 0 1  
can  be o b t a i n e d  f rom the in te rcep t  o n  Y-axis 
as well as the Pi tzer  pa r ame te r s  col lected in  
Tab l e  3. The  s imi lar i ty  o f  the pa rame te r s  0 in 

N a N O 3  a n d  KNO3 m ed ia  as well as the signifi- 
c a n t  difference wi th  those  in  LiNO3 m e d i u m  can  
be c o n c l u d e d  f rom these results.  

As  it c an  be apprec ia t ed  in all the  cases the 
dev i a t i ons  o b t a i n e d  wi th  Pi tzer  theory  are m u c h  
lower  t h a n  those  o b t a i n e d  by SIT.  However ,  the 
app l i c a t i on  o f  S IT  theory  gives rise to accept-  
ab le  resul ts  up  to 3 mol /kg ,  special ly if  its on ly  
p a r a m e t e r  i nvo lved  in c o m p a r i s o n  wi th  the 
seven pa rame te r s  needed  in Pi tzer  e q u a t i o n  is 

cons idered .  

Table 3. Values of the calculated values for SIT and Pitzer parameters, as well as equilibrium 
constant/potential redox values at infinite dilution, and results of the numerical fits for the data 
treatment of the formation constant values of the diaminsilver complex (2) and the redox potential 

data of H a  +/Hg pair (3) 

Case SIT Pitzer 

2 pK ° = 9.25 _+ 0.01 log fl 0 = 7.22 __+ 0.01 
s(NH~,NaNO3) 0 o) _ = fl A~(NH.:NO~ -- 0.04 _+ 0.01 
s (NH3,KNO3) = 0 fl(~(NH3)2NO3 "~- 0Ag(NH3J2NO - MNO, - -  0AgNO3 MNO3 = 
s (NH3,LiNO3) = 0 -0.049 + 0.008 (Li), -0.095 + 0.005 (Na,K) 
a = 0.051, U = 0.0628, 
R = 5.419 x 10 -3 

log fl 2 o = 7.24 + 0.02 
(Ag(NH3) 2" ,NOr ) = -0 . I0  ___ 0.06 
(Ag(NH3), + ,CIO~- ) = -0.19 __+ 0.10 

0 = 0.049, U = 0.0620, 
R = 6.225 x 10 -3 

E ° = 795.86 + 0.09 mV 
(Hg.~ + ,CIOf ) = 0.16 + 0.05 

tr =0.222, U =0.394, R =2.51 x 10 -4 

C ~Ag(NH3)2NO3 "4- ~I/Ag(NH3)2NO3 - -  kPAgNO3- MNO3 = 
0.011 + 0.003 (Li), 0.008 + 0.002 (Na, K) 
a = 0.032, U = 0.0147, R = 1.79 x 10 -3 (Na, K) 
a = 0.041, U = 0.0165, R = 2.220 x 10 -3 (Li) 

E ° = 796.92 + 0.28 mV 
fl ~L,(oo,)_, + 0H~_,(OO~L, HCLO, = 0.230 + 0.03 

(OF fl HS:~OO4): --  2 . 1 3 6  + 0 . 1 4  
(I/x/2)C + q'H~:(clo4):-aoo, = 0.024 + 0.09 
a = 0.033, U = 0.0089, R = 4.284 × 10 -4 
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17.4 

17.0 

16.6 

In ~21 - 2 m (B, , ,o  3 + C,g,o~ m) 

+ 

0 

I (mol.kg "1) 
2.0 4.0 6.0 

Fig. 4. The application of Pitzer theory to literature f12 data 
at different ionic strengths and media. 

800  

781  

E - 29.58 log CHg CH'2 ÷ 59.16 O 

mHCIO 4 (moLko' l )  

0 2~,0 4~0 

Fig. 5. The application of SIT theory to literature redox 
potential data of the Hg~÷/Hg pair at different ionic 

strengths. 

The redox potenth~l of the Hg~ +/Hg pair 

Several authors ~9-2t have measured the con- 
ditional potential values for the Hg~ +/Hg redox 
couple as a function of  H ÷ concentration by 
means of  potentiometric measurements of  the 
cell: 

H2 ( g ) / H C l O 4 ,  C H / H C 1 0 4 ,  

C H / / H g 2  (C104)2 ,  C B / H g ,  

where c is the molar  concentration, and 
CB. CH << 1. 

The measured potential corresponding to the 
reaction: 

H2(g) + Hg~ + ¢~, 2H + + 2Hg (14) 

can be expressed by 

E = E ° +  29.58 log(C./C~) 

+ 29.58 log YHg272. (15) 

The application of SIT theory to this 
equation leads to the following function: 

E - 29.58 log(Ca/C~) + 59.16D 

= E ° + 29.58{c (Hg~ + , C10~- ) 

- 2~ (H +, ClO4)}mHoo..  (16) 

The linear plot E -  29.58 log(CB/C 2) + 
59.16D =f (mHoo, )  is shown in Fig. 5, from 
which values of  E ° and c (Hg 2+, C I O ; )  col- 
lected in Table 3 were obtained. On the other 
hand, the Pitzer theory applied to this system 
can be expressed by the equation: 

E - 29.58 Iog(CB/CH) = E ° 

-- (29.58/2.30){ -- 2f:' + 2rnoo4 (2BHcIO4 

+ 2CHcIO4mHCIO4 - -  nHg2(CiO4)2 

- -  CHg2ICIO4 )2 mHCIO4 ) 

+ 2(2mHg -- m H )0HCIO 4 Hg2{CIO412 

+ 2mHg moo 4 (B Hg2 (O04)2 

-]- CHg2(CIO4)2 "J- I~JHCIO 4 Hg2(CIO4) 2 ) 

--mHmHCI04( 4B FICIO4 + 2CHCIO4 

+ q'HOO4 Hg21CtO4),)- ( 1 7) 

Taking into account that m H ~ mcio4 ,~ I ~ m, 
and mHg<<mH, equation (17) can be transformed 
into: 

Y = (4.60/59.16)E - 2.30 log CB. C~ 2 - 2f  :÷ 

+ 4mBHcI% + m2C ~ClO, - -  4m2B HCIO 4 

= (4.60/59.16)E 0 + 2m ( fl (H°~21C]O,), 

+ 0Hg2(C]O4)2 _ HC)O 4 ) -~- R (I) F' Hg2(CIO4) 2 

+ {1 - (1 + 2 ~ / I ) e x p ( - 2 ~ / I ) }  + m 2 

× {(I/./2)c*.g,.c.o,~+~'.c.o, .g:,c,o~):}. (18) 

where the parameters fl~01 and fl (') included in 
the functions BHCIO 4 and B ~clo~ as well as the 
parameter  C HaO4 are known (Table 2). 

Experimental data Y = f ( m )  have been plot- 
ted in Fig. 6 together with the theoretical func- 
tion from which the parameter  values 
summarized in Table 3 were derived. 

68 y 

6 0  mHCIO 4 (mol.kg-l) 

0 2".0 4:0  

Fig. 6. The application of Pitzer theory to literature redox 
potential data of the Hg~*/Hg pair at different ionic 

strengths. 
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DISCUSSION 

Values for the determined parameter values 
derived for the three cases studied are summar- 
ized in Table 3 together with the values of the 
mean standard deviation a and the statistical 
factor R. From the obtained results, the possi- 
bility to overcome the difficulty derived from the 
different equilibrium constant values collected 
in the literature for a given reaction can be 
concluded first. In fact, the application of SIT 
and Pitzer theories allows the selection of the 
appropriate equilibrium constant values as well 
as the extrapolation to given experimental con- 
ditions with more or less accuracy. 

Thus, in the case of the water acidity equi- 
librium, it should be noted that the use of SIT 
and Pitzer theories for calculating H + and OH 
activity coefficients can predict the appreciable 
variations of experimental kw values with the 
ionic media. Especially with the use of Pitzer 
equations, numerical experimental values for kw 
in different media may be deduced with mini- 
mum error. 

The formation of  the diaminsilver complex 
has been selected as representative of complex 
formation equilibria. Values of  the interaction 
coefficients (c) of diaminsilver and nitrate or 
perchlorate agree acceptably with literature val- 
ues reported for these parameters. ~6 The zero 
mean values of the salting coefficients for NH3 
at the different ionic media considered are in 
agreement with literature values for this par- 
ameter. 

Although Pitzer parameter values are much 
more scarce in the literature in relation to 
complex formation equilibria, it is noteworthy 
to point out that values obtained for diaminsil- 
ver nitrate are within the interval from the upper 
to the lower values reported by Pitzer for 1:1 
electrolytes in nitrate media. Thus, the fl ~0~ value 
varies from 0.1 to -0 .1 ,  f l~  from 0.3 to - 0 . 4  
and C ~ from 0.007 to -0.006.  ~ 

The application of SIT theory leads to good 
results in the range I = 0.5-3.0M, while with 
Pitzer theory a good fit is obtained in the range 
considered (up to 6M ). The deviations observed 
at the highest ionic strength values can be 
attributed to the lack of consideration in the SIT 
theory of the same sign ionic interactions which 
are appreciable at high values of ionic strength. 

The redox potential of the Hg~ +/Hg couple 
can be reported as an example of treatment of 
redox potential data which are scattered and 
sometimes confused in the literature. Both SIT 

and Pitzer theories give similar values for E ° 
magnitude and good fits are obtained, specially 
in the case of Pitzer equation. 

The Pitzer parameter values in perchlorate 
media for the 2:1 Hg2(C104)2 electrolyte are 
within the interval for fl~0~, tim and C ~ for this 
type of electrolyte, 0.8 to - 0 . 4 4  for fl ~0~, 2.9 to 
2.1 for tim and 0.04 to - 0 . 0 6  for C °, respect- 
ively, reported by Pitzer. t~ 

The comparison between the results obtained 
by SIT and Pitzer theories in the prediction or 
correlation of equilibrium constant and redox 
potential data in different media clearly indi- 
cates the suitability of Pitzer equations for this 
purpose. On the other hand, the application of 
SIT theory gives rise to acceptable results up to 
3M, especially if its simplicity, only one par- 
ameter (c) is used in the calculations, is taken 
into account. 
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Summary - -A  method for the extraction-spectrophotometric determination of palladium with 3,4,4a,5-te- 
trahydro-3,3,4a-trimethyl-7-(substituted)-pyrimido(l,6-a)benzimidazole-l-thiol (PBT) is described. 
PBT-Pd(II)  complex is extracted from an acidic aqueous solution (0.014).5M HC104) into a chloroform 
layer. The absorbance is measured at 438 nm and the molar absorptivity found to be 1.033 x 104M 
cm-~. The complex system conforms to Beer's law over the range 1.9-28.5 ~tg/ml palladium(II). The effects 
of  pH (2~) ,  HCIO 4 concentration, PBT concentration and shaking time were studied. The ratio of  metal 
ion to ligand molecules in the coloured complex was found to be 1 : 4. The tolerance limit for many metals 
have been determined. Finally, the method has been applied successfully to the determination of  palladium 
in synthetic mixtures and in the standard palladium carbon powder (palladium catalyst). 

Palladium is one of the platinum group metal. 
It is a good catalyst and is used widely for 
hydrogenation and dehydrogenation reactions. 
Owing to its corrosion resistance nature and 
alloying ability, palladium and its alloys are 
used in dental and medicinal devices, and in 
jewellery manufacture. 

Various organic compounds such as 2- 
hydroxy acetophenone thiosemicarbazone, t l- 
amino-4hydroxy anthraquinone, 2 2-hydroxy-4- 
methoxy-5'-chlorochalcone oxime, 3 di-2-pyridyl 
methanone-2-(5-nitro)pyridyl hydrazone, 4 2- 
carboxy-2'-hydroxy-5-methyl-azobenzene, 5 5,6- 
dimethyl-l,3-indanedione-2-oxime, 6 isonitroso- 
malone dianilide 7 and 3,5-dichloro-2-(2,4-di- 
amino-phenyl) pyridine 8 have been reported as 
spectrophotometric reagents for the determi- 
nation of palladium(II). Some organic reagents 
bearing mercapto group have also been ex- 
plored for the determination of palladium(II), 
viz. 2-mercaptobenzoxazole, 9 mercaptoacetic 
acid-/3-naphthylamide, ~0 8-mercaptoquinoline, ~ 
fl-mercaptroresorcylic [4-hydroxy-2-mercapto- 
benzoic] acid, ]2 2-mercaptoacetoacetanilide, ~3 
2N-(2-mercaptophenyl)-  1,2,3-benzothiadiazo- 
line H't5 and 2-mercaptobenzamide. ~6 How- 
ever, the reported methods suffer from 

*Author to whom correspondence should be addressed. 

limitations such as longer extraction 
period, 4'8̀ 9̀ t4"j5 less satability, 8 interferences from 
other commonly associated ions 4"5"t2'16 and negli- 
gible extraction, t'2"6"9"~2 

Anti-parasitic and anti-inflammatory activity 
evaluation of pyrimido benzimidazoles ~7,~ and 
their derivatives ~92° have been reported in the 
recent literature. The analytical applications of  
pyrimido benzimidazoles have not been ex- 
plored so far. 

In the present investigation 3,4,4a-5-tetrahy- 
dro - 3,3,4a- trimethyl - 7 - ( substituted ) - pyrimido 
(l,6-a)benzimidazole-1-thiol (la-c) has been ex- 
plored as a new reagent for the separation, 
extraction and determination of palladium. 
Among the transition metal ions tested the 
reagent reacts with Pd(II) and Hg(II). But the 
conditions for the extraction of Hg(II) are 
different from that of palladium. Hence no 
interference from Hg(ll) is observed during the 
determination of Pd(ll). 

EXPERIMENTAL 

Reagents 

Synthesis of  3,4,4a,5-tetrahydro-3,3,4a-tri- 
methyl pyrimido [ 1,6-a]benzimidazole- 1 -thiol(la) 
(PBT). o-Phenylene diamine (2.16 g, 0.02 mol) 
was dissolved in methanol (20 ml) and to it was 
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added 4-methyl-4-isothiocyanato-2-pentanone 
(3.50 g; 0.022 mol) and 2 drops of conc sul- 
phuric acid (pH ~ 6). The reaction contents 
were heated under reflux for 8 hr. Solvent was 
removed under reduced pressure and the residue 
left behind was basified with sodium carbonate 
solution. Solid so obtained was filtered, washed 
with water and air-dried. The crude product was 
recrystallized 2' from THF to give 3,4,4a,5-te- 
trahydro-3,3,4a-trimethyl pyrimido[l,6-a]ben- 
zimidazole-l-thiol (la), yield 86% mp 223°C, Z H 
NMR (300 MHz; DMSO-d6): 6 1.2 (d, 6H, 
C H 3 - I - C H 3 )  , 1.35 (s, 3H, -CH3) ,  2.10 (s, 1H, 
Jgem. = 15 Hz), 2.32 (d, 1H. Jgem. = 15 HZ), 6.5 
(m, 3H, one H exch. -NH + 2H Ar), 6.80 (t, 1H, 
Ar), 8.3 (s, -C-NH, exch.), 8.55 (d, IH, Ar). HR 
MS m/z (rel. int.%), 247.1148 ([M] +, 51.84). 
Calcd. for CI3HIvN3S 247.1143. Elemental 
analysis found C, 63.00; H, 7.00; N, 17.10; 
Calcd. for C13HI7N3 S C, 63.15; H, 6.88; N 
17.00. 

Pyrimido[1,6-a]benzimidazoles (lb and e) 
were prepared by condensing 4-methyl 1,2- 
phenylene diamine and 4-methoxy- 1,2- 
phenylene-diamine with 4-isothiocyanato-4- 
methyl-2-pentanone (Sahu, Guptu and Sondhi, 
unpublished results). ~8 Both these compounds, 
were purified by recrystallization and purified 
compounds gave correct ~H NMR, HRMS and 
elemental analysis (within an error of +0.4%). 

Pd(II) Standard solution 

A 1.9 x 10 3M stock solution was prepared 
by dissolving 0.0334 g palladium(II) chloride 
(Johnson Mathey, London) in a few drops of 
conc hydrochloric acid and diluting to 100 ml 
with double distilled water. The stock solution 
was standardized 22 with dimethyl glyoxime. 

All the reagents and chemicals used were of 
analytical grade. Solutions of other ions were 
prepared by dissolving the corresponding salts 
in double distilled water. 

Apparatus 

Absorbance measurements were carried out 
with a Shimadzu UV-260 recording spectropho- 
tometer with 1 nm band width and 10 mm 
matched silica cells. A CL-46 Toshniwal, digital 
pH meter with a combined glass electrode was 
used for pH-measurements. For the determi- 
nation of palladium(II) in aqueous phase, in- 
ductively coupled plasma-atomic emission 
spectrometer, model 8040 Plasma Labtum (Aus- 
tralia) was used. 

Procedure 

An aliquot of the solution containing 190/zg 
palladium(II) was taken in a separatory funnel 
and mixed with an adequate amount of perchlo- 
ric acid to have the desired acidity. The aqueous 
phase was made up to 10 ml with double 
distilled water. This was shaken for 90 sec with 
10 ml of organic phase containing 1.5 ml of 
PBT-Ia (0.01M) and 8.5 ml chloroform. The 
yeliow-coloured organic phase was separated 
and 1 g of anhydrous Na2SO 4 added to remove 
traces of water. The absorbance of the organic 
phase was measured at 438 nm against reagent 
blank. 

RESULTS AND DISCUSSION 

Spectral characteristics 

Absorption spectra of Pd(II) PBT (la-c) com- 
plexes in chloroform medium against reagent 
blank were recorded. Maximum absorbance 
was observed in the case of Pd(II)-PBT-Ia 
complex (Table 1). The absorption spectra of 
the yellow coloured complex formed between 
Pd(II) and PBT-Ia and the reagent blank are 
shown in Fig. i. The palladium complex and 
reagent have 2ma x at  438 and 340 nm, respect- 
ively. In order to minimize the effect of reagent 
blank, the absorbance of the complex was 
measured at 438 nm where reagent blank shows 
negligible absorbance. 

Choice of acid and effect of  acidity 

Choice of acid and its concentration are 
important in the extraction of Pd(II) with sub- 
stituted pyrimido[l,6-a]benzimidazoles (la-e). 
Different acids, viz. HCIO4, HNO 3, H 2 SO 4 and 
HCI, were tried. Nitric acid could not be used 
because the ligand is oxidized at higher acid 
concentration ( > 4 M  HNO3) and up to 4M 
HNO 3 extraction is not complete. Amongst the 
other acids (H2 SO4, HC104 and HCI) perchloric 
acid is the most suitable because maximum 
absorbance is obtained with HCIO 4 and only a 
single extraction is required to extract Pd(II) 
completely from perchloric acid medium. Thus 

Table 1. Absorption characteristics of Pd(iI~PBT com- 
plexes in chloroform 

2 ..... Acid concentration 
Reagent (nm) (M tom  I) ( M )  

PBT-Ia 438 10,331 0.014).5 
PBT-Ib 438 9994 0.01 
PBT-le 434 5816 0.01 4). 1 
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Fig. 1. Absorption spectra of  Pd(II)-PBT-Ia complex in chloroform. PBT-Ia = 1.5 × 10-3M; acid 
concentration 0.1 M; (1) 19/~ g/ml of  palladium(I1) extracted into chloroform vs. reagent blank and (2) 

reagent blank vs. chloroform. 

extraction studies were carried out for all the 
three derivatives from perchloric acid medium. 

PBT-Ia is the more suitable ligand, as quanti- 
tative extraction is obtained with this ligand in 
the range 0.014).5M HC104. Whereas with 
PBT-Ib quantitative extraction is achieved only 
at 0.01M HC104. With PBT-Ie the highest 
percentage extraction obtained is only 52%. 
Thus PBT-Ia was selected for all further studies. 
Results are illustrated in Fig, 2. 

Calibration, sensitivity and precision 

A calibration curve was drawn for the 
Pd(II)-PBT-Ia complex. The coloured system 
obeyed Beer's law over the range 1.9-28.5/~g/ml 
of palladium(II). The molar absorptivity and 
Sandell sensitivity for log I/Io=0.001 were 
1.033 x 104M ~ cm ~ and 0.009 /~g/cm 2, re- 
spectively. Coefficient of variation was 0.056% 
for the determination of 19 pg of palladium(II). 

Effect of PBT concentration 

The absorbances of a series of solutions con- 
taining 190 pg of  palladium(II) and various 
concentrations of PBT-Ia (I.0 × 10 3-5.0 × 
10-3M) were measured keeping all other par- 
ameters constant. Maximum absorbance was 
observed at i.5 x 10 3 M  PBT-Ia concentration. 
This reveals that the concentration of PBT-Ia 
must be at least 7.5 times greater than that of 
palladium(II) concentration for full colour de- 
velopment. 

Composition of the extracted species 

The ratio of metal ion to PBT-Ia in the 
extracted species was determined by the log-log 
plot of distribution ratio vs. PBT-Ia concen- 
tration at a fixed pH. A straight line with a slope 
of ca. 4 was obtained, indicating a 1 : 4 metal-to- 
ligand ratio in the extracted complex (Fig. 3). 
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Fig. 2. Effect of  pH on the extraction of  Pd(II)-PBT 
complexes. Pd(iI), 19 llg/ml; PBT = 1.5 x 10 ~M. - - O - -  

PBT-la, x -  PBT-lb, - - A - -  PBT-ie. 
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Fig. 3. Variation of  distribution ratio of  palladium(ll) as a 
function of PBT-Ia concentration at constant  acid concen- 
tration (0.1M) and constant  metal ion concentration 

[Pd(ll) = 19/lg/ml]. 
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Fig. 4. Plot of  composition of  the extracted species by Job's 
continuous variation method. Total concentration of  Pd(II) 

and PBT-la = 5.0 x 10 4M. 

The composition was also verified by Job's 
method of  continuous variation (Fig. 4). The 
results reveal a monodentate behaviour of the 
ligand. Similar results have also been reported 
by Singh et al. 23 

Choice of solvent 

Different solvents were tried for the extrac- 
tion of Pd(II)-PBT-Ia complex (Table 2). Out of 
the eight tested solvents chloroform is the most 
suitable solvent as maximum absorbance is 
achieved with this solvent. Thus chloroform was 
selected for further studies. 

Shaking time and stability 

The shaking time for the extraction was 

Table 2. Extraction of  Pd(I1)-PBT-Ia complex with various 
organic solvents 

/~max 
Solvent (nm) % E )  (M -I c m - ' )  

(1) Carbon 
tetrachloride - -  0.0 - -  

(2) Benzene 0.0 - -  
(3) Toluene - -  0.0 - -  
(4) Xylene - -  0.0 - -  
(5) Nitrobenzene 431 95.0 8193 
(6) Chloroform 438 100.0 10,331 
(7) Butanol 380 67.50 4834 
(8) lsoamyl alcohol 436 82.50 5856 
(9) Ethyl acetate 429 100.0 8872 

Table 3. Effect of  diverse ions on the determination 
of  Pd(II) amount  of  Pd(ll) taken is 19 lag/ml 

Tolerance limit 
Ion Added as (molar ratio) 

Na ÷ NaNO 3 100 
K + KNO3 I00 
Ca 2+ Ca(NO3) 2 100 
Mg 2+ MgSO4 100 
Cu 2+ CuSO 4 10 
Co 2+ COSO4 2 
Ni 2+ NiCI 2 100 
Zn 2+ ZnC12 I00 
Ru 3+ RuCI~ 50 
Rh 3+ RhC13 10 
Ir ~+ IrCl 3 5 
Au 3÷ AuCI 3 Nil 
Hg 2+ Hg(NO3): 100 
Fe3 + Fe(NO3 )3 50 
Cr 3÷ CrCI 3 50 
Mo 6+ (NHa)2MoO 4 100 
Pb 2+ Pb(NO3) 2 100 
Mn 2+ MnSO 4 100 
Pt 4+ H2 PtCI6 10 
Os s+ OsO4 25 
W ÷ V205 50 
Citrate Sodium citrate 2 
EDTA EDTA 100 
N O r  NaNO 3 100 
CI- NaCI 100 
Br-  NaBr 100 
I -  KI 5 
C N S -  KCNS Nil 

varied from 30 to 300 sec. Minimum shaking 
time for complete extraction of 19 pg/ml of 
palladium(II) with chloroform is 60 sec at 
25 _+ 2°C. Therefore, a 90 sec shaking time was 
adopted for all further studies. The absorbance 
of  P d - P B T - | a  complex is stable for at least 30 
hr at 438 nm. 

Effect of  diverse ions 

In order to study the effect of various ions on 
the determination of the Pd(II)-PBT-Ia com- 
plex, a fixed amount (10/~g/ml) of palladium(II) 
was taken with different amounts of foreign ions 
and the recommended procedure was followed. 
The results are summarized in Table 3. An error 
of _+3% in the absorbance was considered 
tolerable. Cobalt(II), copper(II) and platinu- 
m(IV) are tolerated when present in equimolar 

Table 4. Determination of  palladium(ll) in the synthetic mixtures 

Co(IlL Ni(ll) and V(V) 
Pd(ll) found by the remaining in the 

Composit ion of present method in aqueous phase 
synthetic mixture organic phase* (determined by A.A.S.*) 
(#g ) (lag) (l~g ) 

Pd( 100); Co( 100); Ni(100) 97.8 Ni(88.9); Co(100.2) 
Pd(200); V(200); Ni(1200) 199.5 Ni( l 196.5); V(198.6) 
Pd(100); Pt(200) 98.9 Pt(199.2) 

*Triplicate analysis. 
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Table 5. Determination of Pd(ll) in palladium-charcoal 

Taken (pg*) 
(as determined Found Recovery 

Sample by ICP) (pg) (%) 

Pd Charcoal 18.00 17.84 99.37 
(E. Merck) 17.80 

18.02 
Pd Charcoal 28.00 27.63 99.01 
(Aldrich) 27.74 

27.80 

*Determined by ICP-AES in aqueous phase. 

concentration. The interferences from 10-fold 
excess of these ions can be masked with i,10- 
phenanthroline, EDTA and oxalate, respect- 
ively. Iodide and citrate interfere at low 
concentration Gold(III) and CNS-  interfere 
seriously in the determination of palladium(II). 

Application of the method to real samples and 
synthetic mixtures 

In order to confirm the usefulness of the 
proposed method, it was applied to the determi- 
nation of palladium(II) in the synthetic mixture 
and Pd~zharcoal. The results of synthetic mix- 
ture are given in Table 4. Results indicate a clear 
separation of Pd(II) from Co(II), Ni(II) and 
V(V) leaving these metal ions in the aqueous 
phase. After extraction of Pd(II) concentrations 
of Ni(ll), Co(II) and V(V) were determined in 
the aqueous phase by A.A.S. (Table 4). 

To prepare a solution of Pd-charcoal, 0.1 g of 
the palladium charcoal was weighed and dis- 
solved in conc HNO3. The solution was evapor- 
ated nearly to dryness, extracted with 10 ml of 
0.05M HC1, filtered and diluted to 100 ml with 
distilled water. An aliquot of this solution was 
analysed for palladium(II) by the proposed 
method. The results were tested by ICP-AES. 
There was a good agreement between the 
amount of Pd(II) estimated by this method and 
that determined by ICP-AES (Table 5). 

The palladium(II) in the organic phase can be 
stripped quantitatively with 10M HC104. Thus 
the proposed method provides a simple, rapid 
and selective method for the extraction, separ- 
ation and spectrophotometric determination of 
palladium(lit. 
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Summary--A thermodynamic study based on concepts of generalized species and equilibria, was used to 
understand the distribution of Fe(IlI) and Fe(II) species in the Fe(III)/Fe(II)/H2SOn/H20 system. The 
two-dimensional predominance zone diagrams (TDPZ) and Pourbaix type diagrams thus obtained 
permitted the selection of optimum experimental conditions, to differentiate the chemical species involved 
in this system. The existence of the different predominant chemical species for Fe(lll): Fe 3÷ , FeSO4 ~ and 
Fe(SO4)£ was evidenced by spectrophotometrical studies for pSO~ values from 4 to 0 units in a buffered 
solution of pH 0.5. Additionally, voltammetric studies performed on Pt, Au and carbon paste electrodes 
confirmed that the electron exchange between Fe(llI)/Fe(II) in H 2 SO 4 media occurs by an inner Helmholtz 
layer mechanism. It was also possible to show that the representative couples at pSO~ = 0 (buffered) are: 
(a) for pH < 0 FeSO2/FeHSO2- and (b) for pH > 1.0:Fe(SO4)2/FeHSO4 ~ . The last couple presents a 
coupled chemical reaction in the electrochemical mechanism; this reaction is associated with the different 
coordination numbers of Fe(III) and Fe(II). 

The importance of iron chemistry in geological, 
environmental, metallurgical, industrial, cata- 
lytical and biological contexts makes its 
understanding of fundamental significance. In 
connection with applications, it is very import- 
ant to study the behavior of iron (III) species in 
weakly acidic solutions. For example, it is well 
known that the corrosion of metallic iron is 
strongly accelerated by the presence of sulfate 
ions. H 

In many of the previous studies on the elec- 
trochemical behavior of Fe(lI)/Fe(III) couple, 
two main features have been reported: (a) the 
dependence of the normal potential values on 
the supporting electrolyte attributed to the 
different iron coordination sphere] '3.5 and 
(b) the dependence of the iron redox potential 
on the solution pH and on the supporting 
electrolyte anions owing to its complex redox 
mechan i sm .2,4.6 

Despite extensive research on the Fe(lI)/ 
Fe(III) couple, few studies have considered 
the existence of the sulfate-iron complexes in 
sulfuric acid media in order to explain the 
electrochemical behavior of this couple. This is 
a result of the difficult detection of the chemical 

*Author to whom correspondence should be addressed, 

species involved in the redox equilibria, 7'8 since 
the formation constants of the iron-sulfates are 
small. 9,~° 

In this work, the Fe(III)/Fe(II)/H2SOa/H20 
system is studied in several ways: Firstly, a 
method based on concepts of generalized species 
and equilibria, ~'~2 is used to understand the 
thermodynamic distribution of Fe(III) and 
Fe(II) species in sulfuric acid system. This 
method allows for the construction of two- 
dimensional predominance zone diagrams and 
Pourbaix-type diagrams which consider all 
chemical species present in solution. 

From these diagrams, it is possible to explain 
the spectrophotometric behavior of the solution 
containing 2 × 1 0 - 4 M  Fe(IIl) at pH 0.5 with 
variable sulfate concentration. The Pourbaix 
diagram constructed by using generalized 
species allows us to discuss the differences in the 
electrochemical behavior of Fe(III)/Fe(III) sys- 
tem in sulfuric acid solutions at different pH 
values (at pSO~ = 0). 

CONSTRUCTION OF THE TWO-DIMENSIONAL 
PREDOMINANCE ZONE (TDPZ) AND 

POURBAIX-TYPE DIAGRAMS 

The stability of the Fe(III) and Fe(II) species 
was studied separately by TDPZ diagrams of 

407 
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the corresponding generalized species. The cal- 
culations were carried out by analyzing the 
generalized equilibria ~u2 of  the type: 

Fe(Ill) '  + SO4 ~ Fe(SO4)' (1) 

(1) Analysis of the ampholyte's stability: if the 
generalized dismutation constant of equilibrium 
(3) is >/I, Fe(SO4)' cannot predominate in the 
system, consequently, only the following equi- 
librium must be considered: 

Fe(SOa)' + SO,] ~ Fe(SO4)-~ (2) 

as well as the generalized dismutation equilibria: 

2FeSO4 ~ Fe(SO4)~ + Fe(lII)', (3) 

where Fe(Ill) '  represents all the Fe(III) species 
complexed with ligands other than SOl: (e.g. 
Fe( I I I ) '=  Ei Fe(OH)i); SO4 represents all the 
chemical species containing SO4, except those 
corresponding to the FeSO4 complexes (e.g. 
SO4 = E~ SO4(H)~), and FeSO 4 represents all the 
chemical species of FeSO 4 complexed with 
species other than SO4 (e.g. Zk FeSO4 (H), ). 
Where electrical charges are omitted for 
simplicity. 

The definition of  generalized species and their 
relationship with the complexation coefficients 
(~) have been previously discussed in detail/1'~2 

For the system Fe(III)-H2SO4-H20 the con- 
centrations of  the generalized species are defined 
in such a way that: ~L~2 

[Fe(III)'] = Z Fe(OH)~=[Fe3+]~v~(m (4) 
i - 0  

Fe(SO4); = L FeHk (SO4)j 
k = 0  

= [Fe(SO4) 3-2j]~(veso`)/(H ) (5) 

where j 6 {0, 1, 2}, 

SO,~ = ~ n r s o  4 = [SO2-]0~so4(H). (6) 
r = 0  

The generalized species are defined by the 
same method for the Fe(II)-HzSOa-H20 sys- 
tem. (XFeSO4i{H) and Ctso4m~ are the complexation 
coefficients dependent only on the [H + ] buffer- 
ing j2 (e.g. C~FCS04~ m = i T ± i.." k v  "~Fe(SO4It"FeSO4'kH)k Hk)" 

The generalized equilibrium is associated 
with Ringbom-type conditional constants ~~2 
(dependent only on the [H +] buffering) called 
generalized constants. 

KSOa = / ( S O 4  0~Fe{SO4) i + I (H) 
Fe(SO4 )j • x Fe(SO4 )! ~ 

Fe(SO4)i(H) L(H) 

[Fe(SO4)~j ÷ u] 
= [Fe(SO4);][(SO4)']" (7) 

The method for the construction of predomi- 
nance-zone diagrams (TDPZ) consists of the 
following steps.~ j-13 

Fe(III)' + 2(504) '  ~ Fe(SO4)2. (8) 

(2) Study of the predominance of generalized 
species (Fe(SO4)~, (Fe(SO4)' and Fe(IIl)') with 
the following condition: pSO4 = - log K~°~,l, 
and p S O ~ = - i o g K ~ ° ~ , l ~  where [Fe(IlI) ' ]= 
[Fe(SO4)' ] and [Fe(SO4)'2] = [Fe(SO4)'], respect- 
ively. 

(3) Graphical representation in the pSO4 = pH 
space with borderlines selected from the con- 
ditions just described. 

(4) Establishment of the limits for TDPZ 
imposed by the stabilization of the solid species 
(Fe(OH) 3, Fe(OH)2). The method which con- 
siders the condensed phases in TDPZ has been 
described elsewhere. ~4 The stability regions of 
the Fe(OH)2 and Fe(OH)3 depend upon the 
Fe(II) and Fe(III) concentrations selected 
for each case. In the following example, the 
total Fe(II) and Fe(III) concentrations are 
2 x 1 0  3M. 

The total sulfates concentration [SOIl is the 
sum of HSO~ and SO42 and is called the 
generalized sulfate concentration. The values of  
thermodynamic formation constants for the 
chemical species employed in this work are 
reported in Table I. 9'~° 

The TDPZ diagrams for Fe/H2SO4/H20 
system are shown in Fig. 1. Figure l a shows 
the predominance zones of the Fern(SOD ' 
species (e.g. Fe(SO4) ÷, Fe(SO4)~, FeHSO42+) 
and Fig. l b shows those of the Fe"(SO4)' species 
(e.g. Fe 2+, FeHSO~-) as a function of  pSO4 and 
pH, with the same degree of oxidation. Thus, 
these diagrams do not consider electron ex- 
change. (Fig. la only considers the region be- 

Table 1. The values of thermodynamic formation 
constants for iron sulfate complexes 9u~ 

Ion Equilibrium log K 

L = SO4 
H + H + L ~ HL 1.94 
Fe 3+ M + HL--* MHL 1.8 

M + L--,ML 4.0 
M + 2L ----, ML 2 5.8 

Fe -'+ M + HL---~ MHL 2.2 
L = OH 

Fe 3+ M + L--,ML ll.0 
M + 2L ----, ML., 21.9 
M + 3L ---~ ML 3 38.6 

Fe 2+ M +2L--, ML2 15.1 



Fe-sulfate complexes in acidic media 409 
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Fig. 1. Two-dimensional predominance zone diagrams 
(pSO~/pH) of Fe(I1)/Fe(III) chemical species constructed 
for Cv, m~ = Cr, n) = 2 x 10-3M, [SO,i] represent the general- 
ized sulfate concentration. (a) Fe(IIl) chemical species, 

(b) Fe(II) chemical species. 

tween pH - 2  and 5, since this is the pH range 
of practical interest.) The solid lines represent 
the variation of the logarithm of the generalized 
constants described by equation (7), and the 
described Fe-SO4 exchange. The dashed lines 
represent the borderline of the predominance 
zone of species with the same M-L stoichi- 
ometry but different degree of protonation. 
From this diagram (la), only Fe(OH)3 and 
Fe(SO4)~- are present at higher pH values. The 
region at pH <0  is not useful in our case 
because it can no longer be considered as dilute. 
The complete diagram is important for theoreti- 
cal purposes only. 

From the diagram, it can be concluded that in 
highly acidic media, the Fe(II) and Fe(III) sul- 
fates-complexed species equilibria are predomi- 
nant. At the conditions of the electrochemical 
studies previously reported, 2-4 Fe(III) and Fe(II) 
ions are complexed. For example, at 0 < pH < 4 

and pSO~ = 0 (total sulfate = I M) it may be 
observed that the Fe(II) ions are the predomi- 
nant species, mainly as FeHSO4 ~, while Fe(Ill) 
ions are in the form of FeSO~- or Fe(SO4)2-. This 
is a graphical way to analyze the behavior of 
processes involving only the complexation and 
hydrolysis reactions (these diagrams may be 
useful in the study of hydrometalturgicai pro- 
cesses such as solvent extraction and ion- 
exchange). The electron exchange reactions are 
only considered in Pourbaix type diagrams. 

In order to discuss the redox properties of 
Fe(III)/Fe(II) couple, considering hydrolysis 
effects on the cations and the formation of 
sulfate complexes, it would be necessary to 
construct a three-dimensional Pourbaix type 
diagram, E"-pSOn-pH. This diagram can be 
constructed considering the generalized electro- 
chemical equilibria for the Fe/H2SO4/H20 
system; ~3 

with 

Fe(Ill)" + le- ~ Fe(II)" (9) 

R T ,  [Fe(III)"] 
E" = E°o  ,Fe2+ + - - k -  in (10) 

where [Fe(IIl)"] represents the generalized con- 
centration of Fe(III) species complexed with 
SO4, OH and H. 

However, the construction of such diagrams 
is rather time consuming and complicated. 
Therefore, to correlate thermodynamic predic- 
tions with the experimental results in an ade- 
quate manner, two-dimensional Pourbaix type 
diagrams have been constructed, considering 
either the pSO4 or else the pH constant. These 
diagrams correspond to a slice-cut of the corre- 
sponding three dimensional diagrams (as shown 
in Fig. 2). 

The solid lines in Fig. 2 correspond to 
the variation of the formal potential of 
Fe(III)/Fe(II) with the pSO~ buffered at I M or 
else at buffered pH 0.5. The dashed lines corre- 
spond to the border lines of the predominance 
zones of the different species with the same 
oxidation degree as a function of pH or pSO4. 
In Fig. 2a the potential-pH (or Pourbaix type) 
diagram for this system at buffered pSO4 = 0 is 
shown (see below) and the potential-pSO4 
(Pourbaix type diagram) for the system buffered 
at pH 0.5 is shown in Fig. 2b. In Fig. 2b, it is 
evident that the equilibrium potential of the 
Fe(III)/Fe(II) couple is practically constant and 
similar to that of Fe3+/Fe 2+ couple (0.77 V) even 
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though the chemical nature of the species in- 
volved is not the same (owing to the change in 
pSO4). This may be the reason why most 
authors do not consider the existence of sulfate- 
complexed Fe(III) ions in their works. 7's 

The TDPZ diagrams of Fig. l a and b show 
that the predominant species of Fe(III) and 
Fe(II) depend on the pH and pSO~ values which 
provoke a change in the redox properties of the 
system as shown in the Pourbaix-type diagrams 
of Fig. 2a and b. 

In order to verify the chemical changes of the 
Fe(III) species with pH and pSO~, electrochemi- 
cal and spectrophotometrical studies under 
buffered conditions were performed. The results 
of these studies prove, as shown below that the 
changes in the electrochemical behavior of 
Fe(III)/Fe(II) system can be associated with 
modifications in the coordination sphere. 

(a) 

% 

0.0 

-0.5 

F e H a u  4 l ev i  i ~  I 

FettSO,~ 

OH)3(s) 

F e 2 + ~  

I 
0 4 8 

pH 

(b) I 

0.6 

0.2 

lea 

UO FeSO,~ 

FeHSO~ 

I I 
0 2 

pSOa 

Fe2+ 

Fig. 2. Pourbaix type diagrams for the Fe(II1)/Fe(II)/ 
SO~/H20 system constructed from Fig. 1 and 
CF~O, ) = CF~ m = 2 x 10-3M. The Fe(Ill), Fe(II) diagrams 
are constructed for different buffered generalized species. 
(a) Potential (E°/SHE)-pH diagram under buffered general- 
ized sulfate [SOIl= IM. (b) Potential (E°/SHE)-pSO~ 

diagram at (buffered) pH 0.5. 

EXPERIMENTAL 

The Fe(III) 2 × 10-3M solutions, were pre- 
pared by dissolving Fe2(SO4)3.H20 (Laitz 
A. R.) in hot IM H 2SO4. The 1M H2SO4 
solution was prepared from H2SO4 (Merck 
A. R.) and tridistilled water. In all experiments 
the solutions were previously saturated with N2 
and maintained under this atmosphere during 
each experiment. The pH and pSO~ were fixed 
by solid NaOH and Na2SO4 additions. For the 
solutions at p H > 0 ,  the pH values were 
measured with a glassy electrode Corning model 
240. The pSO~ were calculated by using the 
values of the solid Na2 SO4 addition. For the 1M 
H2SO4 solution, it is not possible to measure the 
pH with a glassy electrode; in this case we have 
simply assumed that pH < 0. 

The electrochemical studies were performed 
in a three-electrode cell. The working electrodes 
were Pt, Au and carbon paste (CP) rotating disk 
electrodes. Carbon paste electrodes were pre- 
pared by mixing Aldrich graphite powder with 
silicone oil, using a carbon rod as the electric 
contact. A mercury-mercurous sulfate electrode 
(MSE) was used as the reference, and a high 
area graphite rod as the counter electrode. All 
potentials in this work are given with respect to 
the normal hydrogen electrode (NHE). 

The electronic system consisted of a PAR 
model 173 Potentiostat-Galvanostat, a PAR 
model 175 Universal Programmer, a Sefram 
X-Y Plotter and HP 3478A Multimeter. The 
spectrophotometric experiments were per- 
formed using a UV-Visible Hitachi spectro- 
photometer model 200. 

Spectrophotometric measurements 

In order to verify the chemical changes in the 
Fe(III) coordination sphere predicted by the 
diagram (Fig. la), absorbance studies were car- 
ried out as a function of pSO~. It was not 
possible to perform such studies for the Fe(II) 
species, owing to the fact that these species 
easily oxidize in oxygen-containing aqueous sol- 
utions 2 and they present small molar extinction 
coefficients in aqueous solutions in the UV- 
Visible region. 6'15 

The UV-Visible spectra of the different 
Fe(III)-suifate complexes are similar and they 
present absorption peaks in the 320-350 nm 
region. 6aS't6 For this reason it is very difficult to 
differentiate among these complexes by using 
this technique. However, it is possible to dis- 
tinguish between Fe(IIl)-sulfate complexes and 
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Fig. 3. Variation of absorbance (2 = 318 nm) as a function 
of pSO~, for a solution containing 2 x 10-4M Fe(III) and 
pH 0.5 (buffered). The sulfate concentration is modified by 

addition of Na2SO 4. 

other Fe(III)-aqueous complexes, because other 
Fe(llI)-aqueous complexes present very small 
molar extinction coefficients in this region. 

The variation of absorbance at 2 = 358 nm as 
a function of pSO~ (pHSO4) for pH 0.5 buffered 
solutions is shown in Fig. 3. The decrease in 
absorbance with increasing pSO4 indicates a 
variation of the coordination sphere of the 
Fe(llI) species even at pH 0.5. Obviously, the 
absorbance corresponds to the sum of the ab- 
sorbances of all the Fe(III)--SO4 species in sol- 
ution. At pSO4 < 0.8, the absorbance is constant 
and as predicted by the diagrams can be inter- 
preted to be owing to the predominant species 
Fe(SO4)~ .6.16 18 In the region 0.8 < pSO~ < 2.2, 
the absorbance decreases owing to the decrease 
in the Fe(SO4)Y molar fraction even though the 
FeSOg molar fraction increases (predominance 
of FeSOg ); this effect is caused by the fact that 
the FeSOZ molar extinction coefficient is lower 
than that of Fe(SO4) ~.6 For pH > 2.2, the ab- 
sorbance practically does not change because 
Fe 3+ is the predominant chemical species and it 
absorbs very little at this wavelength (358 nm). 6 

The spectrophotometric behavior of the 
Fe(III)-sulfate solution is not a definite proof 
of the presence of the various complexes of 
Fe(III)-SO4; however, the variation of ab- 
sorbance with pSO~ can be predicted by means 
of the information from Fig. la. Figure la 
predicts that [Fe(SO4)~] = [FeSO~] for pH 0.5 
at p S O 4 = - 0 . 0 4 ,  and [FeSO~-]=[Fe 3+] for 
pH 0.5 at pSO~ = 2.56. This fact is an indication 
of the validity of the assumption discussed 
above, concerning the Fe(III)-SO4 complexes. 
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Unfortunately, the proof of the presence of the 
different sulfate complexes with iron in aqueous 
solution is a very difficult task when attempting 
to use other experimental techniques. 

Voltammetric measurements 

The electrochemical behavior of the Fe(Ill)/ 
Fe(II) system is predicted by the Pourbaix-type 
diagram and involves different redox couples of 
soluble species as a function of pH at buffered 
pSO~ (Fig. 2). From the results discussed above, 
it is clear that pH changes provoke variations in 
the coordination sphere of Fe(III) but not in 
that of Fe(II). 

According to the selected pH region, four 
representative electrochemical reactions exist 
involving soluble species for Fe(II) and Fe(llI): 

Region I: high acidity 
FeHSO 2+ + le ~ FeHSO~ 
Region II: -0 .26  ~< pH ~< 0.54 
FeSO + + H 3  O + + l e  ~ F e H S O g + H 2 0  
Region III: 0.54 ~< pH ~< 1.98 
Fe(SO4)2 + 2H3 O+ + le ~ FeHSOg 

+ HSO + 2H, O 
Region IV: 1.98 <~ pH ~< 4.0 
Fe(SO4)£ + H,O + + le + ~ FeHSOg 

+SO~ + H~O. 

In order to analyze the influence of the change 
in the coordination sphere of Fe(III) on the 
electrochemical behavior of the redox couples 
considered, a voltammetric study of the Fe(llI) 
reduction on stationary disk electrodes was 
performed at buffered pSO4 and different values 
of pH. For this work, two pH regions were 
chosen: (a) pH < 0 ( IM H2SO4) and (b) pH > 1. 
These were selected because they place the sys- 
tem in definite predominance regions of each 
chemical species (Fe(IIl): FeSO4 ~ and Fe(SO4):, 
respectively). Furthermore, since the molar frac- 
tions FeSO4 + and Fe(SO4)~ are similar within 
the range 0 < pH < 1, the electrochemical be- 
havior cannot be associated with only one pre- 
dominant Fe(III) species. 

The voltammetric experiments at a stationary 
electrode (Pt, Au and CP), were carried out 
at different potential scan rates (40 < r < 200 
mV/sec) for each pH value. A typical voltam- 
mogram obtained for the Fe(llI) reduction is 
shown in Fig. 4. From these curves, cathodic 
(Er~) and anodic (Ep,) potential peaks and 
associated currents (it and i~) were obtained. 
The determination of voltammetric parameters 
was made using stabilized voltammograms 
(after 3 or 4 cycles). The voltammetric behavior 
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is similar for different solutions whose pH falls 
in the same pH region. 

Figure 5 shows the variation of 
(Epa-  E w ) =  AEp as a function of  in v (sweep 1200 
rate) for the three electrodes used in this work, ~. 
for the electrochemical process of Fe(III)/Fe(II) 
in IM Hz SO4. ~. soo 

For both pH regions, AE r changes with elec- 
trode materiaP 9 at the same pH and sweep rate, ~" 
this means that the heterogeneous rate constant 40o 
(xs) for Fe(III)/Fe(II) processes is different on 
each electrode. This fact indicates that the elec- 
tron transfer of  Fe(III)/Fe(II) in sulfuric acid 
media performed by an "inner Helmholtz layer 
mechanism ' '9  as has been evidenced by other 
authors. 3'5 The variation of  AEp with the scan 
rate 2° become more important in solutions at 
higher pH values. The Xs values could be calcu- 
lated from the variation of AEp with scan rate, 120o 
however it is not possible to attempt this in the ~" 
scan rate range considered in this work. 

~. 800 On the other hand, the (Epa + Ep~)/2 (gener- ~, 
ally associated with E °) does not vary with scan ~. 
rate, and its value is practically independent of  m 

40O 
the electrode material in solutions with pH < 0. 
Meanwhile, (Epa + E~)/2 varies markedly with 
the scan rate, and depends on the electrode 
material in solutions with pH > 1. These facts 
indicate that the kinetic mechanisms are differ- 
ent in the two pH regions, probably owing to 
the different predominant species of  Fe(III). 

Anson 3 reported that the decrease in xs when 
the pH increase in sulfate medium is mainly a 
result of  the formation of  sulfate complexes with 
lower exchange current densities. However, 
Anson has not identified the sulfate complexes 
involved in the redox mechanism. 

! 

i I I 
.3 .7 I . I  

E / S H E  

Fig. 4. Typical voltammogram for reduction of  Fe(III) 
in IM H2SO 4 on platinum disk electrode, sweep rate 

25 mV/sec. 
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Fig. 5. The variation E~ - Ep¢ as a function of  the scan rate 
potential (In v) for the Fe(IIl)/Fe(II) system from voltam- 
metric curves obtained in different disc electrodes: ( 0 )  gold, 
(I-q) platinum and (11) carbon paste electrode. The electro- 
lytic solution is IM H2SO 4 at different pH: (a) pH < 0, 

(b) pH > I. 

Figure 6 shows a typical variation of  ia/ic ratio 
as a function of  log v. For pH < 0 (Fig. 6a) the 
ia/ic ratio varies smoothly with scan rate (v), and 
is essentially equal to unity for the Pt, Au and 
CP electrodes in the scan rate range considered. 
However, for pH > 1, the i a/ic ratio is different 
to one, and varies in a distinct manner for Pt, 
Au and CP electrodes. The electron transfer at 
pH < 0 is performed between FeSO~/FeHSO~-; 
meanwhile, at pH >1  the couple Fe(SO4)2/ 
FeHSO~- is involved in the process. When the 
number of  sulfate ligands associated with 
Fe(III) and Fe(II) is the same, the electrochemi- 
cal behavior is typical of an inner Helmholtz 
layer mechanism. However, when the number of  
sulfate iigands is different in Fe(III) and Fe(II), 
the adsorption processes of  Fe(III) inside the 
inner Helmholtz plane and the rearrangement of 
Fe(lll) complexes are very different to those 
occurred at pH < 0. These facts are evidenced 
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by the kinetical  compl ica t ion  observed in 
Fig. 6b. 

These differences in e lectrochemical  behav ior  
with p H  for the Fe( I I I )  reduct ion  may  be at- 
t r ibuted to the presence o f  different chemical  
species o f  Fe( I I I )  in solut ion.  The vo l tammet r ic  
results are not  comple te  enough to establish the 
redox mechanism;  however ,  it is possible  to 
observe the modif ica t ion  in the electron t ransfer  
mechanism with the change  in the p H  of  the 
solut ion.  

Cons ider ing  that  e lectron transfer  between 
Fe( I I I )  and  Fe(I I )  occurs  by an inner  He lmhol tz  
layer mechanism,  the chemical  species involved 
in the mechanism would  have the same coord i -  
na t ion  sphere;  this is the case for the solut ion 
at  pH < 0 here the p r edominan t  species are: 
( F e S O + / F e H S O 2 ) .  Meanwhi le ,  the different co- 
o rd ina t ion  numbers  o f  Fe( I I I )  and  Fe(I I )  in the 
region pH > 1  here, the p r e d o m i n a n t  species 
are: (Fe (SO4)2 /FeHSO~ ) may  be related to the 
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Fig. 6. The variation of the anodic~zathodic peak current 
ratio (iJi~) as a function of the potential scan rate (v) for 
the Fe(lll)/Fe(ll) system from voltammetric curves ob- 
tained in different disc electrodes: (O) gold, (77) platinum 
and (11) carbon paste electrode. The electrolytic solution is 

1M H2SO 4 at different pH: (a) pH < 0, (b) pH > 1. 

chemical  compl ica t ion  observed in the vol tam-  
metric studies. 

CONCLUSIONS 

A method  based on the concept  of  general ized 
species and equil ibr ia  is used to represent  
the t he rmodyna mic  d is t r ibut ion  o f  Fe( I I I )  and 
Fe(I I )  species. The d iagrams  thus generated 
facil i tate the selection of  exper imenta l  par-  
ameters  in o rder  to establish specific equi l ibr ium 
condi t ions .  On the o ther  hand,  this selection 
permits  a more  realistic in te rpre ta t ion  of  the 
exper imenta l  results in compl ica ted  systems. 
s imilar  to the one presented in this work.  

This s tudy permi t ted  the selection of  opti-  
mum exper imenta l  condi t ions  since it is possible 
to identify different chemical  species of  Fe( I l I )  
and  Fe(I I )  and  of  the redox couples  F e ( i l l ) /  
Fe(II) .  The spec t ropho tomet r i c  results showed 
the existence of  the different chemical  species for 
Fe( I I l )  in the range o f  0 < pSO4 < 4. In a similar  
manner ,  the e lectrochemical  studies conf i rmed 
that  the electron exchange transfer  occurs  by an 
inner sphere mechanism because the electro- 
chemical  behavior  is different for the three 
electrodes used. Other  au thors  have observed 
this behavior ,  5 a l though to the best of  our  
knowledge  none has p roposed  that the 
i ron-su l fa te  complexes  are involved in the 
mechanism.  

The electrochemical  reduct ion of  Fe( I I I )  in 
H2SO4 was found to be compl ica ted  owing to 
the presence o f  different complexes  on the elec- 
t rode  surface as a function o f  pH. 
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Summary--A high performance liquid chromatographic method for the determination of ultra trace 
amount of aluminium in natural waters has been developed using lumogallion as a precolumn reagent 
for fluorimetric detection. The highly fluorescent Al-lumogallion chelate (2ex 500 nm, 2em 574 nm) was 
separated on a LiChrosorb RP 18 column with an eluent containing 3:7 acetonitrile/0.02M potassium 
hydrogen phthalate buffer (pH 4.7) containing 10-SM lumogallion. The proposed system provides a 
simple, quick, selective and sensitive method for the determination of ultra-trace amount of aluminium 
in water samples. The detection limit defined as three times the standard deviation of the blank signal, 
was 0.05 #g/1. in water samples for I00/zl injection. The tolerance limits were 5 mg/l. for Fe(llI) and F 
and over 10 mg/l. for other foreign ions. The sensitivity of the method was independent of salinity. This 
method had been used for the direct determination of aluminium in both tap and coastal sea-waters 
without any preconcentration steps. 

Aluminium was until recently believed to be 
relatively harmless, but evidence has grown to 
implicate it in a variety of  potential toxicity in 
man. L2 AI is a minor component of  natural 
water, its typical levels range from 0.5 to 140 
/~g/l. 3-5 There is thus an urgent need for the 
development of sensitive techniques to measure 
A! in low concentrations. So far, literature 
values for trace A1 in natural waters are rela- 
tively scarce. This is mainly owing to analytical 
difficulties. The most commonly used analytical 
techniques are graphite furnace atomic absorp- 
tion spectrometry (GF-AAS) and inductively 
coupled plasma atomic emission spectrometry 
(ICP-AES). The detection limits of  these 
methods are about 1/~g/i., but their precision is 
poor in this range. 6-~ 

The use of high performance liquid chro- 
matographic (HPLC) separation and determi- 
nation of AI in the form of chelates have been 
gaining popularity in recent years. 9 J3 Spec- 
trophotometric and electrochemical detections 
are most widely used in HPLC systems for the 
detection of AI chelates. However, they have 

*Author to whom correspondence should be addressed. 

poor performance at the/~g/1, level. 9J°J3 Uehara 
e t  al .  12 recommended salicylaldehydebenzoylhy- 
drazone (SAB) as a precolumn reagent. As SAB 
forms a chelate with Ai, which is sensitive to 
fluorimetric detection, the detection limit for AI 
was reported to be 40 pg/ml in a 100 #1 injec- 
tion. Unfortunately, SAB is not commercially 
available and the synthesis and purification are 
inevitable. The success of the SAB method led 
us to conduct a systematic study on commer- 
cially available precolumn reagents for the 
HPLC analysis of AI with highly sensitive fluori- 
metric detection. 

Fluorimetric analyses of AI with lumogallion 
as a chelating reagent have gained widespread 
acceptance. 14 iv Lumogallion has the advantages 
of high reaction ability, short reaction time, the 
formation of a stable resolvable chelate with AI 
at pH 4-5 and the chelate has high sensitivity for 
fluorimetric detection. However, in those nor- 
mal fluorimetric analyses of AI using lumo- 
gallion as the chelating reagent, ~5J7 the inter- 
ferences from Fe(lll) and F-  are appreciable. 
Thus it was thought that combining HPLC with 
fluorimetric detection would provide a good 
solution to the problem. Different metal-lumo- 

415 
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gallion chelates in a sample solution can be 
separated with HPLC and thus the interferences 
in AI fluorimetric analyses can be eliminated 
and the low detection limit of  fluorescence 
method can be achieved. 

The aim of the present study is to develop a 
simple, selective and sensitive HPLC method for 
the determination of AI using fluorimetric and 
spectrophotometric detections with lumogallion 
as a precolumn reagent. The method was ap- 
plied to the direct determination of Al at sub- 
ppb level in tap and coastal sea-waters. 

EXPERIMENTAL 

Reagents and solutions 

The sodium hydroxide pellets from BDH 
(UK) were of "Aristar" 98.0% grade. All the 
chemicals used were of analytical reagent grade, 
unless otherwise indicated. Throughout the 
study, all glass and polypropylene apparatus 
were washed with 5% nitric acid and deionized 
distilled water. 

Stock standard aluminium solution contain- 
ing 1000 mg/l. AI in aluminium nitrate form for 
atomic absorption spectrometry was bought 
from BDH. All working standard A1 solutions 
were prepared by serial immediate dilution with 
0.2% nitric acid solution. Lumogallion was 
bought from Tokyo Kasei Kogyo Co. Ltd 
(Japan) and its solution (0.1 w/v %) was pre- 
pared by dissolving 0.1 g of the solid in 100 ml 
deionized distilled water. Potassium hydrogen 
phthalate (from BDH) solution (0.2M) was 
obtained by adding !.02 g of the reagent into 50 
ml deionized distilled water. The buffer solution 
was prepared by dissolving 2.04 g potassium 
hydrogen phthalate and 0.0017 g lumogallion in 
500 ml deionized distilled water and the pH of 
the solution was adjusted to 4.7 with 1M NaOH 
solution. 

Apparatus 

HPLC analysis was performed on a Waters 
Powerline TM HPLC system, including a Waters 
600E Multisolvent Delivery System Controller, 
a Waters 470 Scanning Fluorescence Detector, 
a Waters 486 Tunable Absorbance Detector, a 
Waters 700 Satellite WISP TM Autosampler. The 
Waters Maxima TM 825 HPLC software was 
used for qualification. A LiChrosorb RPI8 10/~ 
(25 cm x 4.6 mm i,d.) column from Hichrom 
Limited (U.K.) was used for the separation. 

Pretreatment of water sample 

Tap water from the Singapore tap water 
supply system and coastal sea-water collected 
from the west coast of Singapore were treated 
by the following two procedures:~8'~9 (A) for the 
determination of original dissolved AI: after 
collection, the samples were filtered immediately 
with cellulose filter (Millipore), pore size 0.45 
#m, and then stored in polypropylene bottle at 
room temperature and analyzed within one 
week; (B) for the determination of dissolved AI 
after acid treatment: after collection, the pH of 
the sample was immediately adjusted to 1.5 by 
adding an appropriate amount of hydrochloric 
acid and the sample filtered with the cellulose 
filter prior to analysis. The samples were stored 
in polypropylene container. 

Analytical procedure 

Pretreated water sample (5 ml) was trans- 
ferred into a 10 ml polypropylene test tube, and 
1 ml of 0.2M potassium hydrogen phthalate 
solution was added. After the pH of the mixture 
was adjusted to 4.7 by adding an appropriate 
amount of IM NaOH solution, 0.5 ml of 0.1 w/v 
% lumogallion solution was added and the 
volume of the solution made up to 10 ml with 
deionized distilled water. The mixture was left at 
room temperature (about 25~C) for 15 min, then 
a 100/~1 aliquot of the solution was injected into 
the HPLC. 

RESULTS AND DISCUSSION 

Detection wavelengths 

Lumogallion reacted readily with AI ion. The 
UV absorption spectra of lumogallion and its AI 
chelate in a buffer solution at pH 4.7 are shown 
in Fig. I. Lumogallion and its AI chelate gave 
maximum absorption at around 410 nm. How- 
ever, the absorption maximum of the chelate 
was shifted slightly towards longer wavelength. 
After background subtraction, which was ob- 
tained by placing the solution containing lumo- 
gallion in the reference cell and the solution 
containing the chelate in the sample cell, a 
maximum absorbance related to the chelate 
appeared at 497 nm. The fluorescence spectra of 
the chelate and lumogallion are shown in Fig. 2. 
The optimum excitation and emission wave- 
lengths of the Al-lumogallion chelate were 
found to be 500 and 574 rim. These wavelengths 
were used in later experiments. 



HPLC of AI in natural waters 417 

+4.2000. 

+3.2618, 

m + 2 . 3 2 3 6 -  f ' ~ ' ~ / ~ \ A  

I +1.3854 

\ 

t ~ - J  -0.4910 . . . .  
200 300 . . . .  400 . . . .  5~10 . . . .  600 . . . .  700 

WAVELENGTH(nm) 

Fig. 1, The UV spectra of: (A) lumogallion; (B) Al-lumogallion chelate; (C) Al-lumogallion chelate with 
background correction. For A, a buffer solution containing 0.02M potassium hydrogen phthalate adjusted 
to pH 4.7 was used in the reference cell and the buffer solution spiked with 0.005% lumogallion was used 
in the sample cell; for B, the buffer solution in the reference cell and the buffer solution spiked with 0,005% 
lumogallion and 500 /ag/l. of AI in the sample cell; for C, the buffer solution spiked with 0.005% 
lumogallion was used in the reference cell and the buffer solution spiked with AI (500 pg/1.) and 

lumogallion (0.005%) was used in the sample cell. 
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Fig. 2. The fluorescence spectra of 0.005% lumogallion 
solution containing 0.02M potassium hydrogen phthalate at 
pH 4.7 and the chelate solution containing AI (500/~g/l.), 
lumogallion (0.005%) and 0.02M potassium hydrogen ph- 
thalate at pH 4.7. (A) The excitation spectrum of the chelate 
solution with emission at 574 nm; (B) the emission spectrum 
of the chelate solution with excitation at 505 nm; (C) the 
excitation spectrum of lumogallion solution with emission at 
574 nm; (D) the emission spectrum of lumogallion solution 

with excitation at 505 nm. 

Effects of reaction pH, temperature and time 

For  the format ion of the Al - lumoga l l ion  
chelate, op t imum pH values were reported to be 
from 3.8 to 5.0 ~4 ~6 Our  experimental  results 

were in agreement with the reported pH range. 
A pH value of  4.7 was chosen in later exper- 
iments. The effects of reaction time and tem- 
perature in the format ion of the chelate were 
also studied. Following normal  analytical  pro- 
cedures, samples conta in ing  20/~g/1. of  AI were 
prepared, then heated immediately in water 

bath set at different temperatures for 15 min and 
then analyzed. Results are shown in Table 1. 
F rom Table 1, it is seen that temperature  had 
little effect on the format ion of the chelate. For  
subsequent  experiments,  25 'C  (room tempera- 
ture) was used. When the temperature  was fixed 
at 25'-'C, a sample conta in ing  20 ~g/l. of  AI was 
prepared and then analyzed several times within 
24 hr. According to the results shown in Table  
2, the reaction of AI with lumogal l ion was 
completed in 15 min at room temperature  and 
the chelate was stable for at least 24 hr. 

Chromatogram 

The typical chromatograms obtained from a 
serial injections of the solutions conta in ing  
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Table I. Effect of  temperature on the formation of  the chelate 

T ( C )  25 40 50 60 70 80 90 
Peak heightt 22.7 23.4 23.8 23.9 22.1 22.8 23.2 

*The water bath temperature. 
i'The peak height in fluorimetric detection, unit, 103 /tV. Conditions: AI 

concentration 20 /lg/1., pH 4.7, 0.02M potassium hydrogen phthalate, 
0.005% lumogallion; column, Lichrosorb RP 18; mobile phase, 30% 
acetonitrile and 70% aqueous containing 0.02M potassium hydrogen 
phthalate, 10 5M lumogallion; flow rate, 1.0 ml/min; detection, 500 nm 
and 574 nm for excitation and emission in fluorimetric detection; injection, 
100/~1. 

different A1 concentrations are shown in Fig. 3. 
In the initial study, methanol and acetonitrile 
were added to the buffer solution as an eluent to 
separate the chelate and ligand. When methanol 
was used, poor separation of chelate and ligand 
was obtained. Addition of acetonitrile to the 
buffer solution improved the separation. In 
order to obtain a good separation of the com- 
pounds and to save the analysis time, a mobile 
phase containing 7 0 o  buffer and 30% aceto- 
nitrile was chosen in the later experiments. 
Under this condition, potassium hydrogen ph- 
thalate, Al-lumogallion chelate and the ligand 
are well separated as shown in Fig. 4. 

Linear range, precision and detection limit 

In the fluorimetric detection mode, both peak 
area and peak height of the chelate are increased 
linearly up to 500 #g/l. The repeatability (RSD) 
of the method was 2.43% for six replicate 
analyses of 50 pg/I. AI solution. The detection 
limit (taken as the concentration equivalent to 
three times the standard deviation of  the blank) 
was 0.05 /~g/1. for fluorimetric detection. Even 
with UV detection (at 497 nm), the detection 
limit was 0.3/~g/1. It was easy to quantify the AI 
concentration by the peak height method in 
fluorimetric detection at high concentration 
level. However, at low concentration level, the 
peak area method was found to be more accu- 
rate. The major sources of extraneous A! were 
glassware or other containers, reagents and 
solvents used. It was widely suggested that in the 
determination of ultra-trace A1, the use of glass- 
ware was to be avoided. 3''-'''4''5 In our procedure, 
polypropylene apparatuses were used. Thus the 
main contamination sources were from re- 

agents, potassium hydrogen phthalate was cho- 
sen to prepare the buffer solution. The pH of  its 
solution was 3.9, hence only a small amount of 
sodium hydroxide solution was needed to adjust 
the pH to 4.7. In procedure A, the sample 
solution was filtered without any addition of 
other chemicals, and the blanks were found to 
be around 0.02 #g/l. While in procedure B, 
higher blank values were obtained around #g/l. 
which were caused by extraneous AI from added 
chemicals. 

Effects of foreign substances 

Iron is known to interfere with the standard 
lumogallion procedures ~5~'7 for fluorimetric 
analysis even at the #g/l. level. Experiments 
were, therefore, carried out to assess whether it 
remained so in the present method. Standard 
solutions containing 50 #g/i. of  AI were spiked 
with Fe(III) at levels from 0 to 10 mg/1. and then 
analyzed. The results are listed in Table 3. When 
the concentration of Fe(IIl) reached 0.5 mg/1., 
the color of the solution changed from light 
yellow to light brown and the color became 
deeper with the increase of Fe(III) concen- 
tration. As shown in Fig. 5, the chromatogram 
obtained from UV detection method was influ- 
enced strongly and the lumogallion peak was 
very low, indicating that the Fe(III) in the 
solution consumed most of the free lumogallion 
ligand. However, the chromatogram from 
fluorimetric detection did not change until 
Fe(III) concentration was over 5 mg/l. The 
results indicate that Al-lumogallion chelate 
is more stable than Fe(lll)-lumogallion 
chelate and the two chelates are separated by 
HPLC. 

Table 2. Effect of reaction time on the formation of  the chelate 

Reaction time* 5 min 15 min 20 min 35 min 50 min 24 hr 
Peak heightt 22.1 22.8 21.2 22.6 22.4 23.1 

*At 25 C. 
tThe peak height in fluorimetric detection, unit, 103 ~V. Other 

conditions as in Table 1. 
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Fig. 3. Typical chromatograms of fluorimetric detection 
with different A1 concentrations: (A) 200 pg/l.; (B) 100 pg/l.; 
(C) 60 ~ug/l.; (D) 30 ,ug/1.: (E) 10 ug/1. and (F) 0 pg/l. The 
chelate was formed in the solution at pH 4.7 containing 
0.02M potassium hydrogen phthalate and 0,005% lumogal- 
lion; column, Lichrosorb RP 18; mobile phase, 30% aceto- 
nitrile and 70% aqueous containing 0.02M potassium 
hydrogen phthalate and 10 ~M lumogallion; flow-rate, 1.0 
ml/min; detection, 500 nm and 574 nm for excitation and 

emission in fluorescence detection; injection, 100 #1. 

The second known interference in the conven- 
tional fluorimetric assay is that of fluoride. ~5"'7 
Standard solutions of A1 (50/ag/1.) were spiked 
with fluoride at levels from 0 to 10 mg/1. and 
analyzed according to the recommended pro- 
cedure. The results are given in Table 4, which 
indicated that at below 5 mg/l., fluoride did not 
interfere with the AI analysis. 

Other common metal ions in natural waters 
such as Ni(lI), Co01), Zn(lI), Sn(II), Cu(II), 
Mo(VI), Pb(lI) were also studied. The ions did 
not interfere in the proposed method at under 

10 mg/1. level. Na(l), Mg(II), K(I) and Ca(ll) 
did not interfere with the AI analysis at concen- 
trations present in sea-water. The interferences 
of foreign ions in the proposed method were l0 
times lower than those in fluorimetric methods 
with lumogallion. Potential interferences from 
diverse metal ions present in large excess are 
thought to be caused by the consumption of 
lumogallion reagent under precolumn deriva- 
tization conditions rather than by peak overlap. 
Such interferences can be overcome by adding 
sufficient amount of lumogallion, or by diluting 
the sample prior to derivatization. In the present 
method, lumogallion was used at a higher con- 
centration than that used in the fluorimetric 
methods '5'7 in order to eliminate the interfer- 
ence from salts present in natural water samples. 
The linear range was also increased in the 
proposed method. 

Practical application 

The proposed method had been successfully 
applied to the determination of A1 in fresh- and 
sea-water samples. Table 5 summarizes the re- 
sults obtained by our proposed method and the 
GF-AAS method for water samples, and 
samples spiked with the metal standards to 
ascertain the validity of the analytical data. The 
good recovery of the spiked A1 ion indicates that 
the procedure is valid. 

Sample pretreatment methods would nor- 
mally influence the final analytical results. ~°Ls 2o 
In procedure A, the concentrations of AI in the 
water samples were at the ppb level, hence the 
results were obtained by measuring the peak 
areas and the standard addition method was 
used. The results are shown in Fig. 6. The 
concentration values obtained from procedure 
A represent the original dissolved A1 that could 
form chelate with lumogallion without acid 
treatment. The AI concentrations obtained from 
procedure B correspond to the dissolved A1 in 
water after acid treatment. Hence the A1 con- 
centrations would include original dissolved AI 
and A1 from particles and colloids which was 
released during acid treatment. Typical HPLC 
chromatograms of the tap water, sea-water and 
their spiked samples from procedure B are 

Table 3. Effect of Fe(lll) on the aluminium analysis 

[Fe]* 0 0.1 0.5 2.0 5.0 I0.0 
Peak heightt 48.6 47.4 46.9 47.2 48.3 33.7 

*The concentration of Fe(lll) added to AI solution, unit, mg;l. 
tThe peak height in fluorimetric detection, unit, l0 S l tV AI concen- 

tration. 50 /~g/I. Other conditions as in Table I. 

I'AL 42 3 H 
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Fig. 4. The chromatograms of UV (at 497 nm) and fluorimetric detections using standard methods for 
the analysis of A1 with Al concentration at 50 ,ug/1. Other conditions as in Fig. 3. (AI) The peak of 
potassium hydrogen phthalate; (A2) the peak of Al-lumogallion chelate; (A3) the lumogallion peak in 
the chromatogram of UV detection at 497 nm. (Bl) The peak of potassium hydrogen phthalate; (B2) the 

peak of Al-lumogallion chelate in the chromatogram of fluorimetric detection. 

shown in Fig. 7. Our data (Table 5) show that 
the proposed HPLC method can be used suc- 
cessfully to determine Al in natural water 
samples and that there is no interference from 
matrixes such as alkali and alkaline-earth metals 

in sea-water. The recoveries of  the proposed 
method were 100 and 96% for tap water and 
sea-water samples. The results from GF-AAS 
and the proposed HPLC method were in agree- 
ment for tap water and its spiked samples. 
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Fig. 5. The chromatograms of UV (at 497 nm) and fluorimetric detections in the presence of Fe(lll). These 
chromatograms were obtained by using a sample containing 50/~g/l. Al and 5 mg/l. Fe(lll). Analytical 
conditions as given in Fig. 3. (Al) The peak of potassium hydrogen phthalate; (A2) the peak of 
Fe lumogallion chelate: (A3) the peak of lumogallion in the chromatogram of UV detection at 497 nm. 
(Bl) The peak of potassium hydrogen phthalate; (B2) the peak of Al lumogallion chelate in the 

chromatogram of fluorimetric detection. 



HPLC of  A1 in natural waters 

Table 4. Effect of  F on the aluminium analysis 

[F- ]* 0.0 0.1 0.5 2.0 5.0 10.0 
Peak heightt  46.7 47. I 48.3 47.6 48.2 43,4 

*The concentration of F added to AI solution, unit, mg/l. 
The peak height in fluorimetric detection, unit, I0 ~ #V. AI concen- 

tration, 50 #g/I. Other conditions as in Table 1. 
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Table 5. Determination of  AI in water samples (#g/l.) 
Procedure Sample HPLC GFAAS 

A Tap water 5 + 0.5* 
A Sea-water 0,6 + 0. I* 
Bf Tap water 28 + 1.2 28 _ 1.5 
Bf Tap water + 100 #g/1. AI(III) 128 _+ 2.8 130 _+ 3.0 
BY Sea-water 210 _+ 4.0 250 + 14 
Bf Sea-water + 100 #g/l. AI(II1) 306 + 5.3 320 _+ 16 

*The values were obtained from standard addition method. 
tThe  values were obtained from average of  four measurements.  
The analytical conditions of HPLC method as in Fig. 3. 

However, differences were found in sea-water 
and its spiked samples. Higher values of AI 
concentration were found in sea-water and its 
spiked samples by the GF-AAS method com- 
pared with that from the HPLC method. Owing 
to the high salt content in sea-water, the back- 
ground correction used in GF-AAS may not be 
able to compensate completely for the back- 
ground contribution. 

C O N C L U S I O N S  

Lumogallion is a commercially available re- 
agent which reacts cleanly with aluminium, 

forming a stable and highly fluorescent com- 
plex. These characteristics permit the use of 
lumogallion in the determination of AI in ultra- 
trace levels. Coupled with HPLC, which func- 
tions as a clean-up procedure, interferences 
from other ions are eliminated. The technique 
permits trace analysis of aluminium in sub-ppb 
to 500 ppb level in both fresh and saline waters. 
The complicated procedures, such as presepara- 
tion and matrix-matching that are otherwise 
needed for the removal of matrix effects are thus 
eliminated. The proposed method may also be 
applicable to clinical, environmental and indus- 
trial analyses. 
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Fig. 6. Standard addition method for AI determination in tap water, sea water and deionized distilled water 
(pure waterl using the sample pretreatment procedure A. Analytical conditions as given in Fig. 3 
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Fig. 7. Typical chromatograms for the determination of A1 in (a) tap water samples and (b) coastal 
sea-water samples. The samples were pretreated by procedure B. In (a): I, the peak of Al-lumogallion 
chelate in the tap water sample spiked with AI 100 ,u g/l.; II, the peak of the chelate in the tapwater sample. 
In (b): I', the peak of the chelate in the coastal sea-water sample spiked with AI 100/~g/I.: II', the peak 

of the chelate in coastal sea-water sample. Other conditions as given in Fig. 3. 
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Summary--The methods for optimal acidity of complexes M~L,(OH)mH . based on direct iteration or 
solution of polynomials are described and discussed. Then, by a direct straightforward method of 
computation (that does not require any iteration) the complexes M,L(OH),,H, and ML,(OH),,H, are 
treated (where 1 ~< x ~< 3 and 1 ~<y ~< 3). Finally, the conditions leading to formation of polynuclear 
complexes are shown and discussed. The importance of study of polynuclear complexes for solving of 
biochemical problems is pointed out. Practical examples are given for each method. 

The optimal acidity of  a complex is the acidity 
for which the concentration of complex for- 
mation is reaching its maximum. The optimal 
acidity of complexes M~Ly(OH),,H, is usually 
determined by iterationJ Among methods of 
iteration we can even include such methods like 
regula falsi (or secant m.) and the Newton-  
Raphson method 2 because these methods also 
require some kind of iteration, just the mechan- 
ism of  iteration in these methods is different. 

Relatively little attention has been paid to 
polynomial methods like cubic and quartic 
equations. It is assumed that those methods lead 
to many complex conjugate roots so that it is 
difficult to find out the correct result. In this 
paper I will show that it is not necessarily so. On 
the contrary, the traditional iteration methods 
are connected with larger error. However, I do 
not intend to underrate the iteration methods, 
whose far reaching universality is of great ad- 
vantage. 

In combination with a sufficiently general 
method of iteration the optimal acidity of com- 
plexes M,.Ly(OH),,H,, (where 1 ~< x ~< 4 and y is 
any reasonable integer) can be determined. This 
is particularly useful for problems in biochem- 
istry. 

Finally, the conditions are shown that lead to 
the formation of polynuclear complexes. They 
are illustrated on the complex formation of 
chrome azurol S, eriochrome cyanine R, 
Xylenol Orange and triethylenetetraminehex- 

*Retired. Present address: 2000 E. Roger Rd., # 109-41, 
Tucson, AZ 85719, U.S.A. 
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aacetic acid with ions like Fe 3+, Th 4+, Hg 2+, 
La 3+ and Cu 2+. 

THEORETICAL 

Single complex  fi~rmation M x Ly (OH)m Hn 

If [Me Ly (OH)m H,] = c, then the material bal- 
ance is 

CM=XC+[M]CtMO. and CL=yC+[L]~L. ,  

(la, b) 

where ~MOH and ~L. are the coefficients of side 
reactions of the metal with OH ions and of the 
ligand L with protons H, respectively. We have 

aMO. = Zfl,,[OH]" = Zfl,,K~[H] ' =  E / /* [U] - "  

(2) 

~L. = Z fl,[H]', (3) 

where Kw is the autoprotolytic constant of water 
(=[H][OH] = 10 14 at 2Y'C). The conditional 
stability constant K of the complex Me_ 
L,,(OH),,H,, is given by 

K--  c (c M --  XC) "(¢L - - y c )  ' 

= C ([M]~CMO" ) '([L]~LH ) ' 

= /~x3 mn 0C M0)H ~ H r [ O H ] " ' [ H ] " ,  (4 )  

where/!v.,,  is the overall stability constant of the 
complex M,. L,,(OH).,H,,. Taking logarithms of 
equation (4) we obtain 

log K = log fl,,,,,,, - x log ~MOH 

- y  log O~LH ~ m log Kw 

- (m - n)log[H]. (5) 
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The conditional constant K is reaching its maxi- 
mum for the optimal acidity of  the complex 
M, L,, (OH)-, H,, . Therefore, we have 

(d log K)/(d log[H]) = 0 (6) 

so that if we differentiate equation (5) under the 
conditions of  (6) we obtain 

x (d log aMo. )/(d log[H]) 

+ y (d log 0~LH)/(d log[H]) + m -- n = 0. (7) 

Furthermore, we have 

(d log aMO. )/(d log[H]) = 

- (E t 'fl * [ H ] - " ) / ( E  fl * [H]  ")  = - [ '  (8)  

(log ~L.)/(d log[H]) 

= (Ytfl,[H]')/(Xfl,[H]') = ~. (9) 

Combining equations (7)-(9) results in 

- x F "  + y F + m  - n  = 0 ,  (10) 

which is the final equation for the optimal 
acidity of  a single complex M, L,, (OH),, H,.  This 
shows that it is only a function of  the compo- 
sition of  the complex and the extent of the side 
reactions, the metal M with hydroxide anions 
and the ligand with the protons. It is not a 
function of the stability of  the complex. 

If two complexes between M and L are 
formed, the stabilities of both are required to 
determine their optimal acidity, or at least one 
proceeding by the procedure described below. 

Many complexes o f  Mx Ly (OH)m H,  

Taking into account the fact that quartic 
equations can still be solved directly, the system 
of complexes, the optimal acidity of  which we 
are trying to determine, is described by the 
material balance equations 

[M] 4A + [M]SB + [M]2C -Jr- [MID + E = 0 (11) 

[M]'4A ' + [M]'3B ' + [M]'2C ' 

+ [M]'D'  + E '  = 0, (12) 

where 

A = ZZXpflap~r[L]P[OH]"[H]I ~ 

B = EXE qfl3qg,, [L]q[OH]g[H] h 

C = EEE rfl2r,flL]'[OH]~[H]J, 

D = ZEYsflL, m, [L]"[OH]"'[H]" 

E = [L] Z fl, [H]' - CL 

A '  = ZY-Z 4fl4p,,r[L]P[OH]"[H]t I 

B '  = ZEZ 3flsqe,, [L]q[OH]x[H] ' 

(13a, b) 

(14a, b) 

(15) 

(16a, b) 

C '  = ZZZ 2fl2riflL]'[OH]i[H] q 

D '  = ZEEfl, ..... [L]'[OH]"'[H]" (17a, b) 

E ' =  --CM. (18) 

AS a measure of the accuracy of iteration, we 
have introduced 

A * = 1 - [M]/[M]', (19) 

where ]A *[ < 0.001 throughout. 
As a measure of concentration, the molar 

per cents of the total metal concentration were 
used: 

P,..,.,,. = 100xflx,.,,. [M]-~[L]Y[OH]~[H] '. (20) 

Within direct iteration, both material balance 
equations (11) and (12) are transformed into a 
form explicit for [M] and [M]'. These two 
equations are combined with the accuracy 
equation (19), and the iteration started with the 
quantity [L] until the condition of accuracy are 
met. In doing that, another basic rule of  iter- 
ation is followed, iterating with a quantity 
which has the most complicated form in the 
given system. 

The mechanism of  direct iteration is pre- 
sented in Fig. 1. It is useful to start the iteration 
at higher pH since then the interval of permiss- 
ible [L] values is wider. 

There is no need to give the equations for 
determination of optimal acidity in mono- and 
binuclear systems. They are evident from 
equations (I 1), (12), (14a, b), (15), (17a, b), (18) 
and (19). 

For systems of trinuclear complexes, the 
equations that hold are 

P = D / B  - (C/B)2/3 (21) 

Q = (C/B)32/27 - (CD/B2)/3 + E / B  (22) 

[M] = [ - Q /2 + (Q 2/4 + P 3/27)~/2]' 3 - 

(C /B) /3  + [ - Q/2 - (Q 2/4 + p 3/27)'/2]'/3, (23) 

where (23) is the well known Cardano 
equation. 3 Since that equation has real roots 
only if 

Q 2/4 + P 3/27 ~> 0, (24) 

that does not cover all real roots of cubic 
equations (11) and (12) (A = A ' =  0), so that 
some real roots of (11) and (12) must corre- 
spond to (24) even if it is negative. This leads to 
the equation 

[M] = 2 ( -  P/3)"- cos ¢p/3 - (C/B) /3  (25) 
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Fig. 1. 

where 

cos q~ = - Q / 2 ( - 2 7 / p 3 )  ~a. (26) 

For derivation of equation (25) see Appendix A. 
Under these conditions, equation (23) yields 

just one real and positive root; if it does not, 
then (25) takes over. In that way we find the 
solution of cubic equations (11) and (12). 

For systems of tetranuclear complexes, the 
solution is based on the solution of a quartic 
equation. We have 

P *  = B D / A  2 _ 4 E / A  - ( C / A ) 2 / 3  (27) 

Q *  = - ( C / A  )32/27 + ( B C D  ) /A 3 

- 4 ( E / A  )/3 - ( D / A  )2 

- ( B / A  )2E/A + 4 C E / A  2 (28) 

y = [ -  Q*/2 + (Q'2/4 + P'3/27)'/2]~/3 

- ( C / A ) / 3  + [ -  a */2 - ( a  *2/4 

"k P'3/27)1/2]1/3. (29) 

Because that solution can be rarely found cor- 
rectly published, it is given in Appendix B. 

The condition to obtain positive real roots is 
again 

Q ' 2 / 4  + P'3/27/> 0. (30) 

From Appendix B we have 

ot 2 = ( B / A  )2/4 + y -- C / A  ; 

fl 2 = y2/4  _ E / A  (31a, b) 

so that, for the conditions of complexation, the 
only acceptable positive real root is given by 
equation (32). Since the solution of a quartic 

[M] = (~ - B / 2 A  )/2 

+ [(~t - B / 2 A  )2/4 + fl - y /2]  '/2 (32) 

equation includes the solution of the cubic 
equation (29), our program must include the 
selection between (23) and (25), both with aster- 
isk quantities. 

Complexes ML,(OH)uH ,, and MxL(OH)uH,. 
For these complexes no iteration is necessary 
and the computation of [M] and [L] is a straight 
operation employing the equations 

[M]([L]3U + [L]2V + [L]W + l) - CM = 0 

(33) 

[M](3[L]3U + 2[L]2 V + [L] W) 

+[L]~LH--CL=0. (34) 

Combination of equations (33) and (34), with 
elimination of [M], results in 

[L]40~LH U + [L]3(0~LH V -- C L U -+- 3CM U ) 

+[L]2(~LH W - - c  L V + 2 c  MV) 

-b [L](0~L. -- C L W + c M [4/) -- c L = 0, (35) 

where I ~<y ~<3 and U =E£flt3,,r[OH]"[H]1, 
V = Y~E fl,2gJ, [OH]g[H] h, W = ZE fl, ,,[OH]J[H]k 
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The situation is similar with complexes 
MxL(OH)uH,..  We have again 

[L]([Mj3U ' + [M]2V ' + [ M J W '  + ~LH) -- CL = 0 

(36) 

[L](3[M]3U ' + 2[M] 2 V '  

+ [M] W ' )  + [M] - CM = 0. (37) 

Combining equat ions (36) and (37) with elimin- 
at ion o f  [L] we get 

[ M ] ' U '  + [M]3(V ' - cM U '  + 3 c L U ' )  

-+- [M]2(W' -- c M V '  + 2c L V ') 

+ [M](~XLI a -- C M W '  + c L W ') 

- cM ~L .  = O, ( 3 8 )  

where 1 ~< x ~< 3 and U '  = EZf l3 t . , . [OH]m[H] ", 
V'  = EZ fl2,pq [OH]P[H] q, W '  = EE fl, ,~, [OHHH] s. 

RESULTS AND D I S C U S S I O N  

The condit ions o f  the single complex method 
are met only seldom in real solutions. Neverthe- 
less, that method gives useful preliminary infor- 
mat ion about  probable behavior  o f  the 
complex. 4 Some illustrative results and a com- 
parison with the most  advanced method as 
described in this paper  are given in Table 1. 
Similar results, sometimes even more closely 
related to the facts, can be obtained with buffer 
ligands described by ~Mx and ~xH (where 
X = NH3, C H 3 C O O - ,  etc.). 

The optimal acidities for particular complexes 
were determined by comput ing  the dependence 
between the actual concentra t ion o f  the complex 
(in Tables the numbers  are in parentheses) and 
the acidity o f  the coexisting solution. This was 

done over the whole acidity scale for every 
complex of  the known composi t ion and stab- 
ility. 

Thus Table 2 shows the effect o f  different 
total concentrat ion o f  metal and ligand on the 
optimal acidity and actual concentrat ion o f  
complexes. Furthermore,  Table 2 shows differ- 
ent behavior  o f  the tetradentate ligand (CAS 
and ECR)  and of  the octadentate iigand (XO). 
Thus in the case o f  XO, only at very low pH, 
when most  o f  the ligand is blocked by hydrogen 
complexes and, therefore, the free metal ions are 
in huge excess, is the binuclear complex M 2 LH2 
formed. At higher pH (5.8-6.2), when the 
donors  o f  the ligand are activated and the ligand 
itself is present in excess, the main complex 
formed is M(LH2)2. In between, understand- 
ably, there are conditions for the complex 
MLH2. 5 On the other hand, owing to the pres- 
ence o f  two relatively independent chelating 
systems and the donor  deficiency, CAS and 
E C R  form the binuclear complexes M2L and 
M2L2. Only at low pH, when one side o f  the 
ligand is blocked by hydrogen,  is the complex 
M L H  formed. Ueno et al. 6 discussed the con- 
ditions o f  complex format ion between Fe 3÷ and 
CAS. Complexat ion o f  CAS and E C R  is in 
good  agreement with the theory o f  binuclear 
complex formation (see below). 

The results o f  the straightforward method 
(SFM), employing the quartic equation and 
cubic equation as a sub-method,  are presented 
in Table 3. The computa t ion  shows, that  if we 
have a system o f  complexes with overall stability 
constants  ill, f12 . . . . .  ft. then iffl~ _-" fl_, the com- 
putat ion runs predominant ly  via Cardano  
equation (23). On the other hand, if fl~ > fl=, it 

Table 1. Single complex method (SCM) and advanced method (AM) for determination of optimal 
acidity of some EDTA complexes 

pHoot* 

SCM AM 

Cation MLH ML ML(OH) MLH ML ML(OH) 

AI 3+ 3.2 4.6 7.8 2.2 (59.24) 4.4 (96.09) 9.0 (99.92) 
Bi 3+ 2.8 4.6 7.8 1.0 (83.37) 5.8 (99.99) 10.0 (92.64) 
Cu 2+ 7.0 9.2 12.4 1.6 (93.52) 6.0 (99.90) I 1.0 (76.39) 
Fe 2+ 7.8 9.8 12.4 2.6 (46.22) 6.0 (99.85) I 1.0 (98.70) 
Fe 3+ 3.4 5.0 7.8 0.4 (99.82) 4.4 (99.82) 8.5 (82.97)t 
Hg 2+ 3.2 4.6 7.8 1.2 (98.33) 6.1 (99.80) 12.0 (99.87) 
Mn -~+ 8.2 10.4 13.8 2.6 (55.48) 7.0 (99.97) 12.0 (92.64) 
Ni 2+ 8.0 10.4 12.8 1.8 (94.89) 7.6 (99.99) 13.0 (86.32) 
Sc ~+ 4.8 5.8 8.0 0.6 (85.10) 6.4 (99.99) 12.0 (88.59) 
Th 4+ 1.0 4.0 5.0 1.4 (91.86) 4.6 (99.54) 10.0 (98.21) 

*The numbers  in parentheses  refer to the per cent o f  par t icu lar  complex.  The to ta l  concen t ra t ions  are 
c M = c L = 0,01M. 

t F o r  FeL(OH)2 the cor respond ing  da ta  are 12.0 (SCM) and 13.00 (99.97) (AM).  
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pH op, * 
CM CL 

System (M)  (M)  MLH M~L M,L2 

F e 3 + ~ A S  3.2× 10 -4 1.6x 10 4 2.2 (2.40x 10 2) 2.6 (51.71) 
1.6 x 10 4 1.6 × 10 -4 2.4(4.20 x 10 2) 2.4 (44.411 
1.6 x 10 -4 3.2 x 10 _4 2.2 (6.42 × 10 -2) 2.2 (44.52) 

Fe 3~ ECR 1 .6x10  -4 1 .6x10  _4 2.0(4.80× 10 L) 2.4(88.191 

MzLH 2 MLH 2 
Th4+-XO 2.0 × 10 -5 4.0 x 10 -5 1.8 (6.181 2.6(99.39) 

2.0 x 10 5 2.0 x 10 -5 1.6(15.07) 5.4 (99.48) 
4.0 × 10 -5 2.0 x 10 -5 2.6 (24.07) 4.6 (37.98) 

5.4 (24.96) 
6.0 (99.88) 
5.6 (99.94) 
6.0 (99.72) 

M(LH2)2 
6.0 (83.35) 
6.0 (2.75) 
5.8(I.55 × 10 4) 

*The numbers in parentheses refer to the per cent of  particular complex; c M and c L are the total concentration 
of  the metal and of  the ligand, respectively, 

runs via the goniometric variant (25). Table 3 
also shows the comparison of SFM with the 
direct iteration method. Both methods give very 
similar results, but SFM is slightly more accu- 
rate. Many times the iteration gives the same 
concentration of  individual complexes in the pH 
interval 5-6. 

Table 4 shows the optimal acidity of metal 
complexes of TTHA (triethylenetetraminehex- 
aacetic acid). Since it is y = 1 throughout, the 

SFM and direct iteration were used. Again as in 
Table 3 the SFM gives slightly better results. 
TTHA forms a wide scale of binuclear com- 
plexes. 

The conditions of polynuclear complex for- 
mation can be summed up as follows: (a) the 
complexing reagent must contain several rela- 
tively independent chelating systems. (b) The 
primary mononuclear complex is usually a 
mixed metal-hydrogen-ligand complex. (c) As a 

Table 3. Straightforward method (SFM) and method of iteration (ITE) used for computation of optimal acidity of great 
variety of complexes 

pHop t * 
103cM 

System ML ML: ML~ (M)  

(a) Q'2/4 + P'3/27/> 0 predominates 
Zn 2+ 2,3-dimercapto-l-propanol  (BAL) 

Fe 2+ 2,2'-bipyridyl 

La 3+ 8-hydroxyquinoline 

Fe z+ 1A 0-phenanthroline 

(b) Q*~-/4 + P'3/27 < 0 predominates 
Fe > aceto(hydroxamic) acid 

Fe ~ ~ acetylacetone 

Ni 2+ ethylenediamine 

Ni > glycylglycine 

Ni 2' 2-nitroso-l-napthol-4-sulfonic acid 

AI 3+ oxalic acid 

AP ~ -sulfosalicylic acid 

Fe a+ -sulfosalicylic acid 

Fe > -tiron 

3.8 (32.87) 4.4 (6.67 x 10 ~ ) 7.0 (99.98) 1.0(I 
3.9(32.19) 4.4(6.67 x 10 a) 7.0(99.92) 

-0 .1  (1.69) 2.2(9.60 x 10 -3) 6.0(98.111 0.10 
-0 .1  (1.70) 2.2(9.00 x 10 3) 6.0(98.12) 

6.4 (36.68) 7.2 (32.45) 8.0 (67.75) 1.00 
6.4 (36.68) 7.2 (32.45) 8.0 (67.72) 

-0.8(34.56) 1.8(7.24 x 10 2) 6.0(99.67) 0.10 
-0.8(34.57) 1.8(7.25x 10 : )  6.0{99.68) 

2.6 (78.45) 5.0 (89.17) 10.0 (97.351 0.10 
2.4 (77.33) 5.0 (89.15) 10.0 (99.98) 
2.2(55.17) 3.6(75,711 8.0(98.311 I00 
2.2 (55.15) 3.6 (75.70) 8.0 (98.72) 
6.0 (67.63) 7.0 (80.65) I 1.0 (94.39) 10.0 
6.0 (67.62) 7.0 (80.65) 11.0 (84.40) 
6.6 (39.35) 8.0 (84.98) 10.0 (19.60) 10.0+ 
6.6 (39.40) 8.0 (85.00) 10.0 (19.55) 
3.0 (22.34) 4.6 (3.47) 7.0 (94.84) 0.10 
3.2 (22.21) 4.6 (3.46) 7.0 (94.85) 
0.6(63.69) 1.4(59,851 5.0(90,511 10,0 
0.6 (63.71) 1.4 (59.84) 5.0 (90.65) 
4.4(83.05) 7.2(93.92) 10.0(81.741 0.10 
4.4 (83.03) 7.2 (93,92) 10.0 (81.731 
2.8 (96.95) 8.3 (97A8) 10.6 (90.05} 0,10 
2.8 (96.87) 8.3 (97.45) 10,6 (90.07) 
3.6 (96.16) 5.6 (98.39) 10,0 (99.29) 0.10+* 
3.6 (96.15) 5.6 (98.39) 10.0 (99.30) 

*Numbers in the first line of each system are the results of SFM, 
tFo r  MLH, 5.0 (83.74) and 5.0 (83.76). 
++For MLH, 1.6 (45.74) and 1.6 (45.72). 

in the second line the results o f l TE .  3c v = q  
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Table 4. Optimal acidity and concentration of  some complexes of  triethylenetetraminehexaacetic acid (TTHA) 

Cation M2 L M2 LH M2 LH2 M2 L(OH)2 ML MLH 

AI 3÷ 4.4 (99.76) 7.0 (98.73) 5.8 (1.86 x 10 -2 
4.4 (99.79) 7.0 (98.76) 4.4 (2.81 × 10 -3 

Cd 2+ 6.2 (99.09) 6.2 (3.43 × 10 3 
6.2 (99.26) 6.2 (2.77 × 10 -3 

Co 2+ 6.0(99.90) 2.8 (43.91) 2.0(73.77) 6.0(6.27 × 10 5 
6.0 (99.90) 2.8 (43.92) 2.0 (73.70) 6.0 (5.60 × 10 -6 

Cu 2+ 6.0 (99.90) 2.8 (41.20) 2.0 (81.75) 6.2 (1.00 x 10 -5 
6.0 (99.90) 2.8 (41.16) 2.0 (81.68) 6.2 (I.00 × 10 -5 

Fe 3÷ 2.0 (99.67) 6.0 (99.99) 3.6 (4.11 x I0 7 
1.8 (99.43) 6.0 (99.99) 5.6 (7.49 x 10 -4 

Hg 2+ 6.0(99.54) 3.2(58.32) 2.0(82.99) 6.0(6.28 x 10 -2) 6.0(1.99× 10 4 
6.0(99.17) 3.2(58.10) 2.0(82.73) 6.0(6.26 × 10 -2) 6.0(2.03 x 10 -4 

La 3÷ 8.0 (81.94) 8.0 (9.03) 
8.0 (81.93) 8.0 (9.00) 

Mn -~+ 8.0 (98.63) 8.0 (1.05 x 10 -I ) 
8.0 (98.62) 8.0 (1.04 × 10 -~ ) 

Ni 2÷ 6.0(99.96) 2.4(41.16) 2.0(61.10) 6.0(3.52 × 10 -6) 
6.0(99.96) 2.4(41.16) 2.0(61.10) 6.0(3.52 x 10 6) 

Pb 2÷ 6.0 (99.90) 2.8 (43.51) 2.0 (70.63) 6.0 (1.25 × 10 -4) 
6.0 (99.90) 2.8 (43.64) 2.0 (70.56) 6.0 (I .24 × 10 -5) 

Zn 2+ 6.0 (99.90) 2.8 (43.92) 2.0 (73.42) 6.0 (3.98 × 10 -5) 
6.0(99.91) 2.8 (43.91) 2.0(73.32) 6.0(3.45 × I0 5) 

3.0(6.81 × I0 -I)  
3.0(3.75 x I0 l) 
3.0 (8.46)* 
3.0 (8.47) 
3.4 (2.43) 
3.4 (1.79) 
3.0 (5.50 x 10 -2) 
3.0(1.70× I0 l) 
1.2(1.83 × 10-2)? 
4.2(1.88 x 10 2) 
3.6(3.84× 10 3)~: 
3.2(3.74× 10 3) 
2.6(12.86) 
2.6 (12.46) 
3.6 (38.65)§ 
3.6(38.71) 
3.4 (1.02 × 10 -2) 
3.4(1.03 × 10 2) 
3.2 (1.32) 
3.43.80 × 10 -1) 
3.4(9.60 × I0 - I )  
3.4 (1.00) 

*For CdLH2, 2.2 (40.00) and 2.2 (40.00). 
t F o r  FeLH 2, 1.0 (1.03) and 1.0 (1.11). 
~For HgLH2, 2.0 (2.01 x 10 -2) and 2.1 (1.89 x 10-2). 
§For MnLH 2, 3.0 (7.23) and 3.0 (7.25). 
2c L = c M. See also the footnotes for Table 2: c t = 0.01M. 

measure of nuclearity the fraction F, equation 
(39), can be used. 

F = [M ,. L]/[M ,. ~ LH] = flx[M]/(flx_~ [H]), 

(39) 

where ft., is the overall stability constant of the 
complex MxL and fl,_ ~ the stability constant of  
the mixed complex Mx_ILH. The actual con- 
centrations [M] and [H] should be taken in the 
conditions of  optimal acidity of  the complex 
M, L. The values of  log F for complexes M2 L 
from Table 4 are listed in Table 5. 

Biochemistry is the most fruitful field where 
polynuclear complexes can occur. One problem 
is, for example, why rigid and planar polypep- 
tides form only the trans configuration of mu- 
tual location of  nitrogen and oxygen atoms. 7 
The presence of  a metal ion like Cu 2+ would 
favor the cis configuration. Tripropylene- or 
tributylenetetraminohexaacetic acid can be used 
as model for investigation of tetranuclear com- 
plexes. 

For equilibrium constants used, see Ref. 8. 
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Table 5. Fraction F in the conditions of optimal acidity 

Metal Metal Metal 
ion log F ion log F ion log F 

AI 3+ 2.73 Fe 3~ 3.46 Ni 2+ 5.15 
Cd 2+ 2.04 Hg 2~ 5.09 Pb 2+ 3.40 
Co 2÷ 3.80 La 3~ 6.18 Zn 2+ 3.95 
Cu 2+ 4.70 Mn 2+ 2.73 

APPENDIX A 

Goniometric variant of Cardano equation v 

The Cardano equation (23) with imaginary components 
reads 

[M] = [-Q/2 + i(Q 2/4 + P 3/27)~ 2]~ 3 

+[-Q/2- i (Q2/4+ p3/27)t2]'3-(C/B)/3. (A1) 



Opt ima l  ac idi ty  of  complexes  

Accord ing  to the Moivre  theorem we have 

( c o s x  + i s i n x ) " = c o s n x  _+_ i sin nx  (A2) 

and in t roduc ing  

cos x = - Q/2(  - 27/P  3)12 (A3) 

we ob ta in  

[M] = 2 ( - P / 3 )  L 2 cos x /3  - (C/B)~3,  (A4) 

where x = q~. Then (A4) is ident ical  with (25). 

APPENDIX B 

Solution o f  the quartic equation io 

The general  equa t ion  

x 4 + a x  ~ + b x  2 + c x + d = O  

is squared  for its two members  by wri t ing 

(x 2 + ax /2 )  2 = x 4 + ax  ~ 

+ (a/2)2x 2 = [(a/2) z - -  b ] x  2 - c x  - d. 
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Fur the rmore ,  if  we add to each side (x ~ + ax /2 )y  + y-'/4 we 

get 

(x 2 + a x / 2  + y /2):  

= x 4 + ( a / 2 ) ' - x " + y ' - / 4 + a x 3 + x 2 y + ( a / 2 ) v y .  (B3) 

Tha t  is 

[(a/2) 2 - h + y]x  2 + (ay/2 - c )x  

+ ( y / 2 ) ~ - - d = 7 : x ' - + 2 : q ~ x  +fl~-, (B4) 

where 

~2 = (a/2)2 _ b + )', fl 2 = (y/2)2 _ d, 

2aft = ay /2 - c, (B5a, b, c) 

so tha t  by mutua l  combina t ion  of  (B5, a, b, c} we obta in  

y ~ - b y 2 + ( a c - - 4 d ) y - ( c 2 + a " d - 4 h d ) - O  (B6) 

which is the resolvent of  (B1). Since it is a cubic  equat ion ,  

it may be solved by the methods  for cubic equat ions .  Thus  

(BI)  we get by combina t ion  of  (B4) and  (B5, ab) 

x -~+(a 2 - : ~ ) x + y / 2 - f l - 0  (B7) 

or 

(B2) x = ( a - a / 2 ) / 2 + [ ( x - a / 2 ) ~ / 4 + f l - y / 2 ] ~ Z = [ M ] .  (BS) 
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Summary--A complexation chemistry model is applied to chelating ion-exchange systems and a method 
is presented for the determination of  equilibrium constants for metal ion chelates with these resins. 
Protonation constants for the iminodiacetic based chelating resin Dowex A-I were determined from 
potentiometric pH-data. Equilibrium constants were determined for 1:1 beryllium, magnesium, calcium, 
strontium and barium chelates with the resin in a wide pH range by measuring the concentrations of 
respective metal ions in the aqueous phase with direct current plasma atomic emission spectrometry 
(DCP-AES). A batch technique was used for the equilibrium experiments. At pH below 7 protonated 1 : 1 
species were also found to be formed with the resin. From the obtained equilibrium constants, theoretical 
distribution coefficients were calculated as function of pH for respective metal ion resin system. 

The synthesis and use of selective chelating 
resins in chemistry and industry have rapidly 
increased during the last years. Comprehensive 
reviews have been written about the synthesis, 
properties and uses of chelating resins. ~-3 
Chelating resins have, for instance, found use 
for removal of trace metal ions from reagents, 
biochemical and physiological fluids. The main 
use in analytical chemistry is for preconcentra- 
tion and separation, e.g. of heavy metal ions 
from sea-water. In environmental chemistry the 
resins have been used for speciation studies. One 
of the present authors has previously utilized 
Dowex A-I for separation of Zn-65 isotopes 
from a large excess of copper ions. 4 

Dowex A-1, the resin studied in this work, has 
iminodiacetic acid (IDA) as a functional group 
anchored to the styrene divinylbenzene matrix. 
Thus the chelating group is tridentate contain- 
ing one amino and two carboxylate oxygens as 
donor atoms. Like the monomer aminocarboxy- 
lic acids it has a zwitterionic structure. The 
iminodiacetic acid based resin is also known by 
several other trade names such as Chelex 100, 
Diaion CR-10, Duolite ES-466, Lewatit TP-207 
and Wofatit MC50. 

Equilibrium constants are necessary for the 
development, theoretical treatment and optimi- 
zation of, e.g. analytical methods and industrial 
processes. This holds also for ion-exchange sys- 
tems, like chelating resins. However, in the 

literature ~9 equilibrium constants can be found 
only for a few metal ions. Harju and Perus 7 have 
reported equilibrium constants for copper(II) 
chelates with the Dowex A-I resin. 

EXPERIMENTAL 

The chelating resin studied in this work was 
Dowex A-1 (Fluka, 50-100 mesh). The resin was 
dried for I h at 70~C and stored in an exsiccator 
until used. A batch technique was used for the 
determination of equilibrium constants. The 
measurements were carried out at 25'C ( + I C)  
and the ionic strength was adjusted to 0.1M by 
adding potassium nitrate. An inert atmosphere 
was obtained by outgasing the solutions with 
nitrogen or argon gases. 

The stock solutions of the metal ions studied 
were prepared from pro analysis reagents and 
standardized by complexometric titrations 
against EDTA according to a procedure de- 
scribed earlier. ~° Magnesium ions were titrated 
at pH 10 with Eriochrome Black T as indicator. 
Ca, Ba and Sr ions were also titrated at pH 10 
with Eriochrome Black T as indicator, but a 
small amount of Mg-EDTA was added to give 
a sharp transition. For accurate titrations and 
standardizations a Metrohm E 457 l~-buret was 
used. 

The cation exchange capacity, C, of the resin 
was determined by two different methods. One 
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direct method was based on Kjeldahl analysis of 
the nitrogen content of the dry resin. By assum- 
ing that one functional group contains one 
nitrogen atom, the method gave a capacity of  
2.3 mmol/g for the resin in sodium form. 

In the second method the resin was allowed to 
equilibrate with an excess of zinc ions at a pH 
sufficiently high to guarantee a quantitative 
sorption of  zinc ions. The concentration of  zinc 
in the solution phase was determined by com- 
plexometric titrations with a standard EDTA 
solution at pH 5.3 using Xylenol Orange as 
indicator. This method gave a capacity of  2.2 
mmol/g. The capacity 2.3 mmol/g was used in 
the calculations in this work. 

A Metrohm model 654 pH/mV meter 
equipped with a Metrohm combined pH elec- 
trode was used for the pH measurements. The 
pH electrode system was calibrated to give 
hydrogen ion concentrations, [H], according to 
a procedure described earlier. ~ For very accu- 
rate measurements, mV values were recorded 
and recalculated to - log[H]  values using 
Nernst's law. 

The equilibrium constants were determined 
using the following procedure: 100 mg of  the dry 
resin was mixed with 100 ml of  aqueous phase 
having an exactly known concentration of  the 
metal ion studied. Appropriate pH values were 
adjusted with KOH and HNO 3, and the mix- 
tures were allowed to equilibrate for 48 hr under 
constant stirring. No extra buffer agents, which 
could interfere with the ion-exchange equilibria, 
were used for adjustment of  pH. The final pH 
of  the aqueous phase was measured and the 
concentration of the metal ion in the filtrate 
determined. Direct current plasma atomic 
emission spectrometry (DCP-AES) was used for 
the determination of the analytical concen- 
trations of metal ions studied in the equilibrium 
studies. A Spectra span III B spectrometer 
(Spectrametrics Inc., Andover, MA) was used. 
Five to seven standards were used for the 
calibration of the analytical methods for each 
metal ion studied. KNO3 (0.1M) was added to 
each standard in order to control the matrix 
effects. 

In order to minimize problems with activity 
calculations and corrections, the determination 
of equilibrium constants was carried out at 
constant ionic strength (/~ = 0. i) in the solution 
phase. The ionic strength was adjusted to 0.1 
with KNO 3. Concentrations of species were 
determined and calculated and the equilibrium 
constants are given as concentration constants. 

The concentrations of the species in the resin 
phase are expressed as mmol/g and in the 
aqueous phase as M. 

RESULTS AND DISCUSSION 

Study of time needed for equilibration 

Because of the slow kinetics of Dowex A-I a 
test was m~ade to find out the minimum time 
needed for equilibration with alkaline earth 
metal ions. In Fig. i pCa is plotted as a function 
of  time. The concentration of  calcium in the 
aqueous phase was monitored in suitable time 
intervals by DCP-AES in presence of an excess 
of  the chelating resin. After about 5 hr of 
equilibration the pCa values are relatively 
constant. However, for the determination of 
equilibriation constants in the present work 
the mixtures were allowed to equilibrate for 
48 hr under constant mixing before the final 
analytical measurements. According to Sides 
and Kenner, ~2 6 hr of shaking gave constant 
distribution coefficients for alkaline earth metals 
with Dowex A-1. The kinetics of the chelating 
resin Dowex A-I has been very thoroughly 
studied by Schmuckler. t3 

Determination of protonation constants 

The experimental data for the determination 
of the protonation constants of  the chelating 
resin Dowex A-1 are presented as a potentio- 
metric curve in Fig. 2. Each data point in the 
figure represents a batch experiment where the 
total volume and total concentration of the resin 
were kept constant with various volumes of 
standard acid added. The pH curve exhibits two 
buffer regions corresponding to the protonation 
of the amino respective carboxylic group. From 
these two buffer regions, which are well apart, 
the protonation constants can be calculated. 

5 ,#-- 
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Fig. 1. pCa as function of time for the Ca-Dowex A-I 
system at pH 9.51. Volume=200 ml, mR=200 mg, 

Cc,  , = 10- ~°°M, p = 0.1 (KNOt). 
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Fig. 2. Potentiometric pH-curve for the chelating resin 
Dowex A-I.  100.0 mg resin, v o l u m e =  50.0 ml, # =0 .1 .  

For the protonation of the resin we have the 
following reactions and stepwise equilibrium 
constants 

R + H ~ H R  (1) 

HR + H ~ - H 2 R  (2) 

K . R R  [HR] (3) 
[HI[R] 

K H R , H  [H2R] 
H2a [H][HR]" (4) 

The ionic charges are omitted for the sake of  
simplicity. The determination of  the first proto- 
nation constant, K HR"'R, is given in Table 1. The 
calculation of the concentrations of  the proto- 
nated and nonprotonated form of the resin is 
based on the following expressions 

[R] =--nR (5) 
mR 

nR = (V~q -- V,  No~). C.No~ -- V.  [OH-- ]  (6) 

[HR] = C - [R], (7) 

Table 1. Determination of  the first protonation constant,  
K~k R, for the resin Dowex A-I (100.0 mg resin, p =0 .1 ,  
volume = 50.0 ml pH was adjusted with 0.0887M H N O 0  

VnNo, [R] [HR] 
- log[H] (ml) (mmol/g) (mmol/g) log K HRR 

9.7[ 0.80 [.56 0.74 9.38 
9.64 0.90 1.48 0.82 9.38 
9.40 1.10 1.31 0.99 9.28 
9.33 1.30 1.13 1.17 9.35 
9.18 1.40 1.05 1.25 9.26 
9.15 1.50 0.96 1.34 9.29 

Mean value of  log K~k R = 9.32. 
Standard deviation 0.05. 

where V.No~ is volume of the standard acid 
added (ml); V~q the volume of acid added at the 
first equivalence point (2.59 mi in Fig. 2); V the 
total volume of the aqueous phase (ml); CHNo, 
the concentration of the standard acid (M); m R 
the mass of the resin (g) and C the capacity of 
the resin (mmol/g). The concentrations of H ÷ 
and OH ions at the first equivalence point of 
the potentiometric curve (Fig. 2) are of no 
practical significance for the calculations and 
can be omitted in equation (6). 

The following protonation constants were 
determined in this work: K~'R R = 10 932 (Table 1) 
a n d  K HR'HH2 R ~ -  10 325. There are great variations in 
the values of protonation constants published 
in the literature for Dowex A-1. Leyden and 
Underwood 8 have reported K"'RHR = 10 ~55 and 
KHR,R 10 295. The first protonation constant is H2 R = 
clearly below the value obtained in this work. 
Szabadka 9 has obtained K ~ k  R = 10912, 

= KH~R.H l 01-44 t,-nR.R 10 3~2 and = which are in ,ix H2 R H3 R , 
satisfactory agreement with protonation con- 
stants obtained by the present authors. From a 
practical point of view, the first protonation 
constant is of greatest interest, because most 
equilibrium constants in this work were deter- 
mined at pH above 5, where the second proto- 
nation constant will not have any influence on 
the calculations. 

Determination o f  equilibrium constants o[" all-a- 
line earth metal ions 

Harju and Perus 7 have shown that copper(lI) 
ions predominantly form 1:! chelates with the 
functional group of the Dowex A-I chelating 
resin in a large pH region (2.8-9.4). A similar 
1:1 model has been reported by Loewenschuss 
and Schmuckler. 5 The functional groups in the 
resin are well spaced and it is unlikely that 
biligands (1:2) are formed with the resin 
matrix. 

The reaction of alkaline earth metal ions with 
the chelating resin can thus generally be written 
a s  

M' + R' ~- (MR)', (8) 

which is defined by the conditional constant 

M',R" [(MR)'] _ K~RR ' ~MR (9) 
K'MR/-  [M'I[R'~ ~M. ~R" 

M.R KMR is the usual I : I  s tabi l i ty  constant ex- 
pressed by 

[MR] 
M,R __ (10)  K M .  [M][R] 
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Fig. 3. Log M.R KI~R r plotted as a function of  pH. 

The total metal ion concentration in the 
solution phase, [M'], is determined by direct 
current plasma atomic emission spectrometry 
(DCP-AES). The concentration of (MR)', 
which also includes the concentrations of proto- 
nated I:1 chelates, can be calculated from the 
following equation 

(CM --  [M']) V 
[(MR)'] = , (l l) 

mR  

where CM is total concentration of metal ions 
added to the solution and V is volume of the 
solution phase (ml). 

F o r  the c o n c e n t r a t i o n  o f  resin not  b o u n d  to 
meta l  ions  w e  have  the e x p r e s s i o n s  

[R'] = C - [ (MR)' ]  ( l  2) 

and 

[R'] 
[R] = - - .  (13)  

gR(H) 

The n-coefficients are used as defined by Ring- 
bomJ4 %18~ is defined by the equation 

%(8) = I + [H]K ~i~ + 2 2H,R [H] KH2 R . (14) 

The side reactions of metal ions can be con- 
sidered by the equation 

[M'] 
[M] - (15) 

gM 

As a demonstration of the theoretical principles 
used in the present work, Fig. 3 presents 

M . R  log K(~R ), plotted as a function of pH. The 
almost horizontal course of the curve at pH 
above 8 indicates that the nonprotonated 
chelate MgR dominates and l ) ' M g ' R  equals l~. MgR 

M . R  K ( ~ R  ), in this pH region. This region, where the 
interfering effect from hydrogen ions are still 
quite small, is optimal for calculation n¢ zm.R v .  ax MgR 

which is presented in Table 2. 

Table 2. Determination of  the equilibrium constant for Mg 2÷ with Dowex A-I 

[MgR] [R'] [R] 
- log[HI  - log[Mg]  (mmol/g) (retool~g) %ira (retool~g) l ogK Mg~R MgR 

9.791 4.538 0.943 1.357 1.338 1.014 4.5 I 
9.669 4.434 0.936 1.364 1.448 0.942 4.43 
9.569 4.424 0.938 1.365 1.564 0.873 4.45 
9.071 4.226 0.914 1.386 2.774 0.500 4.49 
8.988 4.184 0.902 1.398 3.148 0.444 4.49 
8.914 4.160 0.905 1.395 3.547 0.393 4.52 
8.868 4.128 0.902 1.398 3.831 0.365 4.52 
8.587 3.994 0.872 1.428 6.408 0.223 4.59 
8.496 3.981 0.870 1.430 7.668 0.169 4.65 

Mg.R Mean value of  log KMg g = 4.52. 
Standard deviation 0.07. 

Table 3. Determination of K HM'sM ~ 

[(MgR)'] [R'] 
- log[H]  - log [Mg]  (retool~g) (retool~g) - log[R]  log st .k H.stgR K(~R ). log ~MgRIH} log K MgHR 

6.49 3.135 0.243 2.057 2.514 5.034 0.518 6.85 
6.07 3.128 0.240 2.060 2.937 5.445 0.928 6.94 
5.89 3.136 0.253 2.047 3.120 5.658 1.141 7.00 
5.43 3.098 0.187 2. I 13 3.568 5.939 1.421 6.83 
5. I 1 3.085 0.162 2.138 3.886 6.180 1.663 6.76 
4.97 3.072 0.137 2.163 4.023 6.230 1.714 6.68 
4.57 3.071 0.136 2.164 4.435 6.640 2.123 6.69 
4.40 3.078 0.149 2.151 4.617 6.870 2.353 6.75 
4.29 3.089 0.169 2.131 4.739 7.055 2.538 6.83 
4.18 3.077 0.146 2.154 4.855 7.097 2.580 6.76 
4.15 3.073 0.139 2.161 4.887 7.101 2.584 6.73 

Mean value of  ..st R log Kst~g~ = 6.80. 
Standard deviation 0.10. 
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At pH below 7 there is a rise of the curve in 
Fig. 3 and this indicates the formation of proto- 
nated species. An approximate constant 
KMgR,H 106.8 M g H R  = can be obtained from the figure 
as the intercept between the horizontal line 

M g R  ( log KMg ~ -----4.5) and the tangent of  the slope 
- l  to the rising curve, according to a method 
described earlier by Ringbom and Harju)  s A 
more exact calculation of ~cMgR., is given in i x  M g H R  

Table 3, based on the following equations de- 
rived from the general expressions for ~MR~,) 

KMR.H [MHR] _ ~MR(H) (16) 
MHR [MR][H] (1 + [H])' 

where 
M , R  

K(MRy (17) 
~ M R ( H )  - -  M , R  " 

KMR 

The equilibrium constants determined in this 
work are summarized in Table 4. For beryllium 
no constant could be determined for the proto- 
nated chelate. The precision obtained for the 
logarithmic equilibrium constants expressed as 
standard deviations are mostly about 0.1, which 
must at least be considered as satisfactorily. In 
the literature, no equilibrium constants could be 
found for alkaline earth metal ion complexes 
with the IDA based chelating resin. In a recent 
paper Pesavento et al. ~6 report the formation of 
a protonated species Ca(HR)2 at pH below 7. 

Calculation of  distribution coefficients from the 
equilibrium constant 

Distribution coefficients are not equilibrium 
constants because they depend both on pH of 
the aqueous phase and the load of the resin. The 
distribution coefficient, D, is defined by the 
equation ~4 

mmol of metal ion/g dry resin 
D = (18) 

mol/l of metal ions in solution" 

According to the law of mass action the 
distribution coefficient can at certain pH be 
calculated from equilibrium constants by the 
following equation 

D [(MR)'] M,R [R']. CtMR~. , 
- -  -- KMR • (19) 

[M']  ~M(o.~. ~R(.I' 

Table 4. Equilibrium constants of alkaline earth metal ion 
chelates with Dowex A-1 (R) 

log K MMi~ SD n.MR SD log K MHR 

Be 6.85 0.29 
Mg 4.52 0.07 6.80 0.10 
Ca 4.75 0.14 6.53 0.05 
Sr 4.61 0. I 0 6.90 0.08 
Ba 4.20 0.09 7.43 0.08 

6 

5 -  Be 

' ~ °~4  B a  

I 

I I I I 
6 8 l0 12 14 

pH 

Fig. 4. Theoretically calculated distribution coefficients for 
alkaline earth metal ions with Dowex A-l. 

where 

CCMRml 1 + [ H  +] I,'MR.H . . . .  M.R - ( 2 0 )  

Figure 4 gives distribution coefficients for the 
alkaline earth metal ions calculated from equi- 
librium constants according to the above 
equation. It is assumed that the metal ions are 
present in trace quantities and [R'] equals the 
capacity of the resin. The log D curves plotted 
for the alkaline earth metal ions show a maxi- 
mum at pH above 10 and at lower pH a strong 
pH dependence. 

Distribution coefficients for alkaline earth 
metal ions with Dowex A-I have been reported 
by several g ro u p s ,  s32"17 The studies have mostly 
been restricted to pH values below 8 and the 
results showed large divergences. The formation 
of protonated chelates in the resin phase ex- 
plains the unexpected high distribution ratios 
obtained experimentally by several authors for 
calcium and other alkaline earth metal ions at 
lower pH values. 

CONCLUSION 

Equilibrium constants for chelating resins are 
quite difficult to determine, which is reflected by 
the small number of papers published on the 
topic in the literature. The slow reactions make 
the equilibrium studies very time-consuming. 
The capacity and protonation constants of the 
resin are not easy to determine. According to 
Eger et al.  6 small amounts of organic material, 
most likely benzyliminodiacetic acid molecules, 
are liberated to the aqueous phase due to de- 
composition of the resin. This will to some 
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degree affect the equilibria. Potassium, used for 
the adjustment of  the ionic strength will also 
have a slight diminishing effect on the equi- 
librium constant. No  extra pH buffer, which 
could affect the equilibria, were used in this 
work. 

The alkaline earth metal ions form relatively 
weak chelates with the Dowex A-I resin. Equi- 
librium constants determined in a wide pH 
range show that predominantly ! : 1 chelates are 
formed. The optimal region for determination 
of equilibrium constants for these metal ions is 
at pH above 8, where the interfering effects of 
hydrogen ions are small. At pH below 7 the 
alkaline earth metal ions form protonated 1:1 
chelates with the resin. The precision and re- 
liability of  the method can be considered as 
good. 

The complexation chemistry model and the 
equilibrium constants presented in this work for 
the chelating resin Dowex A-I can be quite 
useful for practical purposes, where ion ex- 
change equilibrium data are the basis when 
developing and optimizing separation pro- 
cedures. The experimental results showed that 
the law of mass action and the equilibrium 
model proposed is valid over a wide pH range 
for IDA-based chelating resins. As natural ion- 
exchange resins also can contain carboxylic and 
amino groups as functional groups, equilibrium 
studies of this type can contribute to an in- 

creased understanding of  ion-exchange pro- 
cesses taking place in our environment. 

REFERENCES 

I. R. Hering, Chelatbildende lonenaustauscher. Akademie, 
Berlin, 1967. 

2. S. K. Sahni and J. Reedijk, Coord. Chem. Rev., 1984, $9, 
I. 

3. G. V. Myasoedova and S. B. Savvin, CRC Crit. Rev. 
Analyt. Chem., 1986, 17, I. 

4. L. Harju, The ,,~bo Akademi Accelerator Annual Report, 
p. 25, 1975. 

5. H. Loewenschuss and G. Schmuckler, Talanta, 1964, 
11, 1399. 

6. C. Eger, W. M. Anspach and J. A. Marinsky, J. lnorg. 
Nucl. Chem., 1968, 30, 1899. 

7. L. Harju and H. Perus, Finn. Chem. Lett, 1987, 14, 
178. 

8. D. E. Leyden and A. L. Underwood, J. Phys. Chem., 
1964, 68, 2093. 

9. O. Szabadka, Talanta, 1982, 29, 177. 
10. L. Harju and S.-G. Huld+n, Talanta, 1980, 27, 815. 
l l .  A. Ivaska and L. Harju, Talanta, 1975, 23, 1051. 
12. J. Sides and C. T. Kenner, Anal. Chem., 1966, 38, 707. 
13. G. Schmuckler, in Essays on Analytical Chemist O, in 

Memory ofAnders Ringbom, E. Wfinninen (ed), p. 371. 
Pergamon Press, Oxford, 1977. 

14. A. Ringbom, Complexation in Analytical Chemistry. 
Wiley, New York, 1963. 

15. A. Ringbom and L. Harju, Anal. Chim. Acta, 1972, 59, 
33. 

16. M. Pesavento, R. Biesuz, M. Gallorini and A. Profumo, 
Anal. Chem., 1993, 65, 2522. 

17. S.-C. Pai, P.-Y. Wung and R.-L. Lai, Anal. Chim. Acta, 
1988, 211, 257. 



Pergamon 0039-9140(95)01431-4 

Talanta, Vol. 42, No. 3, pp. 437-440, 1995 
Copyright ~) 1995 Elsevier Science Ltd 

Printed in Great Britain. All rights reserved 
0039-9140/95 $9.50 + 0.00 

C H E M I L U M I N E S C E N C E  D E T E R M I N A T I O N  O F  N I T R A T E  

W I T H  P H O T O C H E M I C A L  A C T I V A T I O N  I N  A F L O W  

I N J E C T I O N  S Y S T E M  

L t u  RENMIN, LIU DAOJIE, SUN AILING a n d  LIU GUIHUA 

Department of  Chemistry, Liaocheng Teachers College, Shandong, P.R. China 

(Received 17 May 1994. Reeised 19 September 1994. Accepted 23 September 1994) 

Summary--A chemiluminescence flow injection system is described for the determination of  nitrate, 
involving use of  a laboratory-built flow-through photochemical reactor. Opt imum analytical conditions 
were established. The linear range for nitrate is 7 × 10 -~ 1 × 10-4M. The sampling frequency is 60 samples 
per hour. The relative standard deviation for 1 × 10 7 1 x 10 6 and I × 10 5M nitrate is 0.97, 0.84 and 
0.76%, respectively. The method has been applied to the determination of  nitrate in natural water samples, 
and recoveries of  96 103% have been attained. 

I N T R O D U C T I O N  

Photochemical analysis is based on the utiliz- 
ation of photochemical reaction in the process 
of analysis. It has been increasingly used in 
various fields, owing to its high sensitivity and 
selectivity. Flow injection analysis (FIA) offers 
high throughput, cost-effective performance and 
versatility. The combination of FIA technique 
with photochemical analysis provides a novel 
means for studies of photochemical analysisJ 7 
The amperometric determination of oxalate 
based on the photochemical reaction taking 
place in the reaction coil of a FIA system that 
was irradiated with visible light has been re- 
portedJ A second approach to the photochem- 
ical determination of this analyte was based on 
the use of an amperometric flow cell with several 
optical fiber, which irradiated the sample only in 
the flow c e l l / A  similar use of a photochemical 
reaction in FIA, with unstable compounds such 
as phenothiazines under ultraviolet radiation 
was reported? The simultaneous determination 
of chlorprolazine and promethazine using 
different configurations for implementation of 
the photochemical reactions was also reported. 4 
Another FIA system involving photochemical 
reaction is on-line photochemical oxidation of 
organoarsenicals to inorganic arsenic. 5 In our 
previous work, a flow-through photochemical 
reactor was constructed and used in a FIA 
system for the determination of nitrite based on 
its inhibitory effect on the photochemical reac- 
tion between iodine and ethylenediaminete- 

traacetic acid. 6 A second approach of our work 
to photochemical determination in a FIA sys- 
tem was simultaneous determination of iron(II) 
and iron(III) based on the photochemical re- 
duction of iron(lII)-l,10-phenanthroline com- 
plex to iron(II)-I,10-phenanthroline complex/  

When an acidified nitrate solution is irradi- 
ated with ultraviolet light, species like peroxoni- 
trite are formed in the solution, which are the 
oxidants of  iuminol. Chemiluminescence was 
found to appear after mixing an alkaline lumi- 
nol solution and an acidified nitrate solution 
initially irradiated with a mercury lamp. A 
conventional chemiluminescence method was 
established by Kalinichenko et al. s 

In the present work, a flow-through photo- 
chemical reactor was constructed and used for 
the study of determination of nitrate in a FIA 
system, based on the photochemical activation 
and chemiluminescence reactions. The proposed 
method shows high sensitivity, selectivity and 
speed. 

EXPERIMENTAL 

Reagents  

A standard stock solution of nitrate was 
prepared at 0.1M with analytical pure sodium 
nitrate. The working solution was prepared by 
diluting the stock solution with a sulfuric acid 
solution at pH 5.0. 

The carrier solution was sulfuric acid sol- 
ution, pH 5.0. 
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s 

c D Lumino i  W 

ml/min W 

Fig. 1. Schematic diagram of the FIA system. P, Peristaltic 
pump; S, sample; V, injection valve; PR, photochemical 
reactor; LI, L2, connection tube; D, detector; R, recorder; 

C, carrier; W, waste. 

The luminol reagent solution was 5 × 10-SM 
with 0.1M potassium hydroxide. 

Apparatus 

The flow injection manifold used is shown in 
Fig. 1. The peristaltic pump, injection valve and 
chemiluminescence detector are a FICT-8604 
chemiluminescence analyzer (Jiangsu Electro- 
analytical Instrument Plant). The chemilu- 
minescence signal was recorded with an XWT-S 
platform recorder (The Third Automatic Instru- 
ment Plant of  Shanghai). A photochemical reac- 
tor (made in this laboratory, Fig. 2) was used in 
the FIA system. A iminodiacetyl ligand ex- 
change resin column was used in the FIA system 
to remove the interference of  Fe 3+, Cu ~+, Co 2+ 
and Ni 2+. 

Procedure 

The FIA system was connected up with PTFE 
tubing (0.8 mm i.d.) according to the arrange- 
ment shown in Fig. 1. The flow-rates of  carrier 
and luminol reagent were adjusted according to 
the parameters given in Fig. 1. The sampling 
time was 20 sec and the injection time 40 sec. So 
the sampling frequency was 60 samples/hr. The 
chemiluminescence signal was recorded with the 
recorder. Nitrate was determined according to 
the peak height. 

Air 

I I I  

2 2 0  V 

T 
! ! 
8.0cm 

I I I 
Cool air 

Fig. 2. Schematic diagram of the flow-through photochem- 
ical reactor. 
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Fig. 3. Influence of the length of reaction tube of the 

photochemical reactor. 

A series of  nitrate standard solution was 
prepared and injected into the carrier before and 
after the sample runs. 

RESULTS AND DISCUSSION 

Photochemical  reactor 

The main parts of  the photochemical reactor 
are the light source and reaction tube. Nitrate 
has an absorption peak at 202 nm (e = 9500) 
and an absorption peak at 304 nm (~ =9) .  
When the acidified nitrate solution is irradiated 
with ultraviolet light, species like peroxonitrite 
are formed, which are oxidants of  luminol. A 
GGZ-125W high-pressure mercury lamp was 
used as the light source for the photochemical 
reactor. 

An auger-type quartz tube was used as the 
reaction tube of  the photochemical reactor. Its 
length was found to have a significant effect on 
the photochemical activation. Higher sensitivity 
can be obtained when a longer reaction tube is 
used. Figure 3 shows the influence of the length 
of  reaction tube on the determination of 
1.0 × 10-6M nitrate. It can be seen from Fig. 3 
that the chemiluminescence intensity basically 
reached the maximum when a 200 cm long 

50F 
40 7 ° ' ~  1 2 

°~o--o--o~o,~o~ /o.o '° 'oo 

"7:, 
10 

0 I I I I I I 
2 4 6 8 10 12 14 

pH 

Fig. 4. Influence of pH. (I) Carrier: (2) luminal reagent. 
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Fig. 5. Influence of the concentration of luminol. 

reaction tube was used. In the following exper- 
iments, a 200 cm long reaction tube was used. 

Connection tube L~ and L2 

The lifetime of the photochemical product, 
like peroxonitrite, and the chemiluminescence 
between the product and luminol is relatively 
short. Hence, the length of the connection tubes 
L~ and L 2 must be short. In the following 
experiments, the length of L~ is 15 cm, and L2 
is 5 cm. 

Effect of pH 

Keeping the pH of  the mixture of carrier and 
luminol reagent solution constant, the influence 
of the pH of the carrier on the determination of 
1 × 10 6 M  nitrate was studied. Keeping the pH 
of the carrier constant, the influence of  luminol 
reagent solution on the determination was stud- 
ied. All the results are shown in Fig. 4. In the 
following experiments, the pH of the carrier was 
controlled at 5.0, and that of luminol reagent 
solution at 13.0. 

Concentration of luminol 

The influence of the concentration of luminol 
on the determination of i.0 x 10 6 M  nitrate 
(Fig. 5). Figure 5 shows that high chemilumines- 
cence intensity can be attained when a luminol 
of high concentration is used. However, a spill- 
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Table 1. Effect of  foreign ions on the determination of 
1.0 x 10-6M nitrate 

Tolerated molar ratio 
Foreign ion (ion:nitrate) 

CI- ,  F - ,  SO~-, C lOg,  PO] 
Ap +, Zn -'+, Cd 2+, Fe-'~ 
Br- ,  VOw, WO 4 , NH + 
Mn 2+ 
Fe 3~ 
1-, C1Oj , CrO~ , NO., 
Cu 2+, Co -'+, Ni 2+ 
BrO 3 , lO 3 , MoO~ 
Fe 3+ 
Cu:+, Co'-+, Ni 2+ 

10,000 
1000 

30 
15 
10 
2 
1 
0.5 
0.1" 
0.01" 

*No iminodiacetyl ligand exchange resin column in FIA 
system. 

over signal is given out by the chemilumines- 
cence analyzer when the concentration of 
luminol is higher than l x  10 a M ,  and this 
made the determination impossible. In the 
following experiments, a 5 x 1 0 5 M  luminol 
solution was used. 

Calibration 

According to the proposed procedure, the 
calibration graph was established with standard 
solutions of nitrate. The linear range for nitrate 
is from 7.0 × 10 8 to 1.0 × 104M. The pre- 
cision for the determination of nitrate was 
measured by analysing 1.0 x 10 -7, 1.0 × 10 6 
and 1.0 x 10 5M nitrate standard solution 11 
times. The relative standard deviations were 
0.97, 0.84 and 0.76, respectively. 

Interference of foreign ions 

The interference of a number of foreign ions 
was studied by addition of such ions to 
1.0 × l0 6 M  nitrate. The results listed in Table 
1 show the high selectivity of the method (with 
a relative error of less than 5%), 

Applications 

Natural water samples were determined by 
the proposed method and the cadmium column 

Table 2. Determination of nitrate in natural water samples 

Sample 

Data obtained Data obtained by 
by the proposed cadmium reduction 
method (rng /I.) method (mg /l.) 

Relative 
(%) 

Tap water 0.64 0.67 - 4 . 5  
River water 1.14 1.12 1.8 
Lake water 2.06 2.10 1.9 
Well water 0.88 0.90 - 2.2 
Deep well water 1.26 1.23 2.4 
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Table 3. Recovery of nitrate from natural water samples 

Total nitrate 
Nitrate present after 
found addition Recovery 

Sample (mg/I.) (mg/I.) ( % ) 

Tap water 0.64 1.66 102 
River water I. 14 2.10 96 
Lake water 2.06 3.09 103 
Well water 0.88 1.86 98 
Deep well water 1.26 2.26 100 

reduction method. 9 The results are listed in 
Table 2. 

Table 3 shows the results obtained with the 
proposed method for natural water samples to 
which 1.0 mg/1. nitrate was added. It can be seen 
from Table 3 that recoveries o f  94-103% can be 
attained. 

1. 

2. 

3, 

4, 

5. 

6. 
7. 
8. 

9. 
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Summary--Application of the unified physicochemical approach to the description of the dissociation 
properties of Laurentide fulvic acid, extracted from peat, has shown that five predominant acidic moieties 
may account for the observed potentiometric titrations in aqueous medium. Information from non- 
aqueous titrations and titrations in presence of excess metal ions, e.g. Cu :+ and Eu 3+, has shown that 
three of the acidic moieties are carboxylic in nature while the other two are of alcoholic nature. A 
comprehensive description of the dissociation properties of natural organic acids, as ligands, is advocated 
as a pre-requisite step towards understanding their interaction with metal ions in the environment. 

The dissociation properties of  humic substances 
have been shown to be complicated by two 
factors, i.e. heterogeneity with respect to mol- 
ecular size leading to 'ionic strength' effects 
and functional group heterogeneity) Recent 
advances have considerably influenced the con- 
ceptualization of  humic substances in modeling 
efforts. 2-4 Modeling the role of  humic substances 
in the distribution and mobility of  trace metals 
in the environment, however, requires the 
identification of  the factors that perturb the 
solution chemistry of  these substances. In this 
paper, methods for the identification of these 
complicating factors developed earlier s have 
been employed for the Laurentide fulvic acid, a 
peat-extracted sample obtained from Concordia 
University, C a n a d a :  In the unified physico- 
chemical approach employed here, the humic 
substances are conceptualized as an assemblage 
of  amphiphilic moieties with varying molecular 
size and acidic functionalities composed of four 
to five predominant acidic groups. 7 These sites 
have varying acidic strengths but they may be 
averaged. The usefulness of such an approach 
to identifying the complicating factors in the 
proton equilibria of  humic substances has an 
analogy in coordination inorganic chemistry 
where adequate characterisation of the ligand is 

*Author to whom correspondence should be addressed. 

a pre-requisite for meaningful description of its 
interaction with metal ions/  

EXPERIMENTAL 

Details of  reagents and extraction procedure are 
described elsewhere: Potentiometric titrations 
performed in aqueous medium as function of 
ionic strength are employed to estimate the ionic 
strength effects. A combination of titrations in 
non-aqueous media using an internal reference 
compound,  parahydroxybenzoic acid, and ti- 
trations in aqueous media with varying amounts 
of  Eu 3+ and Cu 2+ has facilitated an estimation 
of the relative abundances of the different acid 
groups present in the fulvic acid? '~° Insights into 
the ionic strength effects and functional group 
heterogeneity and combination thereof, have 
made possible the assignment of the predomi- 
nant acidic moieties determining the dis- 
sociation properties of the fulvic acid, as 
before :  

RESULTS 

The effect of  ionic strength on the measurable 
acid dissociation properties o f  Laurentide FA 

The acid dissociation properties measured for 
the Laurentide FA at three different FA con- 
centration levels (50, 100 and 250 ppm) in 
sodium nitrate solutions at five different salt 
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concentration levels (0.0010, 0.010, 0.10, 1.0 and 
5.0M) are shown in Fig. I. In this figure, 
representative data that were compiled at the 
conditions specified are expressed as plots of 
p(K~PP)~, defined by the equation below 

f ) I p(K app)~=pH-  og~,(7--~_ ~) ) (l) 

vs .  ~ ,  the degree of association measured at each 
step in the titration with standard base. In 
equation (1) (K~Dp), refers to the overall dis- 
sociation constant of the Laurentide FA 
measured at a particular ~ value. The overall 
degree of dissociation, ~, is obtained from the 
following expression: 

EA~- 
:t = - -  (2) 

Z H A i  

where ZA~- is defined as 

EA~- = b Vb + he Vs (3) 

and EHAi is the total titratable acid capacity of 
the fulvic acid. In equation (3), lib is the volume 
in ml of b molar base added and he is the proton 
concentration, while G is the total volume of 
the solution in mi. 

The fact that the p ( K a p p ) ~  v s .  Ot plots obtained 
at salt concentration levels of 1.0 and 5.0M 
NaNO3 are almost superimposable in Fig. 1, as 

they were for the Armadale FA ~ shows once 
again that a Donnan potential term is no longer 
operative at these concentrations. At these 
higher salt concentrations, the concentration of 
the counter ion in the solution is practically 
identical to its concentration in the solvent sheat 
domain of the fulvic acid molecules. The in- 
crease in p(K.~PP)~ with ~ at these elevated salt 
concentration levels can, on this basis, be 
attributed solely to the functional group hetero- 
geneity of the fulvic acid) By subtracting this 
curve, p(Ka~PP)~ vs .  ct at NaNO 3 concentration 
>/1.0M, from similar separate curves resolved 
at the lower salt concentration levels 
([NaNO3] = 0.0010, 0.01 and 0.1M), the unique 
contribution of the Donnan potential term, 
ApK app, to the measurable acid dissociation 
properties of the Laurentide fulvic acid at the 
three different salt concentration levels is made 
accessible (Fig. 2). 

The observed response to each 10-fold change 
in salt concentration is, as it was for the 
Armadale Horizon Bh fulvic acid, 5 sizeably 
smaller than the value of unity projected for 
molecules exhibiting macromolecular proper- 
ties/~ This discrepancy has been attributed to 
the fact that only a fraction of the soil fulvic acid 
molecules is large enough to develop the separ- 
ate phase properties operative in the Gibbs- 
Donnan based model. The molecular size 
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Fig. 2. Variation of  the Donnan  potential term, ApK~, with degree of dissociation of Laurentide fulvic 
acid at three different ionic strengths. 

heterogeneity existent in humic substances has 
been exhibited by a number of  molecular weight 
measurements.J2,4 

The ApK ap° values resolved in this research 
are somewhat smaller than those measured 
earlier for the Armadale Horizons Bh fulvic 
acid. 5 On the basis of  the Gibbs-Donnan-based  
interpretation of these changes in the Donnan 
potential term, one can conclude that the frac- 
tion of fulvic acid molecules large enough to 
exhibit macromolecular properties is smaller in 
the Laurentide FA over the salt concentration 
range examined. The fact that the rate of  in- 
crease in p(KaPP)0~ for each 10-fold increase in 
salt concentration (Ms.2 = 10M s , [ )  is larger for 
the Laurentide FA, however, is believed to show 
that the Laurentide FA is, on a relative basis, 

polydispersed to a greater extent than the 
Armadale FA. ~5 

The employment of acid dissociation studies in 
non-aqueous media to determine the relatire 
abundances of carboxylic (R-COOH) and alco- 
holic (R'-CH2-OH) moieties that constitute the 
weak acid site heterogeneity of the Laurentide 
fulvic acid 

The results that were obtained in a represen- 
tative experiment carried out with para- 
hydroxybenzoic acid, the internal reference 
standard used in the non-aqueous acid dis- 
sociation studies of the Laurentide fulvic acid 
source, are summarized in Table 1. They show 
that the measurable acid content in non- 
aqueous media is identical with the 7.72 mmol/g 

Table 1. Functional group analysis of  Laurentide fulvic acid in D M F  using pHBA as 
an internal reference standard 

Acid used (g) Equiv. rnl of T-nBAH Capacities (meq/g of  acid) 

pHBA FA 1st 2nd -COOH -OH Total 

0.032414 - -  4.950 9.900 7.24 7.24 - -  
0.032414 4.950 9.900 7.24 7.24 
0.016207 - -  2.425 4.950 7.24 7.24 - -  
0.032414 0.0189 7.180 12.980 5.594* 2.134" 7.726* 
0.032414 0.0209 7.41 13.306 5.594* 2.130" 7.730* 
Average capacities: 5.597* 2.131" 7.728* 

Molarity of  T-nBAH -- 0.04841. 
*After subtraction of  pHBA contribution. 
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Fig. 3. The enhancement of proton release affected in LFA by increasing amounts of (a) Cu 2+ and 
(b) Eu 3+. 

value reached in the aqueous media studies. 
Slightly more than 73.4% of  the acid sites 
are attributable to carboxylic acid (RCOOH) 
moieties while the remaining weak acid func- 
tionalities are alcoholic (R'CH2OH). 

Studies of proton release enhancement affected in 
Laurentide fulvic acid samples by the presence of  
excess Cu 2+ and Eu 3+ ion to provide additional 
site heterogeneity insights 

The enhancement of  proton release affected 
in Laurentide fulvic acid samples by increasing 
the presence of  Cu +2 and/or (Eu +3) from zero 
to greater than a two-fold excess, on a molar 
charge basis, may be observed by referring to 
Fig. 3a and b. The plots ofp{H} vs. aliquots of  
standard base added that are presented in these 
figures also include p{H} data compiled during 

addition of base to the metal ions alone. Refer- 
ring first to the neutralization studies carried out 
to study the extra proton release in the presence 
of  Cu(II): when Cu(II) ion alone is titrated with 
base, the pH immediately rises from 5.5 to 7.0. 
Further addition of  base results in a slow rise in 
pH. The system remains buffered until the first 
hydrolysis step [ C u ( I I ) + n O H  = Cu(OH),] is 
complete. At this point the pH rises steeply to 
about 10.5. In systems where FA greatly exceeds 
the Cu(II), the titration curves resemble those of  
FA alone but with the equivalence point shifted 
to higher volumes of  NaOH. When FA and 
Cu(II) are present in equivalent amounts on a 
miilimoles of  charge basis, there is a narrow 
buffered region between pH 6 and 7 owing to 
the hydrolysis of the small quantity of uncom- 
plexed Cu(ll). 
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In the presence of excess Cu(II), the shape of 
the titration curve remains unaffected up to a 
pH of 6.0. At this point the hydrolysis of 
uncomplexed Cu(II) produces an extended pH- 
buffered region. From careful extrapolation of 
the curves which are made to follow the general 
shape of the FA titration curve, the extra H + 
released by chelation of Cu(II) has been esti- 
mated to be 45 + 3%. 

In the titration of Eu(III) alone with NaOH, 
buffering occurs at a pH of about 8; the system 
remains buffered until inception of the final 
hydrolysis step where the pH rises sharply to 
about 10. In titrations of FA where FA exceeds 
Eu(III) sizeably [5FA:I Eu(III) in millimoles], 
the complete removal of Eu(III) by complex- 
ation is indicated by the absence of  a buffered 
region. When the ratio is approximately 
1 F A  : 1Eu in mmoles, the titration curve exhibits 
the same shape as the FA titration curve up to 
a pH of 6.5: a flattened region from pH 7.0 to 
7.5 persists until the hydrolysis of Eu(III) is 
complete. The sharp pH rise to about 10 when 
this happens is not shown. Analysis of the 
appropriate curves in this figure indicates that 
the extra release of H + ion by chelation of 
Eu(III) is approximately 26.6 + 3%. The extra 
release of protons observed in the presence of 
excess Cu(II) and Eu(IlI) arises from the coordi- 
nation of these multivalent metal ions to ligand 
combinations that yield complexes of extremely 
high stability, Such coordination possibilities 
are facilitated by the close proximity of the very 
weak phenolic OH acid groups, not otherwise 
detectable in the FA molecule with standard 
neutralization procedures, to a fraction of the 
weak acid functionalities that are detectable in 
standard neutralization methods. 

Since the release from the Laurentide FA of 
extra protons by Cu(II) is almost a factor of two 
greater than by Eu(II I ) jus t  as it was for the 
Armadale FA, one can deduce as before 5 that, 
of  two bidentate components of the FA mol- 
ecule accessible to these metal ions, only one 
complexes both of them strongly enough to 
affect such a release of extra protons. In the 
literature the dihydroxyl groups are strongly 
bound to both Cu(II) and Eu(IIl) '6 and a di- 
hydroxy moiety has, on this basis, been ident- 
ified as the likely bidentate functionality in the 
FA molecule from which the release of extra 
acidity can be affected by both Cu(lI) and 
Eu(III) ions? 

Reference to the literature ~6 influences the 
tentative assignment of the second bidentate 

group to a salicylic acid-like moiety. The stab- 
ility constant of  the Cu-salicylate chelate is 
4.6 x 10 '°, more than six orders of magnitude 
greater than the analogous Eu-salicylate com- 
plex (3 × 104). The free energy of formation of 
the Cu(II) chelate is large enough to promote 
release of H + ions from the -OH group 
(pK = 13) ortho to the carboxylic acid (pK = 3). 
The extra release of protons in the presence of 
excess Cu(II) ions is thus compatible with the 
above assignment of the second bidentate group 
in the FA molecule as it was for the Armadale 
Horizons FA. s 

Analysis of functional site heterogeneity of the 
Laurentide fulvic acid via abundance and acid 
strength assignments 

It has been shown that the acid dissociation 
feature provided by plots of p(K~OV/~ ~.0), vs. 
are completely attributable to the site hetero- 
geneity of the Laurentide fulvic acid. 5 With 
such information made available, the assign- 
ment of acid strengths to functional site possi- 
bilities, as well as the selection of suitable 
abundance for them, become feasible. The 
quantities of carboxylic and hydroxyl acidity in 
a particular FA source, accessible from the 
non-aqueous acid dissociations studies, present 
a starting point for these estimates. The proton 
release enhancement studies further facilitate 
this task. 

The additional release of proton (26 _+ 3%) in 
the presence of excess Eu(III) is about equal to 
the quantity of weak acid assignable to the OH 
functionality (~26 .6%)  in the nonaqueous 
titrations; much more weakly acidic OH, unac- 
cessible to both the aqueous and non-aqueous 
studies, can be presumed to be in a position 
ortho to this OH moiety to account for the extra 
proton release through highly favored chelation 
reactions with both the Cu(II) and the Eu(III). 

The additional proton release of ~ 17%, ob- 
served in the presence of excess Cu(II), can 
be attributed to salicylic acid-like sites whose 
phenolic OH group, p(K~)~ 13, would also be 
expected to escape detection in the aqueous and 
non-aqueous studies. The fact that the for- 
mation constant of Cu(salicylate) is six orders of 
magnitude larger than the formation constant 
of Eu(salicylate) ~ would account for this result, 
as pointed out earlier. 

On the basis of the above reasoning, the 
abundance of the acidic alcohol assigned to 
the FA molecule was assumed to be ~ 26%. The 
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pK a of approximately 6 initially assigned to this 
site facilitated resolution of the abundance and 
pKd assignments eventually made. The estimate 
that a salicylic acid-like group was responsible 
for the ~ 17% increase in proton release in the 
presence of excess Cu(II) led to a pKd assign- 
ment of approximately 3 for the carboxylic acid 
group presumed to be associated with it. From 
the acid dissociation studies in aqueous media, 
it was also noted that approximately 30% of the 
acidity had to be associated with a fairly strong 
carboxylic acid (pKa ~ 1.7) moiety. Trial and 
error estimates of abundances and acid 
strengths, influenced by the above information, 
were examined much as they had been in an 
earlier study? It was found necessary to intro- 
duce a third carboxylic acid group with a pK~ of 
~4.2 and a second hydroxyl group with a pK~ 
smaller than the single value of 6 initially as- 
signed to approximate the dissociation proper- 
ties experimentally measured for the Laurentide 
fulvic acid in NaNO3 solution at a concentration 
level of 1.0M or higher. The Hendersson- 
Hasselbalch equation was used to facilitate 
selection of optimum site parameters. In the 
program developed for this purpose, the exper- 
imental p{H} range encountered in the fulvic, 
acid dissociation studies at I >/1.0M was exam- 
ined in a sequence of steps listed below. First ct,, 
the degree of dissociation of the nth acid site at 
a selected p{H} value was evaluated with 
equation (la) employing the dissociation con- 

stant assigned to the nth site for the series of 
computations: 

log (1 - ~.)]  P(K~ntr ) - -  pH. (la) 

Each of the five g. values resolved at the selected 
p{H} value was then multiplied by A., the 
fractional abundance assessed for each of the 
corresponding n sites. To compute the overall 
degree of dissociation, ~c°djc, for comparison 
with the experimental value, ~e°p, at each p{H} 
value selected the ~.A. values were added to- 
gether as shown in the following equation 

o = Zoo, A,,. (4) calc 

The trial and error adjusted pK,,,, and A, par- 
ameters eventually used and the ~°d~ ~ values 
that they resolve are listed in Table 2. The ~e°xp 
values are presented in this table as well, for 
comparison with the ctc°~c values to show the 
excellent agreement reached between them by 
the approach that has been described. 

C O N C L U S I O N S  

The dissociation properties of Laurentide 
FA, isolated from peat, have been studied by 
following the unified physicochemical approach 
developed earlier, j In such an exercise, it was 
determined that the observed dissociation prop- 
erties of the Laurentide fulvic acid may be 
described by considering five predominant 
acidic moieties (three of carboxylic nature and 

Table 2. Comparison of  experimentally based overall degree of dissociation, ct°~p, of  
Laurentide fulvic acid in 1.00M N a N O  3 with the summation of  computed contri- 

butions of  five different acid sites to overall degree of  dissociation, ~°d, c 

Site identity pK~ t Site abundance (A,,)  Acid moiety 

1 
2 
3 
4 
5 

ct°d,c = Z~,,A,, 
p{H} 

1.7 0.32 Carboxylic 
3.0 0.21 Carboxylic 
4.0 0.204 Carboxylic 
5.1 0.14 Alcoholic OH 
6.5 0.126 Alcoholic OH 

~xlAI ct2A2 ~3A3 ~4A4 ctsA5 a2alc ~e°xp 
3.434 0.314 0.154 0.044 0.003 0.000 0.514 0.511 
3.516 0.315 0.161 0.050 0.004 0.000 0.530 0.526 
3.607 0.316 0.168 0.059 0.004 0.000 0.548 0.549 
3.725 0.317 0.177 0.071 0.006 0.000 0.570 0.570 
3.869 0.318 0.185 0.087 0.008 0.000 0.598 0.598 
3.953 0.318 0.189 0.097 0.009 0.000 0.613 0.616 
4.178 0.319 0.197 0.123 0.015 0.001 0.654 0.657 
4.324 0.319 0.201 0.138 0.020 0.001 0.679 0.681 
4.725 0.320 0.206 0.172 0.042 0.002 0.741 0.744 
5.014 0.320 0.208 0.186 0.063 0.004 0.781 0.783 
5.359 0.320 0.209 0.195 0.090 0.009 0.823 0.827 
5.833 0.320 0.210 0.201 0.118 0.022 0.871 0.874 
6.453 0.320 0.210 0.203 0.134 0.060 0.927 0.924 
6.794 0.320 0.210 0.204 0.137 0.084 0.954 0.949 
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two of alcoholic OH). The smaller effect of bulk 
electrolyte on its dissociation properties has 
permitted the postulation that a smaller fraction 
of the Laurentide fulvic acid is large enough 
to exhibit macromolecular properties, as com- 
pared to the Armadale Horizons) The ap- 
proach employed in this study to characterise 
the acidic properties of Laurentide FA is rec- 
ommended as an incumbent step towards 
understanding the interaction between natural 
organic acids and metal ions. Its compatibility 
with already existent chemical speciation pro- 
grams cannot be overemphasized. 
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Summary--Immobilized enzymes were used as column reactors in a high-performance liquid chromato- 
graphic system for the specific detection of N-acetyl branched-chain amino acids (AcBCAs) such as 
N-acetyl-L-valine (AcVal), N-acetyl-L-leucine (AcLeu) and N-acetyl-L-isoleucine (AcIle). Aminoacylase 
and leucine dehydrogenase were immobilized onto poly(vinyl alcohol) beads. The AcBCAs were separated 
as three peaks on a Capcell C~ SGI20 column with 0.03M phosphate buffer (pH 8.0). Aminoacylase was 
capable of hydrolysing the AcBCAs to amino acids, which react with ~-nicotinamide adenine dinucleotide 
(NAD ÷) in the presence of leucine dehydrogenase. The reduced nicotinamide adenine dinucleotide 
(NADH) produced was monitored fluorimetrically. The calibration graphs were linear from 4 to 200#M 
for AcVal and AcLeu, and from 5 to 300#M for Aclle; detection limits for AcVal, AcLeu and Aclle were 
2, 2 and 3#M, respectively. The immobilized aminoacylase reactor should be renewed every 5 days owing 
to a poor stability of aminoacylase. 

INTRODUCTION 

N-Acetylation is a reaction of amino acid 
metabolism, and the increase in the AcBCSs 
levels in body fluids is known to occur in maple 
syrup urine disease which is caused by inborn 
errors of metabolism of branched-chain amino 
acids (BCAs). 

Usually, N-acetyl amino acids are determined 
by gas chromatography-mass spectrometry. ~3 
In a second approach, N-acetyl amino acids 
are hydrolyzed, and the resulting amino acids 
are quantitated by high-performance liquid 
chromatography (HPLC) using o-phtalalde- 
hyde precolumn derivatization. 4"5 Recently, 
Kawakami et al. ~ developed a HPLC method 
based on the pre-column derivatization with 
9-anthryldiazomethane and fluorimetric moni- 
toring. However, the pre-column techniques are 
time-consuming. 

This paper described the use of immobilized 
enzymes as post-column reactor in an HPLC 
system for the selective determination of AcB- 
CAs. The AcBCAs from separation column 
were hydrolyzed in immobilized aminoacylase 

reactor and the BCAs formed were mixed with 
NAD + solution. The NAD + was reduced to 
NADH in the immobilized leucine dehydrogen- 
ase reactor and the NADH formed was moni- 
tored by fluorescence detection. 

Immobilized aminoacylase reactors have been 
used for the resolution of racemic mixtures of 
N-acetylamino acids and for the preparation 
of amino acids, 7s but there is no paper concern- 
ing their application to the determination of 
the compounds. Leucine dehydrogenase from 
Bacillus sphaericus was immobilized and used in 
flow-injection systems 9~° and in HPLC system ~t 
as reactor for the determination of BCAs. In 
this work, leucine dehydrogenase from Bacillus 
stearothermophilus ~2 that is stable at higher tem- 
perature was used. 

EXPERIMENTAL 

Chemica/ and reagents 

N-acetyl-L-valine, N-acetyl-L-leucine and N- 
acetyl-L-isoleucine were purchased from Sigma. 
Aminoacylase (EC 3.5.1.14, from Porcine kid- 
ney, grade lII, AA), was obtained from Sigma 
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with an activity of  110 U/mg with AcLeu as 
substrate at pH 8.0 at 30°C. Leucine dehydro- 
genase (EC 1.4.1.9, from Bacillus stearother- 
mophilus, LeuDH) was purchased from Unitika 
(Osaka) with an activity of 42 U/mg with Leu 
as substrate at pH 10.5 at 30°C. Poly(vinyl 
alcohol) beads were GS-500 (13 /~m diameter) 
and were obtained from Showa Denko (Tokyo). 
NAD + (98%, free acid) and NADH (disodium 
salt, 98%) were from Kohjin (Tokyo) and Cap- 
cell Cj SGI20 was from Shiseido (Tokyo). All 
other chemicals were of  analytical reagent 
grade. 

Phosphate buffer (pH 8.0) consisting of  
0.03M potassium dihydrogen phosphate--0.03M 
disodium hydrogen phosphate was prepared. 
NAD ÷ solution [20mM NAD + in 0.03M phos- 
phate buffer (pH 7.0)] and 0.3M carbonate 
buffer (pH 10.0) consisting of  0.3M sodium 
carbonate-sodium hydrogen carbonate were 
prepared daily. 

Preparation of  enzyme reactors 

AA and LeuDH were immobilized onto the 
poly(vinyl alcohol) beads. The method of amin- 
ation of the beads was similar to that described 
by Matsumoto et al.. ~3 The beads (2 g) were 
suspended in 50 ml of  50% chloromethyioxirane 
in 3M sodium hydroxide solution at 50°C for 
1.5 hr, followed by reaction with concentration 
aqueous ammonia (50 ml) at 40°C for 3 hr. The 
attached amine amounted to 3.0 meq./g dry 
beads. The aminated beads were packed into 
columns. Glutaraldehyde solution (4%) in 0.1M 
sodium hydrogen carbonate was pumped 
through the columns at 0.3 ml/min for 3 hr at 
ca. 20°C and the columns were washed with 
deaerated water at 0.5 ml/min for 30 min. AA 
solution (20 mg in 10 ml of 0.1M phosphate 
buffer, pH 7.0) was recycled through the column 
(50 × 4 mm i.d., stainless-steel) for 6 hr at 0.2 
ml/min at about 15°C. During the immobiliz- 
ation procedure the enzyme solution was kept at 
2-5°C in an ice-box. After the immobilization 
procedure, AA activity in the solution was 
measured with AcLeu as substrate at pH 8.0 at 
30°C. AA was immobilized with a 46% yield; it 
was assumed that inactivation of AA during the 
immobilization process did not occur. LeuDH 
solution (3 mg in 10 ml of 0.1M phosphate 
buffer, pH 7.0) was circulated through the 
column (2 cm × 4 mm i.d., stainless-steel) for 3 
hr at 0.2 ml/min at about 20~C. LeuDH activity 
in the solution was measured with Leu as sub- 
strate at pH 10.0 at 30~C. LeuDH was immobi- 

Pump [~]  
Pump y 55"C I 

S ,------~,- .... I ..... ] L 
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Fig. 1. Flow diagram of liquid chromatographic system for 
the determination of N-acetyl branched-chain amino acids. 
(A) Mobile phase (0.03M phosphate buffer, pH 8.0), 0.4 
ml/min, (B) 20 mM NAD ÷ solution (0.2 ml/min), (C) 0.3M 
carbonate buffer (pH 10.0), 0.2 ml/min, (S) injection valve 
with a 30 ~ul loop, (AC) analytical column (250 x 4 mm i.d.), 
(El) immobilized aminoacylase reactor (50 x 4 mm i.d.), 
(E2) immobilized leucine debydrogenase reactor (20 x 4 mm 
i.d.), (D) fluorimeter (Ex 340 nm, Em 465 nm), (DP) data 

processor, (W) waste. El and E2 were kept at 55C. 

lized with a 98% yield; it was assumed that 
inactivation of LeuDH during the immobiliz- 
ation did not occur. 

H P L C  system 

A schematic diagram of the system is shown 
in Fig. I. The system consisted of  a LC pump 
(Hitachi L-6000) and a reagent-delivery pump 
(Kyowa Seimitsu KHU-W-52), an injection 
valve (Sanuki SVI-6M2) equipped with a 30-/~1 
loop, an analytical column (250 x 4 mm i.d., 
stainless-steel column), an immobilized AA re- 
actor, an immobilized LeuDH reactor, a spec- 
trofluorimeter (Jasco FP-210) [Ex 340 nm, Em 
465 nm] equipped with flow-through cell (15 p 1) 
and a data processor (System Instrument Chro- 
matocorder II). The analytical column was filled 
with Capcell C~ SGI20 (5 pm). The reactors 
were kept constant at 55°C in a water bath. The 
mobile phase was the 0.03M phosphate buffer 
(pH 8.0), which was pumped at 0.4 ml/min and 
NAD + solution and the carbonate buffer were 
pumped at 0.2 ml/min each. 

A serum sample was filtered through an ul- 
trafiltration membrane (Advantec 0Ql00, nom- 
inal molecular weight cut-off 10,000). The 
filtrate (30 pl) was injected into the system. 

Reference method 

The AcBCAs content in serum samples was 
determined for comparison with gradient cat- 
ion-exchange chromatographic method with 
post-column derivatization with o-phthalalde- 
hyde and fluorimetric detection. ~4 The separ- 
ation column was TSK gel SCX (5 pm) (30 
cm x 7.8 mm i.d.). Serum (200 pl) was mixed 
with 0.6M ice-cold perchloric acid (400 pi). The 
mixture was centrifuged and the clean super- 
natant was filtered through the ultrafiltration 
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membrane. For the determination of  BCAs a 
part of the filtrate (10 #1) was injected into the 
liquid chromatographic system, and the other 
portion (300 pl) was mixed 1.5M tris(hydrox- 
ymethyl)aminomethane solution (700 #i) and 20 
pl of AA solution (10 mg of AA in i.0 ml of 
0.1M phosphate buffer) and was incubated 60 
min at 35°C. After the hydrolysis the solution 
was filtered and for the determination of  BCAs 
plus AcBCAs the filtrate (40 #1) was injected 
into the liquid chromatographic system. 

RESULTS AND DISCUSSION 

Properties of immobilized enzyme reactors 

The properties of immobilized LeuDH were 
first evaluated without using the analytical 
column or the immobilized AA reactor. The 
influence of pH on the enzyme reaction was 
studied over the pH range 9-11 with carbonate 
buffer. A standard solution of Leu (20#M) was 
injected into the carrier stream (0.03M phos- 
phate buffer, pH 8.0) and mixed with a mixture 
of NAD + solution and 0.3M carbonate buffer at 
various pH values before reaching the reactor. 
The optimum pH for the enzyme reaction was 
about 10.0. The reactor was placed in a water- 
bath and the temperature was varied between 45 
and 70'C. The reactor exhibited the highest 
activity at 60~C. The effect of the concentration 
of NAD + in the reactor was examined in the 
range 1 6mM. The peak height was constant at 
concentrations greater than 4mM. The peak 
height decreased linearly as the flow-rate was 
increased from 0.6 to 1.2 ml/min. With 4mM 
NAD + in carbonate buffer (pH 10.0) at 55°C 
and at a flow-rate of 0.8 ml/min, 50/~M Leu was 
converted by LeuDH with a 89% yield. Under 
the same conditions, the relative activities of the 
immobilized LeuDH for Leu, Ile and Val were 
100, 100, 95, respectively. The reactor was used 
for 8 hr/day and was stored at 4°C in 0.1M 
phosphate buffer (pH 7.0) when not in use. The 
activity remained at 95% of the initial value for 
4 weeks. The peak heights were plotted against 
the concentrations of the amino acids. The 
concentration range of linear response was from 
1 to 300/~M. The detection limit was 0.7/~M. 

The immobilized AA reactor was used in the 
flow injection mode by omitting the analytical 
column to evaluate the efficiency of amino acids 
production from each AcBCA at various tem- 
peratures. The reactor was placed in a water 
bath and the temperature varied from 45 to 
7OC in 0.03M phosphate buffer (pH 8.0) at a 

flow-rate of 0.4 ml/min. The peak height of the 
liberated amino acid was determined by inject- 
ing AcVal, AcLeu and AcIle standards (10#M). 
A conversion efficiency of 100% was obtained 
above 50°C for all AcBCAs. The efficiencies for 
AcVal, AcLeu and AcIle were maintained at a 
constant value for 17, 15 and 5 days, respect- 
ively, when the reactor was used for 8 hr per day 
and was stored at 4°C in 0.1M phosphate buffer 
(pH 7.0) when not in use. 

Separation of the AcBCAs 

The separation of mixtures of AcVal, Aclle 
and AcLeu was carried out by reversed phase 
chromatography on a Develosil ODS-HG-5 (5 
#m) column (150 x 4.6 mm i.d.) with 0.03M 
phosphate buffer (pH 8.0)-methanol (95:5, v/v) 
as mobile phase. The use of the mobile phase led 
to the inactivation of immobilized AA within 2 
days, because AA is denatured by methanol. 
Separation of the AcBCAs was effected on a 
Capcell C~ SGI20 (5 #m) column (250 × 4 mm 
i.d.) with 0.03M phosphate buffer (pH 8.0) as 
mobile phase. By using the mobile phase a 
stable and reproducible chromatogram was ob- 
tained (Fig. 2). The peak height ratio for AcVal, 

k.  

| 

5 1 15 20 25 
Retention time, min 

Fig. 2. Chromatogram of standard mixture (each of 201LM ). 
(l) N-Acetyl-L-valine, (2) N-acetyl-L-isoleucine, (3) N- 

acetyl-L-leucine. 
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determined by HPLC with enzyme reactors and by HPLC 

with o-phthalaldehydeJ 4 

Ac l l e  and  AcLeu  was 100:78:90.  The  peak  
height  was p lo t ted  agains t  the concen t ra t ion  o f  
the compounds .  The concen t ra t ion  ranges o f  
l inear  response were f rom 4 to 200/~M for AcVal  
and  A c L e u  and f rom 5 to 300#M for Acl ie .  The 
de tec t ion  l imits (s ignal- to-noise  ra t io  = 3) for 
AcVal ,  Acl le  and  AcLeu  were 2, 3 and 2/~M, 
respectively.  

Appf icat ion 

This system was used to de te rmine  the 
a m o u n t  o f  AcVal ,  AcLeu  and  Ac l l e  in serum. 
A sample  o f  no rma l  h u m a n  serum was filtered 
on the u l t raf i l t ra t ion membrane .  The fil trate 
(30/~1) was injected into the system. Since 
no na tura l ly  occurr ing  free A c B C A s  were found 
in the serum by this method ,  the poo led  
serum was supp lemented  with AcVal ,  AcLeu  
and Ac l l e  to give final concen t ra t ions  o f  
5-200/~M AcVal ,  5 -300/ tM Acl le  and  5 - 2 0 0 # M  
AcLeu.  Results  ob ta ined  using this system 
c o m p a r e d  well with a ca t ion-exchange  high- 
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Fig. 4. Comparison of N-acetyl-L-isoleucine concentration 
determined by HPLC with enzyme reactors and by HPLC 

with o-phthalaldehydeJ 4 

pe r fo rmance  l iquid c h r o m a t o g r a p h i c  method.  ~4 
The  results are  summar ized  in Figs 3-5. The 
ca lcula ted  l inear regressions and cor re la t ion  
coefficients for  AcVal ,  Acl le  and  AcLeu  
were y = 0 . 9 9 2 5 x  +0 .4580  and r = 0.9999, 
y = l . 0 0 7 x + 0 . 5 8 9 0  and r = 0 . 9 9 9 8 ,  and  
y = 0.9898x + 0.3774 and r = 0.9999, respect- 
ively. 

CONCLUSIONS 

We have shown that  immobi l ized  acteylacy-  
iase reac tor  and  leucine dehydrogenase  reactor  
are useful for the s imul taneous  detect ion 
o f  AcVal ,  Acl le  and  AcLeu  using reversed- 
phase  H P L C  and f luorimetr ic  detect ion.  This  
me thod  proved  to be simple and selective for the 
de te rmina t ion  o f  AcBCAs .  However ,  it should 
be noted  that  the immobi l ized  aminoacy lase  
reac tor  should  be renewed every 5 days,  and  
that  this is a d i sadvan tage  o f  the p roposed  
technique.  
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Summary--A spectrophotometric method was developed for determination of concentration-based pH 
values from 0 to 2 with Malachite Green indicator. A quadratic model equation was based on the ratio 
of the absorbances of the peak at 618 nm and the isosbestic point at 518 nm. Normalization to the 
isosbestic point was used to stabilize the response because the color faded; the useful time interval was 
within 5 min after indicator addition. Model and verification sets agreed within +0.02 pH units between 
pH 0.3 and 1.8. This excellent precision makes the colorimetric method useful for acid determinations with 
a relative precision of > + 5%. The presence of salts at a salt/acid equivalent ratio >0.1 caused a low 
pH bias. 

Use of color indicators provides a convenient 
alternative to potentiometric pH measurements 
for determination of  acidity. Modern instru- 
mentation such as diode array spectropho- 
tometry and computerized data reduction has 
converted this classical technique ~ into one that 
is practical for field and online applications. 
Color indicators offer the option of either 
simple visual estimation or quantitative deter- 
mination by spectrophotometry, with fiber op- 
tics or flow injection interfaces. Mathematical 
fitting or modeling of  the spectral data can 
provide instant output values. In this work, 
preparation of models with standard solutions 
of known hydrogen ion concentrations makes 
the measured pH one that is based on hydrogen 
ion concentrations (i.e. -log[H +]), rather than 
on hydrogen ion activities. 

Although many pH indicators are available, 2 
only a few have suitable spectra for analytical 
applications, particularly at the extremes of the 
pH range. Earlier work described azoviolet indi- 
cator for colorimetric pH determinations of 
solutions such as the concentrated waste sol- 
utions with pH > 11 at the Savannah River 

This paper was prepared in connection with work done 
under Contract No. DE-AC09-89SRI8035 with the U.S. 
Department of Energy. By acceptance of this paper, the 
publisher and/or recipient acknowledges the U.S. Gov- 
ernment's right to retain a nonexclusive, royalty-free 
license in and to any copyright covering this paper, along 
with the right to reproduce and to authorize others to 
reproduce all or part of the copyrighted paper. 

Site) The present work describes a similar appli- 
cation of  Malachite Green to solutions with 
pH < 2 for other process streams. Normaliza- 
tion of the data to the isosbestic point and 
development of a quadratic model provides a 
sensitive method that overcomes the limitations 
of the indicator due to color fading. 

EXPERIMENTAL 

The calibration/model was developed by 
making absorbance measurements with stan- 
dard solutions of  0.01-1M HNO 3. These sol- 
utions were prepared from a IM stock solution 
standardized against the primary standard 
tris(hydroxymethyl)aminomethane. 4 The di- 
lutions were confirmed by nitrate determi- 
nations with ion chromatography. Spectra for 
the acid and base forms of the indicator were 
established with 2M HNO 3 and 0.1M KNO3, 
respectively. Samples were prepared and ana- 
lyzed by the same procedure as the standards. A 
reference spectrum of the test solution without 
indicator was used for each measurement. 

The Malachite Green solution was 0.1 w/v% 
of Malachite Green hydrochloride [ (CH3)  2 

N C 6 H a C ( C 6 H s ) : C 6 H 4 : N ( C H 3 ) 2 C I ;  C A S  N o .  

569-64-2. Baker P451.03 or equivalent] dis- 
solved in water. The solution was filtered. 
The pH of the indicator solution was about 
3. The usual pH adjustment to midrange 
(about pH 1) was not made because the indi- 
cator is unstable at the lower pH, and the acid 

457 



458 ELIZABETH W. BAUMANN 

contribution of  the indicator to the test system 
is negligible. 

Procedure 

Four millilitres of  solution was pipetted into 
a vial and 50/~gl of  Malachite Green solution 
added. The solution was transferred to a l-cm 
cuvette and between 0.25 and 5 min after ad- 
dition of  the Malachite Green, the absorbance 
of solution was measured from 400 to 700 nm 
(618 nm and 518 nm are the specific wavelengths 
of  interest) with a Hewlett Packard Diode Array 
Spectrophotometer, or equivalent. The collected 
data was used to create a model or to determine 
pH from the established model, as described 
below. 

RESULTS AND DISCUSSION 

Malachite Green indicator 

Figure 1 shows Malachite Green spectra from 
pH 0.01 to 2.1. The base form has a strong 
sharp peak at 618 nm (blue-green), which was 
used for the analysis. The acid form has a 
broader, less suitable, peak in the 425-450 nm 
(yellow) range. The isosbestic point occurs at 
518 nm. Kolthoff reported that triphenyl- 
methane dyes, such as Malachite Green, were 
considered to be of no practical value as pH 
indicators because of  instability and salt errors.: 
Normalization with the isosbestic point ab- 

sorbance overcame the instability problem; salt 
error limitations are discussed below. Anionic 
halide complexes with certain metals (Cd, Co, 
Ta, Ga, In, Rh, Sn, Zn) are reported to bond 
with Malachite Green into extractable ion 
pairs, 5 but this possible interference was not 
investigated because these metals were not sig- 
nificant in our process streams. 

Collection and interpretation of data 

Spectra were collected at intervals of approxi- 
mately 0.25, 2.5, and 5 min after the indicator 
was added. Spectra at the extremes of the 
indicator pH range were similarly obtained with 
2M HNO 3 and 0.1M KNO 3. Ratios of  ab- 
sorbances at the peak (618 nm) and at the 
isosbestic point (518 nm) were used for model- 
ing and for pH determinations from the model• 

The color of  the Malachite Green faded with 
time, particularly in more acidic solutions. Nor- 
malization to the isosbestic absorbance pro- 
vided a parameter that was independent of 
measurement time for the 5 min interval after 
the indicator was added. Figure 2 shows average 
values and % relative standard deviations 
(RSD) for the normalized absorbances taken 
0.25, 2.5, and 5 min after addition of indicator. 
%RSD values were < 1% except at the lowest 
pH (0.009), where the %RSD rose to 3.5%. The 
variables DX, ,  DA,, and DB, are the ratios of 
the peak to isosbestic absorbances for the un- 
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Fig. 1. Effect of pH on the absorption spectrum of Malachite Green. Spectra were taken 0.25 rain after 
addition of indicator. The concentration of Malachite Green was 3.4 x 10-SM. 
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known, the acid form and the base form, re- 
spectively. 

Normalization to the isosbestic point also 
made the determination nearly independent of  
indicator concentration. Table IA shows DA,  
and D B,, over a three-fold range of  indicator 
concentrations. The peak absorbance at 618 nm 
for DB, with 50 #i of indicator was >3,  too 
high for accurate response. 

Development of model 

The relationships for fitting single peak data 
were similar to those used earlier, t'3 DADB. is 
defined in equation (la) in terms of  ~, the 
fraction of the indicator in the base form, and 

in equation (lb) in terms of (DB.),  (DA.),  and 
DX.) .  

DADB. = ~/(1 - ~) (la) 

= ( D X .  - DA.)/(DB. - DX.).  (lb) 

The model was developed with a set of 18 nitric 
acid standards and was verified with measure- 
ments of  a newly prepared set of these 18 
standards. Three sets of data, collected approxi- 
mately 0.25, 2.5, and 5 min after the indicator 
was added, were averaged for the model. D A. 
and D B. values for the model-building (cali- 
bration) set and for the verification set were the 
average of six experimental values (two samples 

Table I. Summary of DA,  and DB, values 

O m n 
Malachite 
Green per Standard 
2 ml sample (gl) Average deviation 

DB, 

Standard 
Average deviation 

A. Indicator volume study 
10 0.0949 0.0079 14.67 0.05 
20 0.0956 0.0045 14.65 0.07 
25 0.0960 0.0018 14.62 0.04 
30 0.0953 0.0005 14.42 0.04 

B. Model development 
Model 25 0.0944 0.0014 14.84 
Verify 25 0.0917 0.0082 14.90 

0.06* 
0.08* 

*Pooled Standard Deviations of  two sets of  timed measurements. 
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Fig. 3. Agreement of the model and the test set with different development times. Minutes after indicator 
addition: []  = 0.25; /k = 2.5; O = 5. 

measured at three different times) for that 
test. Average DA,  and DB, and their pooled 
standard deviations are included in Table 
lB. 

The model equation, which had an R squared 
value of  0.999465, was: 

pH = 1.298192 + 0.815108 (log D A D B , )  

0.069844 (log D A D  B,) 2. (2) 

The good agreement of  the model with the 
test set is shown in Figure 3. Between pH 0 
and 1.8, differences between calculated and 
known values were <0.02 pH unit. The 
reason for the trend in the data, with a 
positive bias at pH < 1 and a negative bias at 
pH > 1, is not known. 

Salt error 

The salt error was investigated with solutions 
that contained hydrolyzable ions or simple salts. 
In one set of  experiments the solutions were 
standard 0.1M nitric acid containing 0.1M 
nitrates of aluminum, uranium, iron, thorium, 
or chromium, cations of  interest in our process 
streams. Limits of  the salt effect were investi- 
gated with the aluminum-nitric acid system 
with progressively less aluminum, down to 
0.0125M aluminum nitrate. The free acid con- 
tent of  these solutions was determined by stan- 
dard addition in the presence of  KSCN 6 or by 
titration in the presence of  KF. Solutions of  0. In 
nitric acid or hydrochloric acid solutions spiked 

with their respective sodium salts were also 
analyzed. 

The spectra of  the solutions with hydrolyz- 
able ions (Fig. 3) showed that, with the excep- 
tion of iron, the presence of the metals did not 
affect the shape of the spectra. The results of 
these studies (Fig. 4) demonstrated that the salt 
error was related to the number of  equivalents 
of  salt present. Equivalent amounts of  salt and 
acid caused a low bias of  about 0.06 pH units. 
To achieve a precision of _ 0.02 pH units the 
salt/acid equivalent ratio must be <0.1. 

Application to determination of  acid concen- 
trations 

The model was developed for pH defined in 
terms of hydrogen ion concentration, not for 
hydrogen ion activity. The excellent precision of  
_+ 0.02 pH units suggested that this colorimetric 
method might be useful for determination of 
acid concentrations in systems where a relative 
precision of  > _+ 5% is adequate. 

Table 2 shows application of  the model to 
determination of  the acidity of process solutions 
that contained up to 0.1M U O 2 ( N O 3 )  2. Confir- 
ming analyses were performed by titration with 
NaOH in KF medium and/or by standard ad- 
ditions in KSCN medium. 6 Both these methods 
determine hydrogen ion concentration. Within 
the range of the model, the colorimetric method 
gave comparable results. These determinations 
also demonstrated that in this low-salt system 
the method could be extended to more concen- 
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trated acid solutions by making dilutions as 
large as 10-fold. 

Comments  on implementation 

Concentration-based pH determinations are 
useful for many applications. Sometimes the 
difference between hydrogen ion activity and 
acid concentration can be compensated. At the 
higher pH range of the method, samples may be 

sufficiently dilute that activity coefficients ap- 
proach unity. For samples with similar ionic 
strengths, indicator and electrode pH values will 
be proportional to one another throughout the 
range. 

The model equation in this paper is intended 
to serve as a guide for application and perform- 
ance of the method. For actual implementation, 
a model for the system of interest should be 

Table 2. Determination of acid concentrations 

Solution 

Acid concentration (M)  

Standard 
Titration Addition Colorimetric 

in KF in KSCN method (dilution) 

1 

3 
4 
5 
6 

7 
8 
9 

l0 
II 
12 
13 
14 
15 

0.004 0.066 0.097 (none) 
0.083(1:10) 

nd* 0.55 0.58 (none) 
nd 3.08 2.51 (1:10) 
3.45 3.58 3.59 (1:10) 
5.45 5.42 5.59 (1: 10) 
nd 0.41 0.41 (none) 

0.43 (l:10) 
nd 2.19 1.94 (1:10) 
nd 3.96 3.91 (1:10) 
nd 5.11 4.88 (1:10) 
nd 5.51 5.38 (1:10) 
nd 2.71 2.76 (1:10) 
nd 0.006 0.008 (none) 
nd 0.62 0.62 (l:10) 
nd 2.21 1.91 (1:10) 
nd 5.11 4.92 (1:10) 

*Nd = not determined. 
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Fig. 5. Salt error in Malachite Green pH determination. <) = 0.1M HNO 3 with pH 1.00; [] = 0.1M 
HNO 3 + 0.1M nitrate salt of UO~ + , Ni 2+, Cr 3 ÷, or Th4+; O = 0.1M HNO 3 + 0.1M Fe(NO3)3; A = 0.1M 
HNO3+0.1, 0.05, 0.025 and 0.0125M AI(NO3)3; x =0.1M HNO3+0.34M NaNO 3 or 0.1M 

HCI + 0.39M NaCI. 

deve loped .  A m o d e l  t ha t  inc ludes  the  full  spec-  

t r u m  can  be  d e v e l o p e d  by  pa r t i a l  least  squa re s  

o r  o t h e r  t echn iques ,  as  was  d o n e  in the  p r e v i o u s  

w o r k  wi th  h igh  p H  sys tems a n d  a z o v i o l e t  indi -  

ca to r .  3 W h i l e  the  f u l l - s p e c t r u m  m o d e l  m a y  o r  

m a y  n o t  i m p r o v e  the  p rec i s ion ,  it m o s t  ce r t a in ly  

w o u l d  be  useful  in f lagging  i n a p p r o p r i a t e  

samples  t h r o u g h  goodness -o f - f i t  ca l cu la t ions .  
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Summary--Disposable amperometric sensors for hydrazines have been fabricated by a judicious tailoring 
of the surface of screen-printed electrodes. Strong electrocatalytic action towards the oxidation of 
hydrazines is achieved by incorporating cobalt phthalocyanine within the carbon inks or by covering the 
printed surface with a mixed valent ruthenium cyanide coating. The electrocatalytic behavior, sensor 
optimization and analytical performance are reported. The new sensor strips should facilitate on-site 
environmental and industrial monitoring of hydrazine compounds. 

Because of the environmental and toxicological 
significance of hydrazine compounds, a reliable 
method is required for their quantitation. 
Portable instruments, coupled with small 
sensing probes, are preferred for facilitating 
environmental field screening or on-site indus- 
trial monitoring of hydrazines. Controlled- 
potential electroanalytical procedures, 
particularly those relying on electrocatalytic 
modified electrodes, have been developed for 
the detection of  hydrazine compounds. In 
particular, glassy carbon electrodes coated with 
cobalt phthalocyanine (CoPC) or mixed-valent 
ruthenium (III,II) cyanide (mvRuCN) layers 
have been shown to catalyze the oxidation of 
various hydrazines, j'2 The adaptation of  such 
schemes for mass-producible environmental or 
industrial sensors is thus a logical extension of 
their capabilities. 

The present work describes disposable 
modified screen-printed sensors for measure- 
ments of hydrazine. The screen-printed (thick 
film) technology represents an ideal route for 
large-scale fabrication of highly reproducible 
and yet inexpensive electrochemical sensors. 3-5 
For example, commercial single-use enzyme 
electrodes are commonly being used for self- 
testing of blood glucose levels. 6 We have pre- 
viously used the screen-printing technology as 
the basis of disposable sensors for metals (such 
as lead or uranium). 7"~ Cobalt-phthalocyanine 

*Author to whom correspondence should be addressed. 

based screen-printed electrodes were employed 
by Wring and Hart  9 for facilitating the determi- 
nation of biomolecules such as reduced gluta- 
thione. In the following sections we will 
characterize and apply CoPC and mvRuCN 
modified sensor strips for decentralized testing 
of  hydrazines. 

EXPERIMENTAL 

Apparatus 

Amperometric and voltammetric measure- 
ments were carried out with a Bioanalytical 
Systems (BAS) CV-27 voltammetric analyzer in 
connection with a BAS Model VC-2 10 ml cell. 
The screen-printed working-electrode strip, the 
Ag/AgC1 reference electrode (BAS Model RE- I ) 
and platinum wire auxiliary electrodes were 
introduced to the cell through its Teflon cover. 

A semi-automatic screen-printer (Model TF- 
100, MPM Inc. Franklin, MA, U.S.A.) was 
used for fabricating the electrode strips. A 
group of 25 electrodes was thus printed onto the 
alumina ceramic base (of 10 × 3.4 cm). Each 
electrode consisted o f a  I x 6 mm working area. 
The carbon ink was obtained from Gwent Elec- 
tronic Materials Ltd (No. C10903DI4, Gwent, 
U.K.). The CoPC modified ink was prepared by 
thoroughly mixing 0.1 g of CoPC with 4.0 g of 
the carbon ink. The mixing was facilitated by a 
15-min sonication period. Coating of  the 
unmodified strip with a mvRuCN layer was 
accomplished by cycling the potential between 
0.4 and !.0 V (at 50 mV/sec for 30 min) in the 
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presence of a 0.2M K_~SO 4 solution (pH 2.0) 
containing 2.5 mM RuCI~ and 2.5 mM 
K4 Ru(CN)6. 

Reagents 

All solutions were prepared with double- 
distilled water. Hydrazine solutions were 
prepared from hydrazine sulfate (Baker) and 
1,2-dimethylhydrazine (Aldrich). The surface 
modifiers, CoPC and ruthenium chlor- 
ide/potassium hexacyanoruthenate, were pur- 
chased from Aldrich and Alpha, respectively. 
The supporting electrolytes were 0.2M KzSO 4 
and 0.2M NaOH in connection with the ruthe- 
nium- and CoPC-modified strips, respectively. 
Ground water and tap water samples were 
collected at the Hanford Site (Richland, WA, 
U.S.A.) and the NMSU Chemistry and Bio- 
chemistry building (Las Cruces, NM, U.S.A.). 

Procedure 

Quantitation of the hydrazine compounds 
was accomplished in chronoamperometric 
experiments (with stepping the potential from 
open-circuit to +0.1 and 1.0 V for the CoPC- 
and mvRuCN-based strips, respectively). The 
current was sampled 210 sec following the 
potential step. Calibration data were achieved 
by spiked aliquots of the hydrazine standard 
solution to the cell. 

RESULTS AND DISCUSSION 

Because of the large overvoltage for the 
electrooxidation of hydrazines at ordinary 
carbon strip electrodes, modified sensor surfaces 
are required to catalyze the oxidation process. 
Two such catalytic surfaces, based on modifi- 
cation with CoPC or mixed-valent ruthenium 
cyanide (mvRuCN), are known for their 
catalytic activity toward hydrazines at 
conventional carbon paste and glassy carbon 
electrodes, L2 and are thus assessed below in 
connection with the disposable carbon strips. 
While CoPC can be added to the carbon ink 
suspension prior to the printing process, the 
mvRuCN film is grown electrochemically after 
completing the fabrication. 

The electrochemical deposition of the 
mvRuCN layer on the printed carbon surface is 
illustrated in Fig. 1. Repetitive cyclic voltam- 
mograms reveal two anodic peaks (at ~ +0.62 
and ,-~ +0.88 V), corresponding to the Ru 2+'3+ 
and Ru(CN)  3-'4- couples, respectively. A ca- 
thodic peak, at ~ +0.66 V, corresponding to 

the Ru(CN) 3 ,4 couple, is also observed. Simi- 
lar peaks, at slightly different potentials, were 
reported for the analogous modification of 
glassy carbon electrodes. ~° All peaks gradually 
increase upon repetitive scanning, reflecting the 
continuous growth of the mvRuCN film. 

Figure 2 displays hydrodynamic voltam- 
mograms (HDVs) for 4 x l0 5M dimethylhy- 
drazine (a) and hydrazine (b) at both mvRuCN 
(A) and CoPC (B) modified strips, as well as the 
corresponding response at the unmodified 
sensor (open squares). Different media, K2SO 4 
(A) and NaOH (B), as commonly used with 
mvRuCN 2 and CoPC t modified electrodes, were 
employed. (Owing to its limited anodic potential 
window of NaOH media and the high potential 
of the mvRuCN couple, NaOH was not em- 
ployed in connection with this modifier.) At the 
mvRuCN-coated strip, the anodic detection of 
both hydrazines is starting at +0.7 V, reaches 
a maxima around + l . 0  to +1.1 V, and de- 
creases at higher potentials. Similar profiles 
were reported for mvRuCN-coated glassy car- 
bon electrodes. 2 No response is observed, over 
the entire potential range, for analogous 
measurements at the bare strip. At the CoPC- 
containing strip, the oxidation starts at -0 .1  V, 
with the current increasing slowly up to +0.3 V 

t a • 

0.4 0.6 0.8 1.0 

POTENTIAI~ (v) 
Fig. 1. Repetitive cyclic voltammograms at a screen-printed 
carbon electrode, dipped in a 0.2M K~SO~ solution (pH 2.0) 
containing 2.5 mM RuCI~ and 2.5 mM K4Ru(CN)~ , for 30 

min. Scan rate, 50 mV/sec. 
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Fig. 2. Hydrodynamic voltammograms for 4 x 10-SM 1,2-dimethylhydrazine (a) and hydrazine (b) at 
mvRuCN (A) and CoPC (B) modified carbon strips. Electrolytes, 0.2M K_,SO 4 (A) and 0.2M NaOH (B). 

The individual points were obtained by chronoamperometry. 

and then more rapidly. Note that (upon using 
the NaOH solution) the bare electrode is also 
responding to these hydrazines, but yields 
significantly smaller currents. Two oxidation 
processes (at - 0 . 2  and +0.1 V) were reported 
for hydrazine at phthalocyanine-coated glassy 
carbon electrodes. 

The HDVs of Fig. 2 indicate that an optimum 
strip performance could be achieved around 
+0.1 V (CoPC) and +1.0  V (mvRuCN). 
Considering that quiescent sample droplets are 
likely to be placed onto the strip surface, 
chronoamperometry was selected for all 
subsequent quantitative work. Figure 3 shows 
chronamperograms for hydrazine solutions of 
increasing concentration ( 4 x  10 5M incre- 
ments) at the mvRuCN (A(a)) and CoPC (B(a)) 
modified strips, along with the corresponding 
response of the naked strip surface (b). Both 
strips offer convenient quantitation at the 
micromolar concentration level, as well as an 
extremely low background response (shown as 
dotted line). Note also that in accordance with 
the HDV data of Fig. 2, the unmodified 
electrodes yield only a negligible response 
towards the analyte. The resulting calibration 
plots (not shown) were linear in the case of  the 
mvRuCN-coated strip (slope 8.5 _ 0.01 

I 

BI 
a 

L.) 

A 400 nA ~ ,  

50 S 

BI,I-9 
b 

B 400 aA L~ 

50 S 

1 1 0  

- Bt ~ I 
b m 

T I M t ~  

Fig. 3. Chronoamperometric response to 4 x 10 ~M incre- 
ments in the hydrazine concentration, along with the corre- 
sponding blank response (dotted line) at the mvRuCN (A(a)) 
and CoPC (B(a)) modified strips. Also shown (b) the corre- 
sponding response at the unmodified strips (b). Potential 
steps to + 1.0 V (A) and + 0.1 V (B). Electrolytes, as in Fig. 2. 
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Fig. 4. Chronoamperometric response of the mvRuCN strip to ground water (A) and drinking water (B) 
samples spiked with increasing hydrazine concentration in 2.5 x 10-SM steps. Also shown (as dotted lines) 

are the blank sample responses; 8 ml sample +2 ml 0.2M K2SO 4. Other conditions, as in Fig. 3A. 

mA//~M, correlation coefficient, 0.997) but 
displayed a curvature (above 8 x 10-SM) for 
the CoPC-containing sensors (correlation 
efficient, 0.986). Detection limits of 4 x 10 -6 and 
5 × 10-6M hydrazines can be estimated from 
the signal-to-noise characteristics (SIN = 3) of 
the response at the CoPC- and mvRuCN strips, 
respectively. Convenient quantitation was 
obtained also for analogous measurements of 
1,2-dimethylhydrazine, with both sensors 
displaying nonlinearity, with a leveling off 
above 1.5 x 10-4M (not shown). 

Because of their extremely low cost, the new 
hydrazine sensors are aimed mainly at single-use 
applications. Yet, such electrodes hold promise 
also for use as reusable devices. Long runs of 20 
successive runs of I x 10-aM hydrazine yielded 
relative standard deviations of 10 and 12% for 
the mvRuCN and CoPC modifications, respect- 
ively (not shown). A gradual decrease in the 
response characterized these prolonged series. 
Electrode-to-electrode reproducibilities of 5% 
RSD were observed for both modification 
schemes (conditions: 10 strips of the same batch, 
using a I × 10-4M hydrazine solution; other, as 
in Fig. 2). 

Figure 4 demonstrates the suitability of the 
mvRuCN sensor strip for direct measurements 

of hydrazine in ground water (A) and drink- 
ing water (B) samples. Small (25 /~M) incre- 
ments in the hydrazine concentration of both 
samples yield a well-defined chronoampero- 
metric response, and linear standard additions 
plots (shown as insets). The extremely low 
blank response (dotted lines) indicates lack of 
major interferences in these environmental 
samples. Whenever needed, improvement in 
the selectivity can be achieved by covering the 
strip surface with a size-exclusion coating 
(permeable mainly to the very small hydrazine 
species). 

In conclusion, this paper demonstrates that 
effective sensor strips for hydrazines can be 
fabricated by coupling thick-film and surface 
modification technologies. Effective electrocat- 
alytic detection of hydrazine compounds can 
thus be achieved through a judicious tailoring 
of the strip surface. While requiring different 
operating conditions (e.g. potential, support- 
ing electrolyte), both CoPC- and mvRuCN- 
based strips offer convenient quantitation of 
micromolar hydrazine concentrations. The se- 
lection of the most appropriate strip for a 
given analytical task should thus depend pri- 
marily on selectivity considerations (based on 
the different reactivities of these modifiers). 



Disposable screen-printed electrodes for hydrazine 467 

Al though the present work deals with pr int ing 

of  the working electrode strip, self-standing 
hydrazine sensors (suitable for handl ing  small 

sample volumes) can be easily achieved via 
copr int ing of the reference electrode. Future  
coupling of such low-cost sensors with 
portable,  bat tery-operated,  ins t ruments  should 
facilitate on-site and real-time envi ronmenta l  
and industr ial  moni to r ing  of hydrazine 
compounds .  
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Summary Electropolymerized m-phenylenediamine was used as an active coating for immobilizing 
urease and lectin on a gold-plated thickness-shear-mode (TSM) crystal. To enhance effectiveness of  
immobilization, a bilayer polymer film composed of  polyaniline and poly-m-phenylenediamine was 
proposed. Compared with single poly-m-phenylenediamine film, the bilayer polymer film gave better 
results in terms of immobilizing capacity, stability and reproductivity. On this bilayer-film-coated TSM 
quartz crystal, the amount  of  immobilized lectin was estimated about 1.8 ,ug/cm 2. Detection of purified 
human erythrocytes is demonstrated as an example ot" potential application of this lectin-modified TSM 
biosensor in clinic. 

In recent years, applications of thickness-shear- 
mode (TSM) quartz crystal in solution chem- 
istry have been developing rapidly. ~3 Because 
the TSM sensor offers many advantages such as 
high sensitivity, simplicity of use and cost of 
effectiveness, some investigators have applied 
this device to immunosensors/  Immunoglobu- 
lins were detected with antibody 5'6 or protein 
A-modified crystal] Microbes, s haptens 9'~° or 
protein antigen ~ were also detected by a similar 
method. Recently, much attention has been paid 
to the development of new biological coatings 
and new film-forming techniques. L2 For the de- 
velopment of a TSM immunosensor, a key step 
is to immobilize biological species (e.g. enzyme, 
antibody) effectively on the surface of the 
TSM crystal. Usually, the surface of the 
TSM crystal is precoated with functional poly- 
mer (e.g. polyethyleneimine ~3) by the dip- 
coating method. To our knowledge, few 
electropolymerized films have been used to 
immobilize biological species on the surface of 
TSM devices. 

Electropolymerized films have been a subject 
of active investigation owing to their possible 
utility for a variety of applications including 
electrocatalyst, selective electrodes and surface 
modification. ~4~5 With electropolymerization it 
is much easier to control the parameters of film 

*Author to whom correspondence should be addressed 

thickness, homogeneity, and reproducibility. 
Glucose oxidase electrodes have been developed 
for polyaniline (PAn) or poly-o-phenylenedi- 
amine coatingJ 6w It is known that PAn can 
produce adherent and conducting film of uni- 
form thickness on the gold matrix, but 
no functional group in the PAn structure can 
be modified with a bifunctional reagent 
which couples proteins such as antibodies and 
enzymes. 

In this paper, the possibility for immobilizing 
active protein on the poly-m-phenylenediamine- 
coated TSM crystal is investigated. It was found 
that the poly-m-phenylenediamine (PmPD) 
coating on PAn matrix gave better results in 
terms of immobilizing capacity and stability. 

EXPERIMENTAL 

Apparatus 

AT-cut 6 MHz gold-plated quartz crystal was 
used (area of electrode, 0.28cm2). A home- 
made IC-TTL oscillator was designed to drive 
the crystal at its resonant frequency, ~ and the 
frequency of the oscillator was monitored by a 
universal counter (Iwatsu, Model SC-7201). The 
experimental data were treated with a Hewlett 
Packard 9153C computer. The electrochemical 
quartz crystal microbalance (EQCM) exper- 
imental arrangement was similar to Ref. [19]. 
The QCM electrode facing solution was used as 
the working electrode, a commercial saturated 

469 



470 Sx Sm-HuI et  al. 

Table 1. Frequency responses to lectin and urease immobi- 
lized on three different coatings (average of  five experiments) 

Coating Urease Lectin 

7-APTES - 6 8 +  19Hz - 5 2 +  11Hz 
PmPD* - 45 + 6 Hz - 42 + 8 Hz 
P m P D a n d  PAnt  - 1 3 7 + 7 H z  - l 1 8 + 9 H z  

*The frequency response to PmPD coating is about 400 Hz. 
fThe frequency responses to PmPD coating and PAn coat- 

ing are controlled about 300 and 200 Hz, respectively. 

in 0.1M aniline and 1.2M sulfuric acid, the 
polyaniline coating was deposited on the gold- 
plated TSM crystal. Then the obtained PAn- 
coated crystal was washed with distilled 
water and put into a solution containing 0.12M 
m-phenylenediamine and 1.2M sulfuric acid, 
and further treated by electrolysing at 0.70 V to 
obtain PmPD coating. 

calomel electrode (SCE) and a platinum mesh 
were used as the reference electrode and the 
auxiliary electrode, respectively. XJP-821 B 
model polargraph and X-Y recorder were used 
in EQCM measurements, and all potentials 
were quoted vs. SCE. The admittance measure- 
ments of the TSM crystal were performed using 
a HP 4192A impedance analyser. The tempera- 
ture was controlled by the thermostat water 
bath at 15__+0.10C except where otherwise 
stated. 

Mater&& 

Blood specimen obtained from a healthy man 
was anti-coagulated with EDTA, and cen- 
trifuged at 150g for 10min. The erythrocytes 
were washed three times with 0.9% NaCI, and 
suspended in phosphate buffer (pH 7.2, 0.2M). 
Urease (biochemical reagent, BDH Chemical 
Ltd, Poole, U.K.): 2 mg of urease was dissolved 
in 1 ml of phosphate buffer (pH 7, 0.2M). Lectin 
(biproducts of WuHan Biological Institute, 
purified from soybean) was diluted with phos- 
phate buffer (pH 7.2, 0.2M), to a concentration 
of about 2 mg/ml. Glutaraldehyde (GA) was of 
biochemical reagent grade, from which 3% 
(pH 7) solution was prepared. 7-Aminopropyl- 
triethoxysilane (7-APTES, Aldrich) was used. 
m-Phenylenediamine was purified by recrystal- 
lization from dichloromethane and aniline was 
distilled under reduced pressure. 

Surface modification 

(a) Thin silane coating. After treatment with 
chloroform and acetone, the TSM crystal was 
dipped in a 5% solution ofy-APTES in acetone 
for 1 hr at 25°C, then air-dried and washed 
several times with acetone. 

(b) Bilayer polymer coating. The gold-plated 
TSM crystal was mounted at the bottom of a 
well-type cell, and one side of the crystal was 
kept out of the solution. The TSM crystal 
electrode facing solution was washed with 
acetone and distilled water before modification. 
With steady state scanning from -0.2 to 0.8 V 

Immobilization 

The polymer-coated TSM crystals were 
washed thoroughly with distilled water, then 
treated with 3% GA solution for 2hr. After 
washing with phosphate buffer, a steady fre- 
quency of GA-treated crystal (f~) was measured 
in phosphate buffer. Subsequently, the lectin or 
the urease solution was added into detector cell, 
and the frequency monitored. When the immo- 
bilization completed, the protein-modified crys- 
tal was washed with phosphate buffer, and the 
second steady frequency (f2) was remeasured in 
phosphate buffer. The values of frequency shift 
corresponding to immobilized lectin and urease 
(f2-fl) were obtained (Table 1). 

RESULTS AND DISCUSSION 

Modified gold-plated TSM crystal with PAn and 
PmPD 

The frequency response for aniline electro- 
polymerization recorded concurrently with the 
CV sweep is shown in Fig. 1. During CV 
scanning, the resonant frequency decreases, 
which means the PAn film is depositing on the 
surface of gold-plated TSM crystal. When a 
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~ 0.4 - -  
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Fig. I. Cyclic voltommetric response and QCM frequency 
response during steady state scanning at gold electrode in 
the solution of  0.1M aniline and 1.2M sulfuric acid. (a) 
Cyclic voltammetric response: (b) QCM frequency response. 
Curve c is the background frequency response in 1.2M 
sulfuric acid medium during cyclic voltammetric sweep 

(scan rate 40 mV/s). 
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Fig. 2. Cyclic voltammograms for the oxidation of 0.1M 
rn-phenylenediamine at gold electrode in sulfuric acid sol- 
utions of  various concentrations. (a) 0.1M, (b) 1.2M and (c) 
3M. Curves obtained at the first cycling (scan rate 40 mV/s). 

solution containing 1.2M sulfuric acid and 0.1M 
aniline was chosen as the polymerizing medium, 
an excellent cohesive film was obtained on the 
TSM device. In order to obtain new functional 
polymer coating, the property of electropoly- 
merized m-phenylenediamine coating on gold 
matrix was investigated. The cyclic voltam- 
mograms observed during m-phenylenediamine 
electrolysis reaction in various acidity polymer- 
izing solutions are shown in Fig. 2. It can be 
seen that the shape of the CV profiles is affected 
by the change of the medium acidity, and at 
high potential oxidizing polymerization can oc- 
cur. The results monitored by the TSM device 
show that the rate of PmPD depositing on gold 
matrix is slow during rn-phenylenediamine elec- 
trolysis at constant potential (Fig. 3). However, 
when the PAn-coated TSM device was used as 
working electrode, and the electrolysis was car- 
ried out in solution containing 1.2M sulfuric 

acid and 0. I M m-phenylenediamine, a cohesive 
dark film was easy to obtain on the PAn matrix. 
As can be seen in Fig. 3, the depositing rate of 
PmPD is larger on PAn matrix than on gold 
matrix. Perhaps, it can be attributed to the 
electrocatalysis property of PAn and the much 
higher surface area provided by the PAn. With 
PmPD depositing, the rate of frequency change 
gradually decreases, which suggests electro- 
inactivation and low conductivity of PmPD 
film. From the results of CV scanning, it was 
also found that the electrochemical response 
of PAn was different in the medium with 
and without m-phenylenediamine, new current 
peaks show that electrochemical reaction 
occurred on the PAn matrix (Fig. 4). 

On the basis of the electrical equivalent circuit 
model, it has been demonstrated that the 
changes of resistance (R), inductance (L), and 
capacitance (C) components correspond to 
those of viscosity, mass, and elasticity of the film 
on the TSM device) ° Usually, determination of 
these parameters, especially conductance G 
(G = I /R ) ,  provides useful information about 
chemical and/or physical properties of the film 
on the TSM device. While the polymer films are 
depositing on the surface of the TSM crystal, 
the f"m,, decreases, but a very small change is 
observed in G . . . .  which suggests the electro- 
polymerized films are not viscous (if the film 
were acting as a viscous medium, the G ..... would 
decrease 2~) (Fig. 5). It is well known that the 
width of the half-height of the conductance 
maximum of the TSM crystal should broauen 
if the viscoelastic properties of the film affect 
the resonant frequency. From the conductance 
spectra of TSM crystal in solution, no de- 
tectable difference was found between the bare 
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Fig. 3. Typical frequency response to growth of poly-m- 
phenylenediamine film electropolymerized at a constant 
voltage of  0.7 V (vs. SCE) in 1.2M sulfuric acid and 0.1M 
m-phenylenediamine. (a) On gold matrix, (b) on PAn 

matrix. 
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Fig. 4. Cyclic voltammetric curves of polyaniline (coated on 
gold electrode) in various solution. (a) 1.2M sulfuric acid; 
(b) 1.2M sulfuric acid and 0.1M m-phenylenediamine (scan 

rate 40 mY/s). 
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Fig. 5. Compa-ison of conductance spectra of the TSM 
crystal with and without the polymer coating. Without 
polymer coating: (a) in air; (b) in polymerizing solution. 
With polymer coating in polymerizing solution: (c) PAn 
coating; (d) PmPD coating; (e) PmPD coating on PAn 

matrix. 

crystal and the polymer-coated crystal. There- 
fore, those electropolymerized films behaved as 
a rigid layer under the experimental conditions. 

Comparison of immobilizing capacity 
Owing to the presence of amine groups in the 

PmPD structure, the polymer-coated piezoelec- 
tric crystal can be remodified with GA, and this 
reaction usually finished within 2 hr at 15°C. To 
obtain the value of frequency shift correspond- 
ing to immobilized protein, the steady frequency 
of TSM device was measured in the same 
medium before and after the protein immobiliz- 
ation. The values of frequency shift (f2-fJ) are 
given in Table 1. 

It can be seen that the crystal modified with 
electropolymerized film provided better repro- 
ducible results than organic film for the protein 
immobilization. Compared with single PmPD 
film or 7-APTES coating, the bilayer polymer 
(PAn and PmPD) film dramatically enhanced 
the amount of immobilized protein. It is known 
that the electropolymerized aniline usually 
forms a fibril structure film, in which some 
enzymes were entrapped, 22 so it can be deduced 
that the PmPD film deposited on PAn matrix 
posesses a larger surface area, and provides a 
rich active site for immobilizing protein. During 
the growth of film, it was found that the initial 
depositing rate of the PmPD did not change 
further if the frequency response to the PAn 
coating was more than 300 Hz. The immobiliz- 
ing protein results show that it is not necessary 
for the PmPD coating to be very thick. Consid- 
ering the immobilizing capacity and the stability 
of coating, the thickness of bilayer polymer 
coating was optimized as: the frequency re- 
sponses to PAn coating and PmPD coating were 

controlled about 200 and 250 Hz, respectively. 
Assuming film density of 1.2 g/cm3, 23 the thick- 
ness of bilayer polymer coating was about 
11 nm. 

In order to test the stability of modification 
layer, the unreacted aidehyde groups were 
blocked with 0.1M glycine in phosphate buffer 
(pH 7, 0.2M). Subsequently, the lectin-modified 
TSM crystal was immersed in phosphate buffer, 
and the frequency was monitored. The exper- 
imental results showed that only at initial time 
(about 10 min) the frequency of crystal slightly 
increased (perhaps resulting from the removal 
of the nonspecifical adsorption), then became 
steady. The frequency variation of bilayer- 
polymer-coated TSM device with immobilized 
lectin was +4  Hz for observation intervals of 
lh .  

Since it was observed that the value of Gma x 

decreased when the lectin was immoblized on 
the surface of TSM device (Fig. 6), the immobi- 
lized lectin layer behaved viscoelastically, and 
the mass of immobilized lectin could not be 
calculated by Sauerbrey equation. In order to 
estimate the amount of immobilized lectin on 
the bilayer polymer-coated TSM device, the 
experimental relationship between frequency 
shift and mass of added lectin was obtained as 
follows: first, the steady frequency (F~) of poly- 
mer-coated TSM device (air-dried) was 
measured. Then, each time 2/~1 of lectin sol- 
ution (1 mg lectin in 2 ml distilled water) was 
placed on the surface of polymer layer, and 
air-dried. Finally, the second steady frequency 
(F,) was remeasured. The relationship between 
F,-F~ and the mass of added lectin is shown in 
Fig. 7. 
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Fig. 6. Conductance spectra of the TSM oscillator in phos- 
phate buffer observed in the course of immobilizing lectin. 
(a) Polymer-coated TSM crystal; (b) GA-treated TSM 

crystal; (c) TSM crystal with immobilized lectin. 
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The frequency response to immobilized lectin 
was also obtained by a similar method.  After the 
GA-t rea ted  crystal was washed with water and 
air-dried, a steady frequency (F~) was measured. 
Subsequently, the GA-t rea ted  crystal was im- 
mersed in the lectin solution. When  the immo- 
bilization completed (about  3 hr at 15°C), the 
lectin-modified TSM crystal was washed with 
water and air-dried. Finally, the second steady 
frequency (F2) was remeasured. The value o f  
F2-F ~ was - 1 12 Hz  (average o f  six experiments). 
According to Fig. 7, the mass o f  immobilized 
lectin was estimated about  1.8/~g/cm 2. 

Appl icat ion o f  lec t in-modi f ied  T S M  device 

Lectins are very useful for the study of  cell- 
initiated differentiation o f  cells and the topogra-  
phy of  cell surface constituents 24 and, in order  to 
demonstra te  the possible utility o f  this lectin- 
modified TSM sensor in clinical applications, we 
have investigated its frequency response to the 
human erythrocytes.  U p o n  addit ion o f  erythro-  
cyte suspension, the frequency o f  TSM device 
decreases, which means that  erythrocytes com- 
binate to the lectin-coated TSM crystal, and the 
immobilized lectin is active (Fig. 8). The detec- 
tion limit is about  105 cells/ml. The experimental 
result showed that  the adsorbed erythrocytes 
can be removed by 0 .2M glycine HC1 (pH 2.2), 
and the lectin-modified TSM sensor was reused 
five times with 8% decreased signal. It was 
found that  over a incubation temperature range 
from 10 ° to 35°C, the affinity between the 
immobilized lectin and the erythrocyte was 
affected by the temperature.  The frequency re- 
sponse to the adsorpt ion o f  erythrocytes was 
greater at a higher incubation temperature. 
But the experimental result also shows that 
the reusability o f  this sensor readily dropped 
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Fig. 8. Frequency change of lectin-modified TSM device 
with time after addition erythroytes suspension. (a) 3.5 × l0 b 
cells/ml: (b) 1.6 × 105 cells/ml. (c) frequency change of TSM 
crystal unmodified with lectin upon addition of erythrocyte 

suspension (3.5 × 106 cells/ml) (25 C). 

off when the temperature was over 35 'C.  Fur- 
ther studies about  the frequency response o f  
lectin-modified TSM sensor are being pursued. 

CONCLUSIONS 

The results described above demonstra te  that 
on the basis o f  electropolymerized m- 
phenylenediamine coating, lectin and urease can 
be immobilized on the surface o f  TSM quartz 
crystal with glutaraldehyde. Since the regener- 
at ion o f  piezoelectric crystal is easy, the TSM 
biosensor based on this modification technique 
becomes economically feasible, it may open 
up the way to immobilize biological species 
effectively on the TSM crystal. 
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Summary--Organic vapours were measured by an array of piezoelectric crystal detectors. Quartz crystals 
were coated by different GC stationary phases. Four coated crystals were placed in an array and pattern 
recognition was used for identification of the compounds including acetone, benzene, chloroform and 
pentane. A computer program was developed for the measurement of the frequency changes and data 
processing. Pattern recognition method using feature extraction was applied for identification of analytes. 

The determination of organic compounds can 
mostly be accomplished by gas chromatography 
(GC), however, some other chemical sensors 
have also been used. 1 These sensors could be 
applied for the monitoring of  the organic va- 
pours at trace concentration. Two kinds of 
chemical sensors have mostly been applied: the 
metal-oxide semiconductor gas sensors] and the 
piezoelectric quartz crystal sensors. The quartz 
crystal might be used as surface acoustic wave 
(SAW) 3 or as piezoelectric quartz crystal mi- 
crobalance (PQM). 4 The frequency of the SAW 
sensor ranges from 30 to 200 MHz, while that 
of the PQM lies from 8 to 15 MHz. 

Owing to the Sauerbrey equation the change 
of frequency of a quartz crystal is proportional 
to the change of the mass deposited on the 
surface of crystals. 5 

AM 
A F = - - 2 . 3 , 1 0 6 , F 2 ,  A ' (1) 

where AF is the change in frequency (Hz), F is 
the basis frequency of the quartz crystal (MHz), 
AM is the change in mass (g), A is the area 
coated (cm2). In the development of the 
piezoelectric chemical sensors, the first work of 
King 6 included the investigation of some liquid- 
coated crystals that can be operated by partition 
of the analyte between the gas and liquid phases. 
From equation (1), King estimated a detection 
limit of 10 ~ g.7 Guilbault and Tomita 8 devel- 
oped a piezoelectric device sensitive for the 

*Author to whom correspondence should be addressed. 

organophosphorus compounds and pesticides. 
They found a mixture of 3-PAD, Triton X-100 
and sodium hydroxide that had excellent selec- 
tivity and fast response. Karmarkar and Guil- 
bault 9 used iridium(I) complex as a coating 
material for aromatic hydrocarbons in air. 
Hahn and co-workers ~° developed a crystal de- 
tector for the determination of the acetoin in air. 
The quartz crystal was coated with semicar- 
bazide. Ho ~ developed a portable device with 
the piezoelectric crystal coated by Carbowax- 
550. This sensor was used for the monitoring of 
the toluene in ambient air. Edmonds and West ~2 
built a detector for the determination of  the 
hydrocarbons using Pluronic 64 GC stationary 
phase as coating material. Two crystals were 
applied: a coated crystal for measurements and 
an uncoated reference one. It was found that the 
coating substance has given poor selectivity for 
hydrocarbons. Coating such as Pluronic L64, 
Carbowax 20M and squalane, although sensi- 
tive, were not particularly selective, and ad- 
sorbed many different organic compounds. An 
array of detectors was suggested providing that 
the sensitivity of each detector to each analyte 
was known, and the signal from each detector 
could be analysed mathematically and the con- 
centration of each component could be esti- 
mated, even in multicomponent mixtures. 
Fraser and co-workers ~3 developed a multisen- 
sor piezoelectric crystal detector system for the 
determination of airborne contaminants such as 
ammonia. Klinkhachorn and co-workers ~4 de- 
signed a PQM system that was able to detect 
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nanogram level mass changes of  sorbed com- 
pounds. Five oscillator modules were used to 
construct an array of four sensors and pattern 
recognition was applied for the multi-com- 
ponent analysis. Chang j5 has developed an 
odour sensing system with PQM using a number 
of  different lipid-coated crystals. The identifi- 
cation of odorant has been found to be depen- 
dent on the species of  lipids. Schmautz j6 used a 
quartz sensor array with non-selective but 
different sensitive coating material for the 
analysis of the anaesthetic gases. The sensor 
signals were processed with pattern recognition 
methods. Carey ~7 applied pattern recognition 
methods for selection of stationary phases. A 
generally useful procedure was proposed, tested, 
and the best sensitive coating materials were 
selected. The major problem using PQM sensors 
is the interference of water vapour. Most of the 
sensing compounds are also sensitive to moist- 
ure, so it has to be removed from the air without 
the reduction of the analyte vapours. Among 
many different solutions, one effective method is 
the application of the Nation tubing with a 13X 
molecular sieve as drying agent packed on the 
outside of the membrane in a closed container. 2° 
Others include the use of chromatographic 
column filled with silica gel or molecular sieves, 
this has to be set into the sample introduction 
line. 4,8 

In our work a sensor array has been devel- 
oped for detection of the organic vapours. It 
consists of four quartz crystals coated by GC 
stationary phases. Pattern recognition method 
using feature extraction has been applied for 
identification of the analyte. Model experiments 
were carried out to find the optimal conditions 
for the analysis of  organic contaminants in 
different workshops. 

EXPERIMENTAL 

Analytical grade benzene, n-pentane, 
acetone, chloroform, cyclohexane, toluene and 
methanol (Reanal, Hungary) were used. Nine 
MHz AT-cut quartz crystals, resonating in 
thickness-shear mode, were used. Silver elec- 
trodes were deposited to the both sides of  the 
crystals. The crystals were manufactured by 
Gamma Co., Hungary. Stationary phases of 
OV1 and OV275 (Supelco), ASI50 (Applied 
Science Laboratories Inc.), and the polyphenil- 
ether (Carlo Erba) were used. The oscillator and 
data handling system was home-built. The 
sensor array consisted of four crystals (Fig. 1). 

The four crystals were coated with stationary 
phases and the coated area was 0.2 cm 2. The 
thin film of the coating was formed by solvent 
evaporation. The mass of the coating caused a 
frequency shift of about 8 kHz. The crystals 
were placed in a dry nitrogen stream for about 
2 hr and then were built into the sensor array. 
Coatings were purged with dry nitrogen until 
the resonant frequency of the crystals reached a 
steady state. Organic vapours of standard com- 
pounds were injected into the nitrogen carrier 
gas. The nitrogen (T 45, supplied by Messer 
Griesheim, Hungary) contained only 30 ppm 
water vapour and was dried with CaC12 to 
remove the traces of  water. The flow rate 
was measured by rotameter and kept at 20 l./hr 
(Fig. 2). Thermostatted sample holders were 
applied and the concentrations of the organic 
compounds were calculated using the ideal gas 
law. The vapours of the compounds were in- 
jected by a syringe into the flow of the carrier 
gas and the analytes reached the four crystals 
simultaneously in the detector. The decrease of 
the frequency proportional to the change in 
weight was recorded (equation 1). Frequencies 
of the crystals were measured with a four chan- 
nel frequency counter, and compared to the 
clock of a computer as reference frequency. A 
computer program was developed for the 
measurement of the change in frequency and for 
the application of the pattern recognition 
method. The pattern recognition uses feature 
extraction and the K-nearest neighbour method 
for the processing of the saved frequency files, j8 
An IBM AT386 DX2 computer with math 
coprocessor was used and an AX5216 coun- 
ter/timer board (AXIOM) was used for the 
frequency measurement. 

RESULTS AND DISCUSSION 

The responses of four quartz crystals coated 
by different GC stationary phases were investi- 
gated as an organic vapour sensor. A character- 
istic response was given by each sensor placed in 
the array. Seven different organic vapours were 
measured. The changes of raw frequency values 
of a quartz crystal coated by OVI for 25 #mol 
organic compounds as a function of time are 
listed in Table I. Adsorption and, consequently 
desorption, took place in only some hundreds of 
msec. As can be seen from the data, the recovery 
rate was the same for all volatile compounds. 
The reversibility, selectivity and sensitivity of 
the piezoelectric sensors to vapours rely on the 
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Fig. 1. Piezoelectric sensor array. 

coating materials. The recorded frequency 
change was equilibrium response, and it de- 
pends greatly on the flow rate of gas mixture. 
However, the flow rate was kept constant (20 
l./hr) for the reproducible responses. The maxi- 
mum frequency change of the quartz sensors is 
listed in Table 2. 

The GC stationary phases show different 
sensitivity to organic vapours. From the results 
four compounds were chosen for the character- 
ization of  the group of the organic materials. 
Benzene was applied as a representative com- 
pound of the aromatic hydrocarbons, acetone 
for ketones, n-pentane for the hydrocarbon 
groups, and chloroform for the chlorinated 

hydrocarbons. The frequencies of the com- 
pounds have been drawn as a bar chart t9 (Fig. 
3). These values were used for the preparation 
of the data matrices. The frequency was con- 
verted to pattern with feature extraction. The 
feature extraction method consists of signal 
processing. The PQM sensor signal can be 
processed by extraction of  the most distinctive 
feature parts of the signal. The lowest and 
highest frequencies of four crystals were con- 
verted into the feature space (see Table 1). Not 
only the highest frequency change, but also the 
lowest one contains valuable information con- 
cerning the reaction between the coating ma- 
terials and analytes. 
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The feature space presents data files in the 
computer 's memory. In the present case it con- 
sists of  eight frequency values (two for each 
sensor). For  classification of  vapours the signals 
of  the sensor array were transformed into a 
concentration independent plane. Linear trans- 
formation was applied for normalization of  the 
signal. The process is shown by equations 2 and 3. 

where X + is the position of  the cluster at the 
highest value in rows ( 1 . . .  32); Y ÷ the position 
of the cluster at the highest value in columns 
( 1 . . . 4 )  (OV1 = 1, ASI50 = 2, OV275 = 3 and 
PPh-ether = 4, see Fig. 4); AF~w the highest 
value of the measured frequency on crystal 

+ coated by OV1; AFAsJs0 the highest value of the 
measured frequency on crystal coated by ASI50; 

A F t ,  ) 
X + INT AF &l + AF ASlSO + AF ov27s + AF PPh-ether 

= + + + . R ( 2 )  

Y + = I ,  

T a b l e  1. The  c h a n g e  in f r e q u e n c y  (Hz)  o f  a q u a r t z  c rys ta l  s ensor  c o a t e d  by  O V I  for  25 # m o l  o f  o r g a n i c  

c o m p o u n d s  as  a f u n c t i o n  o f  s a m p l i n g  t ime 

T ime  
(msec) Benzene  T o l u o l  C y c l o h e x a n e  n - P e n t a n e  A c e t o n e  M e t h a n o l  C h l o r o f o r m  

0 1 1 1 1 1 0 0 
50 1 1 1 1 0 1 0 

100 I - - 2 0  1 0 1 0 1 
150 1 - 4 7  2 - 9 0  - 30 1 0 
200 - 2 0  - 3 0  1 - 150 - 9 0  - 1 0 
250 - 7 0  - 2 0  - 8 0  - 177 - 110 - 3 0  1 
300 - 9 6  - 2 0  - 1 6 0  - 170 - 5 0  - 32 - 4 0  
350 - 7 1  - 10 - 140 - 122 - 3 0  - 75 - 120 
400  - -61  - 1 - 100 - 8 0  - 2  - 2 5  - 150 
450  - 5 0  0 - 8 0  - 6  - 1  - 2 0  - 1 4 0  
500 - 3 0  - 1 - 7 0  - 5  - 1 - 1  - 120 
550 - - 4  0 - - 5 0  - - 3  - -1  - -1  - - 1 0 0  
600  - 2  --  1 - - 5  - 3 0 1 - - 8 0  
650 - - 3  0 - - 4  - 2  0 0 - - 8  
700 - 2  0 - - 4  --  1 I 1 - 6  
750 - 2  - - l  - - 2  - - 2  0 l 0 
800 - - 2  0 - -3  I 1 0 0 
850 --  1 0 - - 2  0 1 1 1 
900 - I  0 - 2  1 1 0 0 
950 - 2  0 - 2  l 0 I 0 

1000 - l  0 - 2  l 0 l 1 
1050 0 0 - I  l l l 0 
1100 - 1 0 - 1 1 1 0 0 
1150 --  1 1 --1 1 0 I 1 
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Table 2. The maximum values of frequency changes (Hz) of 
quartz crystals coated by GC stationary phases for 25 #mol 

of organic compounds 

OV1 OV275 ASI50 PPh-ether 

1 Benzene 96 25 40 125 
2 Toluol 47 10 20 54 
3 Cyclohexane 160 175 0 100 
4 n-Pentane 177 48 30 170 
5 Acetone 110 260 250 390 
6 Methanol 75 30 50 50 
7 Chloroform 150 120 178 450 

+ AFov275 the highest value of  the measured fre- 
+ quency on crystal coated by OV275; AFpph.ethe r 

the highest value of the measured frequency on 
crystal coated by PPh-ether, R the resolution of  
the feature extraction (R = 32) and 

of the feature extraction (R = 32). It  can be seen 
that each transformed response is calculated as 
the ratio of  the summary of  the four sensor 
replies. The patterns of  the benzene are shown 
in Fig. 4. 

This method could eliminate the effects of  
absolute amounts of  vapours on pattern recog- 
nition. The patterns were stored as binary data 
set. The data set gives a value of  1 when a cluster 
has been found in the column of  a sensor. In any 
other case the values are 0. The size of  the saved 
pattern file was about  10% of  the file of  frequen- 
cies recorded. The number of  columns of  the 
data set was equal to the number  of  the sensors 
(Fig. 4). The number of  rows of  the data set was 
proportional  to the resolution of the feature 

AFovl ) 
X -  = I N T  AFov) + AFAs150 + AFov275 + AFpeh-ether " R 

Y - - - l ,  

(3) 

where, X -  is the position of  the cluster at the 
lowest value in rows (1 . . .  32); Y -  the position 
of  the cluster at the lowest value in columns 
(1 . . .  4) (OV1 = 1, ASI50 = 2, OV275 = 3 and 
PPh-e the r=  4, see Fig. 4); AFow the lowest 
value of  the measured frequency on crystal 
coated by OVI;  AFAs~50 the lowest value of  the 
measured frequency on crystal coated by ASI50; 
AFov275 the lowest value of  the measured fre- 
quency on crystal coated by OV275; AFpph.ethe r 
the lowest value of  the measured frequency on 
crystal coated by PPh-ether and R the resolution 

extraction. With an increasing resolution the 
calculation time of  pattern recognition should 
considerably be increased. However, large 
differences in the frequency changes are not 
necessary for the distinction of  the patterns. ~6 
The repeatability of  the patterns has been found 
to be the most  important  criteria of  the appro- 
priate recognition. 

The pattern recognition approach can be seen 
in Fig. 5a and b. At first, the computer  program 
was taught. Sample of  organic vapours was 
injected and the changes in the frequencies of  
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Fig. 3. Frequency changes of piezoelectric quartz crystals for organic vapours coated by different GC 
stationary phases. 
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Fig. 4. The piezoelectric sensor array and the pattern for benzene. 

the crystals were measured, converted to pat- 
terns and saved in the memory (Fig. 5a). After 
the teaching process, the unknown organic va- 
pour was measured. The pattern of unknown 
compound was compared with the learned pat- 
terns. The two binary data sets were processed 
by the K-nearest neighbour method. The un- 
known sample set was grouped to its nearest 
neighbour learning point. During the learning 
process the data base of organic compounds can 
be formed by the given sample set. The maxi- 
mum score was saved to the matched pattern 
and the unknown organic compound was ident- 
ified (Fig. 5b). 

121., 
Sensor The hequ©ncy 
nrrayvrith apectrn of I he 
fourmystals benzene 

N • 

The partition of a solute vapour between the 
surrounding gas phase and the coating material 
is represented by the adsorption of organic 
vapour into the sensitive layer. ~7 The solubility 
coefficient, K, is a parameter to compare differ- 
ent coating materials referred to the sensitivity 
of test vapours: 

AFt 
AF=k,Vc ,Cc= , C g , K  (4) 

Pc 

AF • Pc 
K - (5) 

Cg* AFt' 

where AF is the change in frequency (Hz); AFt 
the frequency shift of the coating (Hz); Pc the 
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Fig. 5. The process of  pattern recognition for identification of  benzene. 
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density of the coating (g/cm3); C c the vapour 
concentration in the coating (g/cm3); Cg the 
vapour concentration in the gas phase (g/cm3); 
k is a constant and lie the gas volume in the 
coating (cm 3). The values of Cg were calculated 
by the ideal gas law. 

The solubility coefficients of the coating ma- 
terials were compared and the results are shown 
in Fig. 6. Comparing the values of the dF and 
K (Figs 3 and 6), it can be seen that only the 
PPh-ether shows a different pattern. This coat- 
ing proved to be the most sensitive material for 
the organic vapours. The ASI50 and the OV275 
gave poor sensitivity to the aromatic com- 
pounds and the hydrocarbons, but they were 
found to be sensitive coatings for acetone. The 
OV 1 is generally used in GC for the separation 
of compounds having different polarity. There- 
fore, the analytes can appropriately be differen- 
tiated by the K values on the four coatings for 
the pattern recognition. 

CONCLUSIONS 

The array of piezoelectric quartz crystals 
coated with gas chromatographic stationary 
phases may be a suitable sensor for identifying 
selected compounds of organic vapours. A com- 
puter program was developed for the measure- 
ment of the frequency changes and data 
processing. The array of the chemical sensor 
consisted of four coated quartz crystals and the 
model system can be used for detection of 
different vapours. On the basis of the results of 
model experiments the identification of several 
pollutants may be carried out and characteriz- 
ation of a polluted environment may be per- 
formed. The application of the chemical sensor 

developed needs the removal of moisture con- 
tent of the sample. The sensing elements are 
usually sensitive to water vapours. The effect of 
this interference can be overcome by incorporat- 
ing a drying unit set into the analysis line. 
Further improvements can be expected by using 
further crystals coated with different GC 
stationary phases and applying calibration 
curves for the determination of the amount of 
the compounds in air. 
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Summary A novel oxygen (02) and/or carbon dioxide (CO 2)-sensitive transducer for the measurement 
of both gaseous 02 and CO., over the concentration ranges of O~, 0 100'% and CO,, 0 10% has been 
described employing a solution of 10.6 llM fluorescein (FL) and 190 FLM potassium hydroxide in a solvent 
mixtures of 1:1 (v/v) N,N'-diethylaniline (DEA) and N,N-dimethylformamide. Increasing 02 concen- 
trations cause the absorbance of the solution at a wavelength of 400 nm to increase owing to a contact 
charge transfer reaction existing between 02 and DEA molecules, and increasing CO~ concentrations 
produce a non-linear fall in absorbance at 520 nm as the colour of FL changes from its orange dianion 
form to the colourless neutral, lactonic form. Both processes are independent of each other and reversible. 
The response to changes in 02 concentrations is in good agreement with Beer Lambert's law and the 
response to changes in CO 2 concentrations in non-linear. A fibre optic sensing system based on this 
solvent-<lye solution has been set up for continuous and reversible determination of both gaseous 02 and 
CO 2. Possible applications include environmental and physiological monitoring of O, over the ranges of 
0 100% and CO 2, 0-10%. 

Oxygen (O2) can be considered to be one o f  the 
mos t  i m p o r t a n t  e lements  in our  na ture  with an 
e n o r m o u s  chemical  and  b iochemical  react ions  
involving 02 as reac tan ts  or  products .  C a r b o n  
d ioxide  (CO2) is usual ly a by -p roduc t  o f  many  
indust r ia l  processes and it is believed to aggra-  
vate the greenhouse  effect o f  our  envi ronment .  
Medica l  d iagnosis  and  t rea tment  o f  cri t ical ly ill 
pa t ients  in intensive care units and  opera t ing  
theatres  often requires moni to r ing  o f  CO2 and 
O: par t ia l  pressures of  ar ter ia l  b lood.  Conse-  
quent ly,  the de te rmina t ion  o f  both  02 and CO,  
is of  cons iderab le  impor t ance  in env i ronmenta l ,  
b iomedica l  analysis  and  analyt ica l  chemistry.  
Cons iderab le  effort has been devoted  over  many  
years to the deve lopmen t  o f  new techniques for 
the measurement  o f  02 and COz concent ra t ions .  
Amperome t r i ca l  de t e rmina t ion  o f  O, by a 
C la rk - type  e lec t rode  ~ has been c o m m o n l y  used 
in the past  which suffers from the d r a w b a c k  o f  
02 consumpt ion .  The detect ion o f  CO2 is usual ly 
based on an infrared de tec tor  2"3 and a Severing- 
haus e lect rode 4 with bulky  and expensive 
devices being used. Wi th  the advent  o f  fibre 
optics technology,  there is a growing interest  in 
the deve lopment  o f  fibre opt ics  02 a n d / o r  CO2 

*Author to whom correspondence should be addressed. 

sensors.  The a t t rac t ive  features o f  fibre opt ics  
sensors include: immuni ty  to electrical 
interference; ease o f  minia tur iza t ion;  c o m p a r a -  
tively inexpensive device; remote  and in s i tu  

sensing; and  high in fo rmat ion  car ry ing  capac i ty  
(mul t iwavelength  t ransmiss ion) ,  etc. There  have 
been many  publ ica t ions  on single opt ical  fibre 
02 sensors 5 8 based on the f luorescent quenching  
o f  a dye by molecular  02 and CO,  sensors 9 14 
based on the pH modu la t i on  accompl i sh ing  
with the co lour  change o f  a dye. Several electro- 
chemical  mul t i -sensors  have also been repor ted  
for the s imul taneous ly  detec t ion  o f  both  O, and  
CO,,. Albery  and Bar ron  ~5 appl ied  the electrore-  
duc t ion  technique for the amperome t r i c  
de te rmina t ion  o f  02 and CO2 in which two 
electrolytes and two appl ied  potent ia ls  were 
used. Arqu in t  et al. t6 and G u m b r e c h t  et al. ~7 

employed  amperome t r i c  and  po ten t iomet r ic  
techniques for the detect ion o f  pH,  pO2 and 
pCO~. Indiv idua l  pH,  pCO2 and pO2 sensors 
were fabr ica ted  and pos i t ioned on a minia tur -  
ized microchip .  Recently,  there have been a few 
combined  fibre opt ic  O~ and CO,  sensors de- 
scribed in the l i terature.  Gehr ich  et al. ~ and 
Mil ler  et  al. t9 ar ranged  three individual  pH,  
pCO2 and pO2-sensitive opt ical  fibres together  in 
a catheter .  Similarly,  oxygen-sensi t ive mater ia l  

t a t  42 ~ t 4 8 3  
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and CO2-sensitive material were entrapped in 
separate gas-permeable membranes and at- 
tached to the distal end of a bifurcated optical 
fibre for sensing gaseous 02 and CO2.20 In all the 
above instances, individual sensitive-material 
was often used for each gas. To the best of our 
knowledge, not a single sensing medium for 
both 02 and CO2 have been reported to date. 

It has been known that some organic solvents 
exhibit contact charge transfer absorption 
(CCTA) bands when in contact with O2.2J Tsub- 
omura and Mulliken 22 explained that this is 
caused by the formation of CCT pairs between 
the organic solvents and molecular 02. The 
CCTA bands lie in longer wavelength regions if 
the solvents have lower ionization potentials, 
like some amine compounds, and usually 
appear as extensions to the long wavelength 
edge of the absorption spectra of the 
deoxygenated solvents. The CCTA intensity of 
the organic solvents is also related to the partial 
pressure of 02 in the gas mixtures above the 
solvents and the reaction between the solvents 
and 02 is reversiblefl 3 

Fluorescein (FL) dye immobilized in 
poly(ethylene glycol) has been successfully 
applied for fibre optic sensing of CO2.24 With 
the combination of organic solvent and dye, a 
single transducer can possibly be employed for 
the determination of both 02 and CO2. In this 
paper, we apply this approach and report here 
a single 02/C02-sensitive transducer in which 
both gaseous 02 and CO2 can be detected 
independently based on the CCTA of N,N '-di- 
ethylaniline (DEA) with 02 and the colour 
change of FL upon exposure to CO2. 

EXPERIMENTAL 

Chemicals and reagents 

DEA (>99%), N,N-dimethylformamide 
(DMF > 99.9%, HPLC grade), n-heptane 
(99%, spectrophotometric grade), methanol 
(>99.9%, HPLC grade) and FL dye (98%) 
were purchased from Aldrich Chemical Co. Ltd, 
U.K. Potassium hydroxide (KOH, AnalaR 
grade) was obtained from BDH Chemical Ltd, 
U.K. Solutions of 10.6 /~M FL and 190 /~M 
KOH in DMF, and 10.6 pM FL and 190 /~M 
KOH in 1:1 (v/v) DEA/DMF solvent mixture 
were prepared by adding 20 ~1 of a concentrated 
methanolic KOH solution (KOH concentration 
was determined by standard acid-base 
titration 25) and 70 /~1 of a concentrated FL in 
DMF solution (concentration of FL solution 

was determined spectrophotometrically by 
employing the molar absorptivity of FL 2- 
dianion 26) into DMF and !:1 (v/v) DEA/DMF 
solvent mixture, respectively. Similarly, a sol- 
ution of 0.10 #M FL and 190/~M KOH in 1:1 
(v/v) DEA/DMF solvent mixture was prepared 
for fluorescence studies. All reagents were used 
as received. Nitrogen gas ( S 2 )  , 0 2 gas, 10% 
(v/v) CO2 in N2 gas mixture and CO2 gas were 
supplied by Distillers MG, U.K. 

The gas mixing system 

Different 02 (in the range of 0-100%) or CO2 
concentrations (in the range of 0-10%) in a gas 
stream were produced by controlling the flow 
rates of either O2 gas or 10% CO2 in N 2 gas 
mixture and the diluent N 2 gas entering a mixing 
chamber. The gas mixture was passed through 
a portable 02 meter (Oxywarn 100I from 
Draeger Manufacturing, U.K.) or CO2 detector 
(LFG 10 Landfill Gas Analyser from Analytical 
Development Company Ltd, U.K.) where the 
02 or CO2 concentrations in the gas mixture 
were determined before bubbling through the 
investigating solvent or solvent-dye solution 
contained in a 1 cm path-length quartz cuvette. 

Instrumentation 

The CCTA spectra were measured on a 
Perkin-Elmer Lambda 15 Spectrophotometer, 
fluorescence excitation (EX) and emission (EM) 
spectra were recorded on a Perkin-Eimer LS-5 
Luminescence Spectrometer. 

In the fibre optic detecting system of O2 and 
CO,,, a home-made optical arrangement was set 
up. A modulated beam of light with known 
wavelength was produced by a 100 W quartz 
halogen lamp (Bentham Instruments Ltd, U.K.) 
stabilized by a Bentham 505 current stabilized 
filament lamp power supply, a Bentham 218 
optical chopper at a frequency of 141 Hz and a 
Bentham M300 monochromator controlled by a 
Bentham SMD3B stepping motor drive unit 
before being launched into a plastic optical fibre 
(I m long and 2 mm diameter from RS 
Components, U.K.). The transmitted light from 
the fibre irradiated the front surface of a I cm 
quartz cuvette containing 1 ml of solvent or 
solvent~zlye solution with gaseous O~ or CO, 
standards at a flow rate of about 50 cm3/min 
continuously passing through it. A second plas- 
tic optical fibre (0.5 m long, 2 mm diameter) was 
positioned on the back surface of the cuvette to 
collect the transmitted light. The other end of 
this fibre led directly onto the front surface of a 
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100 mm 2 silicon photovoltaic detector (RS 
Components, U.K.) and the output signal was 
amplified by a Bentham 277 current pre- 
amplifier and a Bentham 223 lock-in amplifier 
which was synchronized to the modulated light 
beam by a reference signal provided by the light 
chopper. The amplified signal was recorded on 
a Linses IS chart recorder (Electroplan, U.K.) 
and displayed on a LED display (Bentham 217 
digital unit). To avoid a slight drift caused by 
a small evaporation of the solvent, the 
solvent-dye solution was replaced with a fresh 
one at approximately 2 hr intervals. 

RESULTS AND DISCUSSION 

Development of O:/C02-sensitive transducer 

N,N'-Diethylaniline has a strong broad 
CCTA band lying in the ultraviolet/visible 
regions and there is an increase in absorbance as 
the 02 concentration increases (Fig. 1). The 
CCTA band disappears when the dissolved 02 
is removed by purging DEA with N 2 or CO2. 
Note that the reference is air-saturated DEA 
([02] = 21% approx.) which explains why DEA 
has negative absorbances when their 02 concen- 
trations are less than the air-saturated value. A 
graph of absorbance (abs) at 400 nm against 
applied [02] is plotted where abs = absorbance 
of DEA saturated with a given applied 
[02] - absorbance of DEA saturated with N2. A 
linear straight line is obtained which agrees with 
Beer-Lambert 's law having absorbance directly 
proportional to the applied [02]. Similarly, the 
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CCTA spectra for different mol percentage (%) 
mixtures of  DEA/n-heptane mixture were also 
recorded (Fig. 2). There is an increase in 
absorbance as the mol% of  DEA in DEA/n- 
heptane mixture increases, n-Heptane has no 
CCTA band at the wavelengths investigated. A 
graph of abs at 400 nm against mol% of DEA 
in DEA/n-heptane mixture is plotted and a 
linear straight line is found which indicates that 
the CCTA is directly proportional to the 
concentration of DEA in DEA/n-heptane 
mixture. The change of  absorbance arises from 
the CCTA of  the DEA and 02 complex and the 
reaction is reversible. 

hv  

DEA +O2 ~ DEA'  • • 02 ~ ( D E A - '  • O2)*. 

It is possible that DEA can serve as a sensing 
medium for O2. 

It has also been observed that some pH-sensi- 
rive dyes change colour upon exposure to 
gaseous CO2. The presence of water is crucial 
for response to CO2 which is based on the 
following equations: 

C O  2 - b  H20 ~ H 2 C O  s 

H z C O  3 + H 2 0  ~- HCO3 + H3 O+ 

H C O ;  + H20  ~ CO~- + H30 + 

DH + H 2 0  ~ D-  + H3 O+ , 

(colour A) (colour B) 

where DH and D-  are the protonated and 
deprotonated forms of the dye, respectively. The 
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Fig. I. The effect of different 0 2 concentration on the CCTA spectrum of DEA. Inset shows the calibration 
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Fig. 2. The CCTA spectra o f  D E A / n - h e p t a n e  solvent mixtures. Solvent mixtures are in mol%. Inset shows 

the calibration plot o f  absorbance at 400 nm against mol% of  D E A  in DEA/n-heptane  solvent mixture. 
The measurement condit ions  are the same as in Fig. I. 

colour change of  the dye is sensitive to pH 
change of its environment. A solution of  10.6 
/tM FL and 190 # M  KOH in D M F  was tested 
for its response to CO2 (Fig. 3). It is assumed 
that FL exists only as FL 2 ions in this highly 
alkaline solvent. Neutral form of  FL can occur 
in three different tautomers, i.e. zwitterion, 
quinoid and lactone. However, it has been 
reported that colourless lactonic form is usually 
the dominant tautomer present in organic sol- 
vents. 27 The change of absorbance arises from 
the conversion of the orange dianion form of FL 
to the colourless, neutral lactonic form upon 
exposure to CO2. These changes were brought 

about from the change of  the pH of the solution 
with the dissolution of CO2 in D M F  and can be 
envisaged in the following reactions: 

C O 2 + O H  ~ HCO3 (I) 

H + + OH ~ H20  (2) 

2H + + FL 2- ~ H2FL. (3) 

Dissolved CO2 removed the OH-  ions in 
DMF: as a result, the H + ion concentration 
is increased which shifts the equilibrium of 
equation (3) from left to right. A plot of abs 
at 520 nm against [CO2] is shown in Fig. 3 
and increasing [CO2] cause a non-linear fall in 
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Fig. 3. The effect o f  different CO,  concentration on the absorption spectrum o f  a solution o f  10.6 pM 
FL and 190 pM KOH in D M F .  Inset shows  the plot o f  abs against [CO2] using the data o f  the spectra. 
The  optical pathlength is 1 cm and the reference is a solution o f  air-saturated 190 ~tM KOH in DMF. 
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Fig. 4. (a) The effect of 02 and CO 2 on the absorption spectrum of a solution of 10.6/zM FL and 190 
FM KOH in 1 : 1 (v/v) DEA/DMF solvent mixture. Optical pathlength: 1 cm; reference: air-saturated 190 
FM KOH in l:l (v/v) DEA/DMF solvent mixture. (b)(i) Plot of abs against [02] at 400 nm using the 

data in (a). (ii) Plot of abs against [CO2] at 520 nm using the data in (a). 

absorbance with a 91% change in absorbance 
from 0 to 10% CO2. 

We observed that a solution of FL in DEA 
changes colour on exposure to CO2 but that the 
change is not entirely reversible which may be 
probably owing to DEA being an almost 
completely non-aqueous solvent. As mentioned 
above, a solution of  FL in D M F  responds 
reversibly to gaseous CO2 as D M F  contains a 
small amount of dissolved water (about 0.03%). 
Unfortunately, D M F  has a CCTA spectrum 
which is too far into the ultraviolet region to be 
of  practical use for future fibre optic sensor 
development. After further investigation, we 

devised a way around this problem by using a 
solution of FL dye and KOH in a 1:i (v/v) 
D E A / D M F  solvent mixture for the independent 
and reversible measurements of CO2 (using 
colour changes of the FL dye) and 02 (using the 
CCTA of the DEA with 02). The observed 
changes in absorption spectrum of the solvent- 
dye solution as a function of [02] and [CO,,] are 
shown in Fig. 4a which demonstrates that there 
are no cross-interference between the two gases. 
A graph of abs at 400 nm against applied [02] 
is plotted in Fig. 4b(i). The results agree with 
Beer-Lamberrs law and the absorbance is 
linearly proportional to the applied [02]. The 
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Fig. 5. Fluorescence excitation (EX) and emission (EM) spectra of 0.10/aM FL and 190 #M KOH in 1:1 
(v/v) DEA/DMF solvent mixture. Optical pathlength:l cm. (a) EX spectra with EM wavelength at 
538 nm. (b) EM spectra with EX wavelength at 520 nm. (c) EM spectra with EX wavelength at 490 nm. 

(d) Plot of intensity against applied [CO2] using the data of the spectra. 

change of absorbance is again caused by the 
CCTA of the DEA and 02 complex. A plot of  
abs at 520 nm against applied [CO2] is shown in 
Fig. 4b(ii) and increasing [CO2] produce a non- 
linear fall in absorbance. The change of ab- 
sorbance arises from the conversion of  the 
orange dianion form of FL to the colourless, 
neutral lactonic form upon exposure to CO2. 

The fluorescence EX and EM spectra of  0.10 
/~M FL and 190 /tM KOH in 1:1 (v/v) 
DEA/DMF solvent mixture is shown in 
Figs. 5a-c. The fluorescence intensity is 
decreased when the CO2 concentration is 
increased. Unlike FL 2- ion which is a strongly 

fluorescent molecule, the neutral lactonic form 
of FL is non-fluorescent. As explained above, 
FL 2- ions in the solution are probably 
converted to neutral lactonic form of FL upon 
exposure to CO2 (equations I-3). The plot of 
intensity against applied [CO2] is shown in 
Fig. 5d which shows that increasing [CO2] gen- 
erates a non-linear fall in fluorescence intensity. 

Fibre optic sensing system for 02 and CO_, 

The experimental results demonstrate that FL 
dye and KOH in DEA/DMF solvent mixture is 
a promising 02 and CO2-sensitive transducer to 
be used for the development of a sensing system 
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Fig. 6. (a) The response time, reproducibility and total signal change of the fibre optic sensing system when 
subjected to changes between: N2---* O2---~ 10% CO 2 in N2---. O2---~ N2. 1.0 ml of a solution of 10.6 #M 
FL and 190 /~M KOH in 1:1 (v/v) DEA/DMF solvent mixture in a 1 cm cuvette was used with a 
wavelength of 400 nm and a gas flow rate of 50 cm3/min. The amplification is about 10 times that used 
in Fig. 7, (b) The response of the fibre optic sensing system when subjected to different 02 concentrations. 
(c) The response of the fibre optic sensing system with 02. (i) Plot of detector output against [O2]. (ii) 

Plot of l o g ( l N , / l o : )  against [02] using the data in (b). 

for both O2 and CO2. The solvent mixture has 
a C C T A  spectrum extending well into the visible 
region so it can be used with inexpensive plastic 
optical fibres. Wavelengths  at 400 and 520 nm 
were chosen to moni to r  the concentra t ions  of 02 
and CO2. Al though plastic fibres have 

substantial  a t tenua t ion  a round  400 nm. the 
experimental  set-up ment ioned above is still 
sensitive enough for 02 detection. Fluorescence 
measurement  of FL 2- ions, in principle, can be 
adapted to detect CO, .  However,  we found that 
there was a cross-interference on CO, from 02 
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owing to the fluorescent quenching effect of 
molecular 02 on FL 2 ions. In addition, the 
determinations of 02 and CO2 can be 
accomplished easily by only switching between 
the monitoring wavelengths. Thus, all the 

E 

8 

o" 

measurements were based on the absorption 
spectroscopic technique. Using the experimental 
set-up described earlier, the response, reproduci- 
bility and total signal change of the sensing 
system monitoring at 400 nm and a gas flow rate 
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Fig. ?. (a) The response time, reproducibility and total signal change of the fibre optic sensing system when 
subjected to changes between: N2--~ 10% CO 2 in N2--~ O2--, 10% CO 2 in N2--~ N 2 . A solution (l.0 m]) 
of 10.6/zM FL and 190 #M KOH in 1:1 (v/v) DEA/DMF solvent mixture in a I cm cuvene was used 
with a wavelength of 520 nm and a gas flow rate of 50 cm3/min. (b) The response of the fibre optic sensing 

system when subjected to different CO 2 concentrations. (c) Plot of detector output against [CO2]. 
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of 50 cm3/min through the solvent-dye solution 
in a 1 cm path-length cuvette were investigated. 
Figure 6a shows the response of  the sensing 
system to step changes in gas concentrations 
from 100% N 2 to 100% 02, from 100% 02 to 
10% CO2 in N 2, from 10% CO2 in N2 to 100% 
02 and again back to 100% N 2. The reversibility 
of the sensing system is good and there is no 
cross-interference from CO2. The response time 
is 0.75 and 1.5 min for a 90% signal change 
from N 2 to  02 and from 02 to  N2,  respectively. 
The response of  the sensing system when sub- 
jected to different levels of 02 was investigated 
(Fig. 6b). The decrease in signal level with 
increasing 02 concentrations is non-linear 
[Fig. 6c(i)] and the sensitivity (indicated by the 
slope of the graph) decreases as the concen- 
tration o f O  2 increases with about a 35% change 
of signal level from 0 to 25% 02. The sensing 
system responds over the range of 0-100% 02 
with a response which is in agreement with 
Beer-Lambert 's law so that a linear graph 
[Fig. 6c(ii)] is obtained when log(IN2/Io2) is 
plotted against [02] where IN, is the signal level 
recorded in N 2 only (i.e. [02] = 0) and lo2 is 
the level recorded in a gas mixture having an 
02 concentration of [02]. The response, 
reproducibility and total signal change of the 
sensing system monitoring at 520 nm were 
investigated. Figure 7a shows the response of 
the sensing system to step changes in gas 
concentrations from 100% N 2 tO 10% C O  2 in 
N 2, from 10% CO2 in N 2 to 100% 02, from 
100% 02 to 10% CO2 in N2 and again back to 
100% N~. The reversibility of the sensing system 
is good and there is no cross-interference from 
O~. The response time is 0.41 min and 10.0 min 
for a 90% signal change from N 2 to  10% C O  2 

in N~ and from 10% CO~ in N2 to N 2, respect- 
ively. The response of the sensing system when 
subjected to different concentrations of CO2 was 
investigated (Fig. 7b) and was shown to be 
reversible. The increase in signal level with 
increasing COt concentrations is non-linear 
(Fig. 7c): as a result, a non-linear calibration 
graph has to be plotted when using the sensing 
system for CO~ determination over the range of 
O- 10% CO~. 

CONCLUSIONS 

This study demonstrated the use of a single 
solvent~tye solution as an 02 and CO:-sensitive 
transducer for the determination of both 
gaseous 02 and CO2. This detecting system has 
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several advantages: inexpensive plastic optical 
fibre can be used; DEA and FL are inexpensive 
and readily available; preparation of 
solvent~lye solution is simple and fast. Possible 
applications include environmental and 
physiological monitoring of 02 over the ranges 
of 0 100% and CO2, 0-10%. The sensing 
medium however, still suffers from several 
drawbacks such as photo-bleaching of the dye, 
possibly cross-interference from other acidic or 
alkaline gases and also other electron acceptors 
like nitric oxide. 2s 

Furthermore, we expect the response of the 
solvent-dye solution to CO2 will be humidity 
dependent because of the aforementioned 
reasons. The presence of  water is crucial for the 
response of the solvent~tye solution to CO~ and 
thus, increasing the water concentration in the 
solvent~lye solution is likely to shift the equi- 
librium of equation (2) from right to left and 
lowering the pH of the solvent-dye solution 
with a concomittant effect on the equilibrium of 
equation (3). The water content will certainly 
vary with the water vapour concentration in an 
applied gas mixture since D MF  is a hydrophilic 
compound with a propensity to absorb water 
vapour. Secondly, we have observed that there 
is a hypsochromic shift of the absorbance band 
of FL 2 in D MF  when the water content 
increases. 29 In order to circumvent this effect, 
the applied gas mixture can pass through some 
drying agent such as a molecular sieve before 
bubbling through the solvent dye solution. 

In addition, the sensing schemes are based on 
the concentration of dissolved O2 and CO, in the 
solvent~lye solution. Any variation of tempera- 
ture will change the Henry's law constant of 
these gases and the solvent dye solution. 
Although we do not have the gas solubility data 
of these gases in D M T / D M F  solvent mixture, it 
has been reported that there is a 11.6% decrease 
in solubility of CO, in aniline 3° and the solubil- 
ities of 02 in carbon tetrachloride, chloroben- 
zene, benzene and acetone increase by 2.00, 
2.79, 4.35 and 4.02%, respectively, from 20 to 
30~'C. 3~ Consequently, we expect the response of 
the solvent~lye solution to CO, will be strongly 
dependent on temperature with a less marked 
dependence for 02. 

Finally, we are now planning to design a 
O2/CO2 fibre optic sensor by employing a 
similar design of Kar and Arnold? -~ Briefly, the 
solvent~lye solution is entrapped inside a 
segment of thin-wall poly(tetrafluoroethylene) 
(PTFE) tubing. A single optical fibre directs the 
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incident light into the solvent~lye solution 
through one end of the tubing and the transmit- 
ted light is collected by another optical fibre 
through the other end. Oxygen and CO2 gases 
can readily diffuse through the thin-wall PTFE 
tubing into the solvent~lye solution for the 
reactions. 
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BOOK REVIEWS 

Chemistry and Physics of Carbon--Volume 24: P. A. THROWER (editor), Dekker, New York, 1994. Pages: xv + 316. $165.00. 
ISBN 0-8247-9091-X. 

This is the latest volume in a series which has earned a deservedly high reputation in the carbon community. Each volume 
contains contributions by leading experts and in this book, four quite diverse topics are brought together to form another 
authoritative account of  some currently topical aspects of the chemistry and physics of carbon. 

The opening section, comprising some 40 pages, deals with the early stages of pitch carbonization and provides a 
description of  the kinetics of pitch polymerization leading to mesophase formation and development. By focusing on the 
polymerization process during mesophase formation, the mechanism of the growth of  the mesophase spheres from the 
isotropic phase is also described. Brief descriptions are included of the key analytical methods and procedures used to derive 
the data on which these descriptions are based, and a good set of  references is provided in this very clear expose of recent 
work of the UCAR Carbon Company in this field. The second chapter deals with the quite different subject of the thermal 
conductivity of  diamond. With the recent advances in the development of diamond films and bearing in mind that diamond 
has a higher thermal conductivity than copper, this chapter is certainly timely. After an outline of  the theoretical background 
of the thermal conductivity of non-metallic solids, the published data on the thermal conductivity of single crystal diamond 
and chemically vapour-deposited films follows in successive sections. This provides a thorough review of the available data 
and leads to a concluding section which highlights the advances made in the past 5 years and indicates where further research 
is required. The statement that "the thermal conductivity of diamond is one of the most important physical parameters 
of this fascinating and potentially technologically important forms of carbon" is well justified by this chapter. 

The remaining two chapters are of roughly equal length and in total comprise nearly two thirds of the book. "'Chemistry 
in the production and utilization of  needle coke" is a contribution from Japanese workers under the leadership of lsao 
Mochida and is an excellent review covering the properties and structure of  needle coke, commercial production procedures 
and the relevant carbonization chemistry. It is comprehensive, detailed and highly informative and will undoubtedly become 
essential background reading for anyone starting work in this area. The final chapter examines the role of  physical, 
solid-state analytical and electro-chemistry in the study of  carbon surfaces. The authors cited their objective as being to 
provide a more unified and comprehensive review of  carbon surface properties and to illustrate the importance of these 
properties in some applications such as catalysis and gasification. They must be satisfied with the result of their efforts and 
they have produced an authoritative account of a topic which has been the subject for a very large number of published 
papers as evidenced by the extensive references provided. 

In keeping with previous books in this series, this one is well produced with clear script and illustrations and is well bound 
in hard-back form. At $165 it is not cheap but it is an excellent contribution to the subject and will be a valuable acquisition 
for libraries and indeed for all individual carbon scientists who can afford it. 

J. W. PATRICK 

Advances in Steroid Analysis '93: S. GOROG (editor), Akad6miai Kiad6, Budapest, 1994. Pages: xiii + 623. £85.00. 

This book is a record of the fifth in a series of symposia held in Hungary, involving a total of  sixty-five papers from 
contributors in twenty countries. Less than a third of the papers are from the host country, Steroid hormones form the 
main focus, but analysis of complex mixtures of  sterols, bile acids, and the vitamins D, also figure prominently. 

The biochemical flavour of these texts increases inexorably, as does the clinical dimension, at the expense of chemical 
and pharmaceutical aspects of  steroid analysis. Accounts of  receptor binding studies and immunoassay methods outnumber 
those concerned with chromatographic methods and spectroscopy (HPLC, HPTLC and GS-MS) and a substantial chapter 
is devoted to steroid hormone biosynthesis, metabolism and enzymology. In contrast to previous volumes in this series, 
there is a dearth of novel methodology, testifying no doubt to the success of methods developed in the 1980's for the 
determination of trace amounts of anabolic steroids. 

The final third of the volume is devoted to clinical studies, and a special session entitled "'environment, steroids and 
cancer", in which epidemiology and endocrinology come to the fore. The latter chapter is of the "'review-lecture" type and 
concentrates mainly upon breast cancer and prostatic cancer, and the possible role of dietary habits in influencing the 
incidence of these diseases. 

The book is fairly free of trivial errors and is reasonably uniform in style, in spite of its being reproduced directly from 
such a large number of authors'  manuscripts. It again represents excellent value for money. 

A. B. TURNER 
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Infrared Characteristic Group Frequencies, Tables and Charts---Second Edition: G. SOCRATES+ Wiley, Chichester, 1994. Pages: 
xii + 249. $60.00. ISBN 0-471-94230-8. 

Infrared spectroscopy is used to identify substances by examining the characteristic absorptions of functional groups. 
Absorption bands in the region 4000-200 cm- L are normally considered and the technique is used for both qualitative and 
quantitative analysis. As stated in the introduction to this work, correlation tables and charts, relating frequency intervals 
to functional groups, have been derived empirically over many years by the careful and painstaking work of  very many 
scientists. 

The second edition of  this very comprehensive book is in landscape style to facilitate the presentation of charts although 
some of  the tables are printed sideways in portrait format. There is an introduction which includes useful information on 
spurious bands, 19 chapters on functional groups or classes of compounds, and a chapter on the near infrared region 
(14,000~000 cm ~). Included in the text are 13 different charts covering 39 pages, numerous tables, 3 figures, an appendix 
detailing further reading and a useful index. 

I found the print size on many of  the charts to be very small especially when the characters are superimposed on a 'graph 
paper" background and 1 wondered if my days of  not wearing spectacles were coming to an end. All the useful charts of 
a general nature are included in the introduction, these are: regions of  strong solvent absorption, negative correlations 
(absence of band equals absence of  group), positions of  bands in relation to type of vibration and the main chart (13 pages) 
of  characteristic bands of  groups and compounds. The familiar abbreviations are given on the charts; e.g., w--weak,  
m--medium,  s--strong,  str--stretch, sym--symmetric,  etc., and all such symbols are clearly stated. Similarly the use of thick 
lines to indicate important band ranges is explained. Most of the remaining charts and tables are more specifically related 
to functional groups or chemical classes. These are: band positions of alkenes, carbonyl groups, substituted benzenes, ions, 
hydrides, complexes/ligands/other groups, and transition metal-halides. A chart relating to absorptions in the near infrared 
region is also included. 

The individual chapters are excellent, for example, the chapter on the important carbonyl group covers numerous 
chemical classes for which a strong absorption band due to the C = O stretching vibration is observed in the 1850 1550 cm-  
region. This chapter, at 41 pages the largest in the book, includes 41 tables and 179 references. Other chapters are devoted 
to alkanes, double-bond compounds, triple-bond compounds, the X = Y = Z group, the O-H group, ethers, and the -O-O- 
group. Other compounds covered in separate chapters include: amines etc., aromatics, 6-membered heterocyclic compounds, 
5-membered heterocyclic compounds, organic nitrogens, organic halogens, sulphur and selenium compounds, organic 
phosphate compounds, organic silicon compounds, boron compounds and finally inorganic compounds and coordination 
complexes. 

I decided to use the book to examine IR data (cm ~) on a couple of  compounds that I have been studying. First a FTIR 
spectrum of a novel organophosphorus carbohydrate with bands at 3213 (OH), 3078-3061 (aryl C-H), 2914-2837 (aliphatic 
C-H), 1481 (aryl C-H), 1230 ( P =  O), 1093 and 1041 (C-O), 760 and 717 (monosubstituted aromatic ring). As I also 
examined the compound by X-ray crystallography, all the groups assigned by IR can be confirmed as present. Next an 
IR spectrum (lower resolution) of a known compound, gallic acid (3,4,5-trihydroxybenzoic acid), isolated from a herb used 
in Chinese medicine which gave bands at: 3480 (OH), 1655 (C = O), 1545 and 1440 (aryl C-H), 1270 (C-O) and 728 (aryl 
C-H). Again all seems to be okay. Many known compounds can, of  course, also be identified by comparison with the 
well-known compilations of  standard spectra and brief details of these collections (both book and computer based) are 
presented in this work. 

Overall this book is a welcomed valuable addition to any laboratory engaged in infrared spectroscopy and is highly 
recommended. 

P. J. Cox 

Experimental Mass Spectrometry: D. H. RUSSELL (editor), Plenum, New York, 1994. Pages: xiii + 311. US$79.50. ISBN 
0-306-44457-7. 

Mass spectrometry has advanced so rapidly in the last decade that it has become increasingly difficult to keep abreast of  
developments---especially in the area of  biological mass spectrometry. Although technical innovations form a major part 
of  these advances much has also been achieved by the nonspecialist. Indeed many mass spectrometers are now operated 
routinely by bioscientists, clinicians, etc; a situation difficult to imagine 10 years ago. It is in these laboratories where we 
can arguably expect to see the greatest potential for further development so it is critical for the mass spectrometrists and 
the bioscientists to interface with one another and learn to communicate across the +divide'. 

The editor, a mass spectrometrist, has done an admirable job in producing a book which he intends as a guide for the 
nonspecialist in the expanding field of  experimental mass spectrometry. The book has eight chapters dealing with diverse 
areas: negative ion chemistry, organo-alkali metal ions, collision induced dissociation (CID) of ions, Fourier transform ion 
cyclotron resonance (FTICR) mass spectrometry, protein structure by time-of-light MS, electrospray ionisation and tandem 
MS of  large biomolecules and LC/FAB MS. 

This book provides a timely update for both specialist MS operators and for the nonspecialist in some of the most 
important developments in mass spectrometry. As mentioned in the preface equally important areas have not been covered, 
notably: in depth coverage of  tandem MS, matrix-assisted laser desorption ionisation (MALD1) and, dare I say it, inorganic 
mass spectrometry. For reasons lost in the mists of  time few books on mass spectrometry (and this is no exception) include 
chapters on inorganic MS which has seen equally important advances in the last decade in terms of applications to the 
biomedical field. 
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Infrared Characteristic Group Frequencies, Tables and Charts---Second Edition: G. SOCRATES+ Wiley, Chichester, 1994. Pages: 
xii + 249. $60.00. ISBN 0-471-94230-8. 

Infrared spectroscopy is used to identify substances by examining the characteristic absorptions of functional groups. 
Absorption bands in the region 4000-200 cm- L are normally considered and the technique is used for both qualitative and 
quantitative analysis. As stated in the introduction to this work, correlation tables and charts, relating frequency intervals 
to functional groups, have been derived empirically over many years by the careful and painstaking work of  very many 
scientists. 

The second edition of  this very comprehensive book is in landscape style to facilitate the presentation of charts although 
some of  the tables are printed sideways in portrait format. There is an introduction which includes useful information on 
spurious bands, 19 chapters on functional groups or classes of compounds, and a chapter on the near infrared region 
(14,000~000 cm ~). Included in the text are 13 different charts covering 39 pages, numerous tables, 3 figures, an appendix 
detailing further reading and a useful index. 

I found the print size on many of  the charts to be very small especially when the characters are superimposed on a 'graph 
paper" background and 1 wondered if my days of  not wearing spectacles were coming to an end. All the useful charts of 
a general nature are included in the introduction, these are: regions of  strong solvent absorption, negative correlations 
(absence of band equals absence of  group), positions of  bands in relation to type of vibration and the main chart (13 pages) 
of  characteristic bands of  groups and compounds. The familiar abbreviations are given on the charts; e.g., w--weak,  
m--medium,  s--strong,  str--stretch, sym--symmetric,  etc., and all such symbols are clearly stated. Similarly the use of thick 
lines to indicate important band ranges is explained. Most of the remaining charts and tables are more specifically related 
to functional groups or chemical classes. These are: band positions of alkenes, carbonyl groups, substituted benzenes, ions, 
hydrides, complexes/ligands/other groups, and transition metal-halides. A chart relating to absorptions in the near infrared 
region is also included. 

The individual chapters are excellent, for example, the chapter on the important carbonyl group covers numerous 
chemical classes for which a strong absorption band due to the C = O stretching vibration is observed in the 1850 1550 cm-  
region. This chapter, at 41 pages the largest in the book, includes 41 tables and 179 references. Other chapters are devoted 
to alkanes, double-bond compounds, triple-bond compounds, the X = Y = Z group, the O-H group, ethers, and the -O-O- 
group. Other compounds covered in separate chapters include: amines etc., aromatics, 6-membered heterocyclic compounds, 
5-membered heterocyclic compounds, organic nitrogens, organic halogens, sulphur and selenium compounds, organic 
phosphate compounds, organic silicon compounds, boron compounds and finally inorganic compounds and coordination 
complexes. 

I decided to use the book to examine IR data (cm ~) on a couple of  compounds that I have been studying. First a FTIR 
spectrum of a novel organophosphorus carbohydrate with bands at 3213 (OH), 3078-3061 (aryl C-H), 2914-2837 (aliphatic 
C-H), 1481 (aryl C-H), 1230 ( P =  O), 1093 and 1041 (C-O), 760 and 717 (monosubstituted aromatic ring). As I also 
examined the compound by X-ray crystallography, all the groups assigned by IR can be confirmed as present. Next an 
IR spectrum (lower resolution) of a known compound, gallic acid (3,4,5-trihydroxybenzoic acid), isolated from a herb used 
in Chinese medicine which gave bands at: 3480 (OH), 1655 (C = O), 1545 and 1440 (aryl C-H), 1270 (C-O) and 728 (aryl 
C-H). Again all seems to be okay. Many known compounds can, of  course, also be identified by comparison with the 
well-known compilations of  standard spectra and brief details of these collections (both book and computer based) are 
presented in this work. 

Overall this book is a welcomed valuable addition to any laboratory engaged in infrared spectroscopy and is highly 
recommended. 

P. J. Cox 

Experimental Mass Spectrometry: D. H. RUSSELL (editor), Plenum, New York, 1994. Pages: xiii + 311. US$79.50. ISBN 
0-306-44457-7. 

Mass spectrometry has advanced so rapidly in the last decade that it has become increasingly difficult to keep abreast of  
developments---especially in the area of  biological mass spectrometry. Although technical innovations form a major part 
of  these advances much has also been achieved by the nonspecialist. Indeed many mass spectrometers are now operated 
routinely by bioscientists, clinicians, etc; a situation difficult to imagine 10 years ago. It is in these laboratories where we 
can arguably expect to see the greatest potential for further development so it is critical for the mass spectrometrists and 
the bioscientists to interface with one another and learn to communicate across the +divide'. 

The editor, a mass spectrometrist, has done an admirable job in producing a book which he intends as a guide for the 
nonspecialist in the expanding field of  experimental mass spectrometry. The book has eight chapters dealing with diverse 
areas: negative ion chemistry, organo-alkali metal ions, collision induced dissociation (CID) of ions, Fourier transform ion 
cyclotron resonance (FTICR) mass spectrometry, protein structure by time-of-light MS, electrospray ionisation and tandem 
MS of  large biomolecules and LC/FAB MS. 

This book provides a timely update for both specialist MS operators and for the nonspecialist in some of the most 
important developments in mass spectrometry. As mentioned in the preface equally important areas have not been covered, 
notably: in depth coverage of  tandem MS, matrix-assisted laser desorption ionisation (MALD1) and, dare I say it, inorganic 
mass spectrometry. For reasons lost in the mists of  time few books on mass spectrometry (and this is no exception) include 
chapters on inorganic MS which has seen equally important advances in the last decade in terms of applications to the 
biomedical field. 
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Volume 2, which I eagerly awaiL is to be devoted to MALD1 and I hope Volume 3 will find room for developments 
in inductively coupled plasma mass spectrometry (1CP/MS)~ thermal ionisation mass spectrometry (TIMS) and gas isotope 
ratio mass spectrometry (GIRMS), all of  which have made huge contributions to our understanding of  mineral metabolism. 
energy metabolism, amino-acid/carbohydrate/fatty acid metabolism~ e t c .  

As a final point, the title of  the book will not help it achieve the circulation it deserves within the biological community. 
Despite this the series should go a long way towards helping mass spectrometrists and bioscientists understand each others 
needs and limitations. 

B. A. McGAw 
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REVIEW 

A R E V I E W  O N  T H I O C Y A N A T E  M E T H O D S  F O R  T H E  

E S T I M A T I O N  O F  M O L Y B D E N U M  BY M O L E C U L A R  

A B S O R P T I O N  S P E C T R O S C O P Y  

A. C. BASAK, K. C. GHOSH, A. R. PAUL, S. BHATTACHARJEE* and L. P. PANDEY 
Analytical Chemistry Division, National Metallurgical Laboratory, Jamshedpur, 831 007, India 

(Received 3 March 1994. Revised 2 September 1994. Accepted 21 September 1994) 

Summary--A review is presented on thiocyanate methods for the estimation of molybdenum in a wide 
variety of samples. They include conventional thiocyanate methods in which molybdenum forms an 
orange red complex with the thiocyanate ions and improved thiocyanate methods where the sensitivity 
is increased through the formation of ternary ion association complex. 

The estimation of molybdenum by thiocyanate 
method is one of the most commonly used 
techniques. Molybdenum forms an orange red 
complex with thiocyanate ions in acid media in 
the presence of reducing agents. Mo(VI) is 
reduced to Mo(V) which forms the coloured 
complex and it has an absorption maximum in 
the range of 460-470 nm. Normally the complex 
is extracted into an appropriate solvent for 
absorbance measurement. 

The reaction has been known for a long time; 
the analytical utility of the molybdenum thio- 
cyanate complex was first shown by Braun who 
used this technique to detect molybdenum in 
minerals. L2 Its use has grown, though rather 
slowly, over time. ~ ~2s The mechanism of the 
colour reaction is complicated and the system 
may contain several Mo(V) complexes. The 
Mo : SCN ratio has been assigned as 1 : 3, though 
yellow ! :2 and colourless 1 : 1 complexes have 
also been advocated. 1~j2 As the reaction in- 
volves a number of parameters the reaction 
conditions must be rigorously maintained for 
precision and accuracy. Attempts have been 
continually made to improve the sensitivity 
and selectivity by judicious choice of solvents, 
reducing agents and acid concentrations. 

The present review aims to assimilate the 
extensive literature on thiocyanate methods 
which have been used for the estimation of Mo 
in a wide variety of samples. A literature search 

*Author to whom correspondence should be addressed. 

was carried out primarily through Analytical 
Abstracts for the period 1972-1992. While an 
attempt has been made to be as exhaustive 
as possible for the period mentioned, the 
citations before 1971 were collected mostly as 
cross-references. 

The review has been organized in the follow- 
ing manner. It primarily deals with two types of 
thiocyanate methods, the conventional and the 
modified type. Section I describes the conven- 
tional thiocyanate methods which include re- 
ducing agent, solvents used for extraction, 
sensitivity and interference from foreign ions. 
The modified thiocyanate methods have been 
listed in a tabular form in Section 2. Section 3 
describes the application of both conventional 
and modified thiocyanate methods followed by 
conclusions in Section 4. 

!. CONVENTIONAL THIOCYANATE METHODS 

This section describes those methods in which 
Mo(VI) is first reduced to Mo(V) by using an 
appropriate reducing agent. The reduced Mo(V) 
is then allowed to form an orange red complex 
with the thiocyanate ions under regulated exper- 
imental conditions. Subsequently the coloured 
complex is extracted with a solvent for ab- 
sorbance measurement at 470 nm. 

1.1. Reducing agents 

The role of reducing agent is most important 
in any thiocyanate method as Mo(VI) must be 
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reduced to Mo(V) to form a complex with the 
thiocyanate ions. Therefore, the reducing agent 
should be mild enough not to reduce Mo(VI) 
below Mo(V). Ascorbic acid has been exten- 
sively used for this purpose .  14"27A2"45~8"52"62"63'69"71'73" 
75,78,81,83,84.86,87,90,94,95,103,104.107,113-115,118,119,122.128 Sn(II) 

has also been a popular cho i ce .  6'21,'u'53'57'61'77'~2°A21 

However, its use has been restricted because of 
the fact that Sn(II) has a tendency to reduce 
Mo(VI) below Mo(V) and is not an entirely 
satisfactory reductant. 4"9'13"52 Also, the sensitivity 
and precision are poor in the absence of Fe(III). 
Other reducing agents include, iodide, 5'1°:3 hy- 
drazinium sulphate: 5 K-ethyl xanthate, 58 mer- 
captoacetic acid, 4~ ferrocene, 66 CuCl-ascorbic 
acid, 99 thiourea, 28 titanium, 3 tin and titanium, 34 
potassium iodide in the presence of Cu(I) ~° and 
sulphite. 5 Thiocyanate itself reduces Mo(VI) 
under the catalytic influence of copper. ~8 

1.2. Solvents 

A wide variety of solvents have been used to 
extract the Mo-SCN complex in the conven- 
tional thiocyanate methods. They include butyl 
acetate, 41 tributyl phosphate in chloroform, 46'47 
4-methyl pentan-2-01 in benzene, 49 amyl alco- 
hol, 52 isoamyl alcohol + carbon tetrachloride, 8 
tribenzylamine in chloroform, 55 tributyl phos- 
phate + benzene(l:l), 57 acetophenone, 58 acetic 
acid, 66 isoamyl alcohol, 77 ethyl acetate, 82 ethyl 
methyl ketone, 92 butyl acetate, 96 isobutyl methyl 
ketone, 99 chloroform ~° and hexadecylmethyl 
ammonium bromide in chloroform. ~21 Absorb- 
ance measurement in the aqueous medium has 
also been reported. 9 

1.3. Sensitivity 

The molar extinction coefficient of the 
conventional thiocyanate complex is 2.0 × 104 
at 470 nm in isoamyl alcohol, 1.45 x 104 at 
465 nm 66 in aqueous acetic acid and 2.0 x 10 4 at 
470 nm s2 in ethyl acetate. 

1.4. Interference 

The conventional thiocyanate methods are 
prone to interference from many cations and 
anions. Most common of them is Fe(III). How- 
ever, under the normal reaction conditions it is 
reduced to Fe(II) which does not interfere. 
Interference from niobium may be corrected by 
measuring the absorbance simultaneously at 390 
and 470 nm:  7 Tungsten is masked with oxalic 
acid, 49 KHF2.55 Cd, Fe, Cr, Ni, Mn, Cu, Zn, V, 
U may be tolerated in < 100-fold but Ti and Sn 
interfere. 4t Fe, V, W and Nb interferences have 

been overcome in rock samples by acid de- 
composition and extraction of Mo into xylene 
with tributylphosphate? 2 Ti, U, Bi, Ru, Mn, Ni, 
Fe, Co, Cr, V, W, Nb, Ce and Re interferences 
are overcome by washing the organic phase with 
SnCI2 solution in acid medium, 55 but Pd, Pt and 
Os interfere. No interferences have been ob- 
served from 1000-fold amount ofZr, Nb, W or 
Re. 66 Large amounts of Re may be removed by 
potassium ethyl xanthate) 8 Methods of remov- 
ing coextracted Fe, Co, Cu and Ti from the 
organic phase have been discussed but Pd, Hg, 
fluoride, citrate and oxalate interfere. 92 

2. MODIFIED THIOCYANATE METHODS 

In this category, in addition to thiocyanate, 
another reagent is added which forms a ternary 
ion association complex followed by the solvent 
extraction of the complex for absorbance 
measurement. The additional reagent either en- 
hances the efficiency of extraction or it pushes 
the absorption maximum to higher wavelength 
thus making it more selective. In both cases, the 
final objective is to increase the sensitivity 
and/or selectivity of the conventional thio- 
cyanate methods. In the ternary ion association 
complex, the metal ion reacts with a ligand 
to produce a charged binary complex with a 
second ligand of opposite charge, usually a 
dyestaff. A ternary complex so formed normally 
exhibits enhanced selectivity, precision and sen- 
sitivity over the equivalent binary complex. 

A large number of methods have been 
reported which adopt this approach. 42:4'48'53'54' 
56.58.59, 60~4,68-75, 78-81.83.85 88,90.95.97,102.104-107,110-116, 118.119, 

122-124:2~,128 They have been listed in Table 1. The 
organization of Table 1 is as follows: the second 
column under the head reagent shows the re- 
agent which is necessary for forming the ternary 
ion association complex in addition to thio- 
cyanate. In the column headed 'conditions of 
measurement', informations are given about the 
absorbance maximum ()'max), molar extinction 
coefficient (E) and the metal, thiocyanate and 
reagent mole ratio (M : SCN- : R), sequentially 
subject to the availability. The fourth column 
gives the reducing agent and the fifth and the 
sixth columns give the solvents and additional 
reagents and the analytical range, respectively. 
The column under 'interference' notes a brief 
summary of foreign ion 'interference' and prob- 
able ways to overcome them. The column 
headed 'matrix' gives the nature of samples 
where Mo has been estimated by the listed 
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method and the last column gives the reference 
number. 

A number of modified thiocyanate thio- 
cyanate methods have been reported which use 
ionic 62,68,69,75`St'S8`1°2.w7.12H22 n o n i o n i c  1°°'1~7 surfac- 

tants for sensitization. 

3. APPLICATION 

The thiocyanate methods have been applied 
for estimating Mo in a wide variety of 
samples, the majority of them being steel 
samples. 22,23,25,26,48-50,53.54, 59,61,62, 70,71,74,8 I. I 0 I. 102.104,106.107 

113-115,118A20,123.124,128 The thiocyanate method has 
also been used for estimating Mo in rocks, 52 
chloroplatinic acid, 46 uranium and uraniferrous 
c o m p o u n d s ,  17'41'51 soil ,  7'32'6° alloys containing 
N b ,  66 concentrated NaCI medium, 72 oxide 
f i lms,  82 o res  and alloy steel ,  9°,95'~°5"110,~11.~ 16.120 sedi- 
ment, 88 a i r ,  94 b a t t e r y  g r a d e  M n O 2 ,  96 sea-  

water, 31,98 s e w a g e  s l u d g e  a n d  soil,  99 ca t a ly s t ,  t°8 

s y n t h e t i c  c o r r u n d u m  a n d  l i t h i u m  n i o b a t e ,  121 a s h  

a n d  fer t i l izers ,  126 p l a n t  m a t e r i a l s ,  s'77 soil  a n d  

p l a n t s ,  64 r h e n i u m  c o m p o u n d s ,  14 beryl l ium,16 a lu -  

m i n i u m  a l loys ,  2° c o p p e r  ores ,  27 lead ,  24 n i o b i u m  

a n d  t a n t a l u m  26 a n d  t u n g s t e n  a n d  i ts  
c o m p o u n d s .  10,14.26 

4. CONCLUSIONS 

Thiocyanate methods are primarily of two 
types, the conventional and the modified ones. 
In the conventional types, Mo(IV) is reduced 
to Mo(V) by an appropriate reducing agent 
which forms an orange red complex with the 
thiocyanate ions. The complex is subsequently 
extracted by a solvent for absorbance measure- 
ment. In the modified type, in addition to 
thiocyanate, a third reagent is added which 
forms a ternary ion association complex. The 
complex either enhances the sensitivity or 
pushes the absorbance maximum to a higher 
wavelength thereby enhancing the selectivity. 
Ascorbic acid and SnC12 have been the most 
popular reducing agents. Molar extinction co- 
efficients (c) in the conventional type range from 
1.5 to 2.5 × l04, whereas in the modified type E 
value as high as l0 s has been reported. Thio- 
cyanate methods have been mostly used for the 
determination of Mo in steel samples. However, 
it has also been used for other types of samples 
ranging from sea-water to rocks, ores and min- 
erals. Thiocyanate methods, though more than 
100 years old, will continue to be used for the 
determination of molybdenum in a wide variety 
of samples. 
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Summary--Methods for determination of titratable acidity, other than traditional titration, i.e. methods 
without titration, are considered. A number of them use analytical acid-base reagents which quickly 
convert a mixture of strong and weak acids into a new system. This conversion makes it possible to obtain 
directly the analytical signal (pH, optical density, etc.) for titratable acidity calculation. These methods 
in stationary conditions and in flow injection analysis are discussed. Methods not using acid-base reagent 
(iodide-iodate, chromatographic, spectroscopic and others) are also described. The advantages of the 
alternative methods such as the decrease labour-consumption and analysis time, simplicity of automation 
and others are shown. 

Titratable acidity (or acid value) corresponds 
to the total concentration of titratable acids 
in a sample. Titratable acidity (TA) is an 
important characteristic of the quality of 
numerous products such as vegetable oils, 
juices, wines, petroleum, motor oils, polyesteric 
resins, plasticizers and others. 

The national and international standards 
for TA determination are based on acid-base 
titration techniques.~ These techniques are time- 
and labour-consuming, have relatively high 
detection limits and are difficult for automation, 
including the Gran technique. 2 These drawbacks 
are aggravated when TA-control is carried out 
in non-aqueous solutions and particularly when 
preliminary acids extraction is necessary) 

This review is concerned with alternative 
methods for TA determination, i.e. methods 
without titration which are free from the 
drawbacks indicated above. A number of these 
methods are based on the use of analytical 
acid-base reagents. After the reagent addition, 
the measured analytical signal (pH, optical 
density, etc.) permits one to obtain the unknown 
TA value. 

Owing to the reagent, acid extraction 
from the insoluble material is accelerated. 

*Author to whom correspondence should be addressed. 

The reagent increases functional capacities 
of the pH-meter in the case where the 
pH-analytical signal is used for TA determi- 
nation, and allows flow injection analysis 
(FIA) to be used for TA determination without 
titration. 

The methods for TA determination without 
titration are frequently called 'single point 
titration'. 3'4 However, as these methods do not 
actually imply titration of any kind, we have 
named them 'methods for TA determination 
without titration'. 

The methods using acid-base reagents can be 
classified on the basis of the type of reagent at 
the initial state as follows: 

(i) one-component acid-base reagent 
method (OCABR method), 

(ii) multi-component acid-base reagent 
method (MCABR method). 

Methods that do not require the use 
of acid-base reagents for TA determination 
without titration (such as chromatography, 
spectroscopy, etc.) are also described in the 
review. These methods are considered in less 
detail because some of them (for example, 
chromatographic) have already been analyzed 
in reviews and others are in the initial stage of 
being studied. 
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1. ONE-COMPONENT ACID-BASE 
REAGENT METHOD 

The OCABR method 5-17 is based on the 
use of  a weak inorganic or organic base as 
a reagent. In some applications indifferent salt 
is added into the reagent solution to support the 
ionic strength (I). In spite of  this addition the 
indifferent salt does not become a new com- 
ponent in the solution of  the one-component 
reagent. 

1.1. Aqueous systems 

The theory of application of OCABR 
method in aqueous solutions was suggested 
by Tur 'yan et al.) 4 A charged reagent R -  
(the anion of  the weak acid, for example A c O -  
from sodium acetate or MR generally) 7'8'12-~4 
and an uncharged reagent B, for example 
hexamethylenetetraminegA~.t4 are used. The 
analytical reactions between the reagent and the 
sum of  the analyzed acids may be expressed by: 

EH~An + ZzR *-~ ZAn z- + Y, z H R  (1) 

ZH`.An + ZzB ~ XAn`.- + EzBH + , (2) 

where An"- is an anion, z is a stoichiometric 
coefficient. 

The OCABR method is based on the 
following conditions: 

(i) Equilibria (1) and (2) are practically shifted 
to the right hand side. 

(ii) The reagent is in high excess relative to 
the sum of analyzed acids. In accordance with 
these conditions the following equations may be 
obtained for a charged reagent: 7'8A2 ~4 

g~, 
I gNTA=- - lgK~  .CMR.fR- pH (3) 

and for an uncharged reagent 9"~L~4 

K~, .fB.+ 
I g N T A = - - l g - -  pH, (4) 

K~. Cs 

where f i s  the activity coefficient (for uncharged 
particles equal to 1), K~v is thermodynamic 
autoprotolysis constant for water, K~ and 
K~ are thermodynamic constants for the basic 
dissociation of the reagent (Table 1); C is the 
total (analytical) reagent concentration. 

As can be seen from relations (3) and (4), 
the dependence lg NTA VS. pH may be expressed 
in linear form with a slope equal to ! when 
I = const and CMR or CB = const) 4 In this case 
the first right hand side item in equations (3) and 
(4) is a constant value. 

The OCABR method is applicable to a great 
number of both strong and sufficiently weak 
acids) 4 When I = 1 for more complete proceed- 
ing of  the analytical reaction, hexamethylene- 
tetramine is more preferable than NaOAc as 
a reagent. But a relative excess of NaOAc 
(7 = CMR/NTA'~ 200) provides sufficient com- 
pleteness of  the analytical reaction. Tribasic 
acids may be analyzed when I =  1 and the 
constant of the third dissociation stage is not 
below 4 × 10 7, which corresponds to citric 
acid. The dibasic acids may be analyzed when 
I =  1 and the constant of the second dis- 
sociation stage is not below 2 × 1 0  --6, for 
example succinic acid. 

The upper limit of  the acids being determined 
in the linear interval lg NTA VS. pH is obtained 
from (NTA)max = CMR/7 or  (NTA)max = CB/7.  The 
values 7 ~> 100 ~4 or ~ ~>2008 are most often 
chosen and at CMR or Cs = 1M, (NTA)max ~< 10 2 
eq/1. 

The principles of obtaining (NxA)min 
presume ~4 that the concentration (NvA)mi, corre- 
sponding to the linear plot lg NXA VS. pH must 
be at least 10-fold greater than the concen- 
tration of  the hydrolysis products HR (reagent 
MR) or BH ÷ (reagent B) in the pure solvents. 
Hence at CMR or  Cs=  IM and I =  1 one 
can observe a linear plot IgNTA VS. pH for 
NaOAc for NTA = 2.4 x 1 0  - 4 -  1.0 × l0 2 eq/l 

Table 1. Thermodynamic autoprotolysis constants K ° for solvents and constants of 
basic dissociation K~_ and K~ for charged and uncharged reagents, accordingly 

(OCABR method, 25°C) 

Solvents  H 2 0  C o m p l e x  solvent* 
p K  ° 14.00 Is 22.7915t 

R e a g e n t s  pK~ pK~_ pK~ 

T r i e t h a n o l a m i n e  6.2319 - -  I 1.50tst  
H e x a m e t h y l e n e t e t r a m i n e  8.87 ~s - -  - -  
Ace t a t e  a n i o n  - -  9.24 ~s - -  

*Solvent: 80% E t 2 0  + 19% C2HsOH + 1% H20 
tConstants were determined at 20°C. 
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and for hexamethylenetetramine in the range 
NXA = 5 . 8  × 10  -4  - -  1 .0  × 10 -2  eq/I. 

The decrease of  the reagent concentration 
up to CMR = 0.01 M (NaOAc) permits a decrease 
in the value of (NxA)mi, which allows the 
reduction of the detection limit, for example in 
the determination of volatile acids. ~3 

The choice of the reagent is determined by its 
basic properties, that is by its base dissociation 
constant. From the point of view of complete- 
ness of the analytical reaction proceeding, the 
value of the constant must not be too small. 
However, an increase in K~_ or K~ leads to an 
undesirable increase in (NrA)min. The values 
equal to constant K~ for NaOAc and to K~ for 
hexamethylenetetramine are optimal. 

1.2. Non-aqueous sys tems 

The theory of the method was developed in 
detail by Lapshina et al. t5 

Uncharged reagent only (triethanolamine) 
was used in non-aqueous systems.5,6.10.~5 t7 
Values of K~ and the thermodynamic auto- 
protolysis constant of the non-aqueous solvent 
K ° were established ~5 (Table 1). The equation 
for analytical applications, under conditions 
similar to those used for aqueous systems, is in 
principle analogous to equation (4): 

l gNTA=A°- - Ig  ~--~ f~ pH', (5) 

where A o is constant at I = const. The value A o 
follows the change of the glass electrode stan- 
dard potential (when non-aqueous solvents are 
used instead of water) and also the value of the 
interfacial potential on the boundary with the 
aqueous reference electrode (Ag, AgCI, KClsatd ). 
The value pH' in equation (5) is the conven- 
tional pH value. At I = const, one can observe 
the linear plot lg NrA vs. pH' with a slope equal 
to 1. 5"6'1°'t 5 

The OCABR method was theoretically 
and practically tested for the non-aqueous 
system: ~5 80% Et2 O +  19%EtOH + 1% H20  
(%V), and for system: 6'16"17 75% CHCI3 + 24% 
EtOH + 1% H20 (%V). 

Equation (5) is confirmed in the wide interval 
of NTA. ~5 This interval (4.0 × 10 5-2.0 × 10 2 
eq/1.) is essentially larger than the one that 
may be obtained for aqueous solutions. The 
increase of the linearity interval lg NXA vs. pH' 
for the non-aqueous systems in comparison 
with aqueous systems is a result of the small 
solvolysis degree of triethanolamine in compari- 

son with the hydrolysis degree of AcO- or/and 
hexamethylenetetramine. 

1.3. Practical application o f  the method 

To determine NTA both the calibration plot 
and the standard addition methods have been 
used. 5-17 The second method is preferable since 
it implies a lower probability of changes in the 
first right hand side item in equations (3) and 
(4) in the course of the analysis, as well as 
of changes in the analogous value from 
equation (5) for non-aqueous systems. 

The equation for the final analytical calcu- 
lation with the use of the standard addition 
method 14'j5"~7 is 

Us~ 
Nx'x - -  ( I 0 ApH - -  1 ) '  (6) 

where Nst is the concentration of the standard 
acid in reactive mixture; A p H = p H L - p H 2 ;  
pHi is the pH of the reagent solution to which 
the sample was added and pH2 is the pH of the 
previous (reagent + sample) solution after the 
addition of the standard acid. For non-aqueous 
systems the value ApH in equation (6) is 
substituted by ApH'. 

Equation (6) does not differ in principle from 
the basic equations of the standard addition 
method in the ionometric technique which was 
shown by Tur 'yan et al. 2° for the glass electrode 
in the presence of the above OCABR. 

Although the precision and the accuracy 
of titrimetric methods may theoretically be 
higher than for OCABR method, especially at 
pH-meter accuracy not higher than pH +0.01, 
the possibilities of the OCABR method are 
sufficient for industrial purposes. At the same 
time there are a number of advantages of  
the OCABR method: low labour- and time- 
consumption, especially in the case of oil- 
seeds;6.10,1s simplicity of analysis automation and 
low detection limit (for example, for volatile 
acids in wines). ~ 

Aqueous systems.  The method was applied 
for determination of TA in several materials 
and products of the wine-making industry. 
Both total acidity 7's'~1~2 and volatile acidity ~3 
were determined with the use of pH-meter with 
accuracy pH _+0.01. Sodium acetate (2.0 M)  or 
hexamethylenetetramine (0.2 M )  were used as 
the initial reagents for determination of the total 
acidity. In the first case the calibrated plot 
was applied; in the second, the standard 
addition (of oxalic acid) method. The interval of 
the TA analyzed values, expressed as tartaric 

1"~1 42 ¢ H 
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acid, is 0.3-30 g/l. The relative standard 
deviation is ~<3.2%. The duration of the 
analytical determination is 2-3 min. For 
determination of  volatile acids in wines a3 0.1M 
NaOAc was used as the initial reagent. Its 
concentration was 0.01M after water and 
volatile acids were distilled. For the NTA 
determination the standard addition method 
was used. The interval of the determined NXA 
values, expressed as acetic acid, is 0.22-1.93 g/1. 
The relative standard deviation is ~<4-11%. 
The duration of  the analysis is 18-20 min 
instead of 40-60 min in the standard titrimetric 
method. 

Non-aqueous systems.  This method was used 
for determination of  TA in vegetable oi ls  5"63°35-t7 

and in oilseeds. 6'W5 As the reagent 0.15-0.20M 
triethanolamine in solvent (80% Et20 + 19% 
EtOH + 1% H20,  %V) was used. This reagent 
accelerates considerably the extraction of acids 
from solid oilseeds: the extraction time was up 
to 1 min instead of 4 h in the standard method 
of  oil extraction with pure solvent. The use of 
the standard addition method appears to be the 
most efficient one. IsA7 The NTA determination 
interval in vegetable oils is 0.2-19 mg KOH/g oil 
and in oilseeds, 0.2-17 mg KOH/g oil. ~5 The 
relative standard deviation is ~<6% (obtained 
with the use of a pH-meter with accuracy pH 
+ 0.01). The duration of  oil analysis is 2-3 min; 
of  oilseeds, 10-12 min. 

2. MULTI-COMPONENT ACID--BASE 
REAGENT METHOD 

The MCABR method is often known as the 
linear buffer method or the linear-response 
method because of the existence of  the simple 
linear plot NTA VS. pH, in contrast to the logar- 
ithmic linear plot lg NTA VS. pH in the OCABR 
method. If linearity of  NTA VS. pH is observed 
then buffer capacity fl = -dNTA/dpH is 
independent from pH. 

The MCABR may consist at the initial state 
of two or more components. 2~-23 As in the case 
of  the OCABR method, an indifferent salt 
added to the system for creation of  I = const is 
not a new component of the reagent. The higher 
the number of  the components in the reagent, 
the wider the linearity interval of the plot NXA 
vs. pH is. 

The MCABR method was first used by 
Ghosh and Schild, 24 as far as we know, and later 
by other workers. 25.26 The theoretical analysis of  
the MCABR method in stationary conditions 

m ta, 

NTA 
Fig. 1. The titration curve for multi-component acid base 

reagent with strong acid (free hand drawing). 

was suggested by various authors 21'27'28'3° 42 and 
by others for FIA techniques. 22'23'29'43-48 

In contrast to the OCABR method where 
only potentiometric detection was used (pH, 
glass electrode), the MCABR method also 
utilizes spectrophotometric detection. The 
MCABR method is usually used in aqueous 
solutions and only in one case 22 was 10% EtOH 
90% H20  (%v) solvent applied. 

2.1. Analysis  in stationary conditions 

The most general theory of the MCABR 
method with the pH-metric detection for bases 
analysis was suggested by Johansson and 
Backen. 27 These authors 27 and also Astrom 28 
have experimentally confirmed the theory. 
Astrom 23 applied the MCABR method theory 
to acid determination. 

The titration of  a multi-component reagent 
by a strong acid leads to only one pH 
break (Fig. 1) because of the proximity of  the 
dissociation constant values for corresponding 
components. The upper plot of  the titration 
curve is close to the linearity NvA vs. pH (Fig. 1). 
This plot may be expressed by the equation: 

NTA = L -- ft. pH, (7) 

where L is constant and fl is buffer capacity. The 
relation (7) is the basis of  the MCABR method. 

Johansson and Backen 27 obtained relation- 
ships for the description of the above upper plot 
of  the titration curve. In various papers 2~'27"28 
this relationship was used to describe the 
reagent consisting of components with two 
dissociation stages, but it may be easily 
generalized for components with higher 
basicity. Determination of  the concentration C~ 
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for component i of the reagent was carried out 
for components of known nature and definite 
fl and L values (equation 7). In this case the 
maximum proximity of the experimental curve 
to the linear plot NTA VS. pH (the upper part, 
Fig. 1) was to be reached. The following 
solution was suggested by Olson: 48 firstly, 
correction is made for the thermodynamic 
dissociation constants on the basis of the 
Debye-Hiickel equation. Next, the C~ values 
are calculated by the Johansson and Backen 27 
regression method, the obtained dependence 
NTA VS. pH being compared to the experimental 
titrametric data. The second approximation 
again involves the calculation of the corrected 
dissociation constants and a new regression 
until the iinearity dependence NTA VS. pH is 
obtained with the best accuracy. The final 
results of the determination of the component 
concentrations in the reagent, as well as the 
pH range for the linear part of NXA vs. pH 
dependence were suggested by Olson 48 for the 
FIA, but they may also be used in stationary 
conditions. 

The pH interval of the linear part of the 
d e p e n d e n c e  NTA VS. pH is sufficiently large 
and increases with the decrease of the buffer 
capacity. Therefore, it is possible to determine 
both strong and relatively weak acids. 

The limit of detection for determined acids is 
approximately the same for strong and weak 
acids and reaches 0.01-0.02 eq/1. 23 Apparently 
this limit is affected by the increase of the 
uncertainty while the NTA value decreases. The 
decrease of the fl value leads to reduction of 
the uncertainty and permits a decrease in the 
lower limit of the NXA determination up to 
NTA = 1 × 10 -4 eq/l.  48 

Simpler reagents were suggested by Havas, 3° 
and Damokos and Havas .  36"37'42 These reagents 
consist of two components: mixtures like phos- 
phate buffer, 3° citric acid and KH2 PO436'37"42 etc. 
The intervals of the determined acids are 
10 2-10 i eq/1.42 and 10 -3 10 -I eq/1. 36 

To choose the simplest two-component 
acid-base reagent (the buffer) it is reasonable to 
consider the dependence of the buffer capacity 
vs. pH. For buffer MR + HR this dependence 
may be expressed as 49 

fl = 2.303 //, ~ + [H +]-~ Cb 'K" ' [H+] ' ]  (8) ), \ J 

where K, is the dissociation constant of HR; 
Cb is the total buffer concentration. 

The analysis of relation (8) shows that in 
the range of pH close to pK, and under usual 
conditions (Cb. Ka>>KH2o and Cb>>K,) the 
buffer capacity is practically independent from 
the pH-values. The fl value in this range of pH 
becomes equal to flmax = 0.576. Cb (pH = pK~) 
and changes slightly when pH values are not 
far from pKg. This leads to the appearance of a 
linear plot of NXA vs. pH (equation 7). However, 
the linearity interval of the plot of NrA vs. pH 
for a two-component reagent is usually small: 
0.5-1 unit pH. 22'42'43 In spite of this drawback 
the reagent may be applicable for acid 
determination. 22.42.43 

It is of interest to compare the OCABR and 
MCABR methods under stationary conditions 
for potentiometric detection (pH, glass elec- 
trode). Equations (3) or (4) for the OCABR 
method and equation (7) for the MCABR 
method yield the following conclusions: 

(1) The maximum relative uncertainty of the 
NA determination in the OCABR and MCABR 
methods is approximately the same. But in the 
MCABR method, in contrast to the OCABR 
method the uncertainty depends upon the value 
of NTA, and an increase in NTA leads to a 
decrease in the relative uncertainty. 

(2) The detection limit of TA determination is 
considerably lower in the OCABR method. 

(3) The buffer capacity of the reagent in the 
OCABR method depends upon NTA and may 
be considerably smaller than for reagents in 
the MCABR method, but this does not affect 
the rate of dynamic response of the glass 
electrode.~4'~5 

(4) The sensitivity of the OCABR method 
depends upon N~A and may be higher or lower 
than in the MCABR method. ~4 

2.2. Flow injection analysis 

The MCABR method was applied to two 
applications of the FIA technique: (i) the tested 
sample containing acids reacts with the 
reagent; 23'29"46 (ii) the tested sample containing 
the substrate produces an acid or a base as 
the result of an enzymatic reaction between the 
immobilized ferment and the substrate in the 
flow conditions. Finally, products (acid or base) 
react with the reagent. 2L43 46,48 

In FIA both potentiometric (pH, glass elec- 
trode) 22"29"43"45"48 and spectrophotometric 2344'46"47 
detections were used to obtain the analytical 
signal. 

Potentiometric detection. For potentiometric 
detection the following relation may be 
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obtained on the basis of equation (7) and the 
known dependence of the glass electrode 
potential: 2~ 

NTA = (Ffl / 2 . 3 R T ) f E p ,  (9) 

where 6Ep is the difference between the glass 
electrode potential for the analytical signal peak 
and for the flow of  the carrier buffer solution 
(the multi-component reagent); F, R and T have 
their usual meanings. 

Paparello et al. 2~ used immobilized 
penicillinase to produce peniciiloic acid (H2 Pen) 
from penicillin (Pen) under FIA conditions: 

H20, penicillinase 
Pen , H2Pen. (10) 

The penicilloic acid afterwards reacted with a 
special mlalti-component reagent. The reagent 
consists of 4.0 × 10 4M K2HPO4 -t- HC1 
(pH 7). 21 

The application of the Michaelis-Menten 
equation to FIA with enzymatic reaction gives: 

F K_Km.fftfE p (11) 
S = 2.3. R ~ '  m "  ' 

where S is the substrate (penicillin) concen- 
tration; Km is the Michaelis constant (Km>>S); 
Vm is the maximum rate of  the enzymatic 
reaction; fit is the sample residence time in the 
reactor (the column). 

One can observe from equation (11) that 
there is a linear plot between the substrate 
concentration and changes in the glass 
electrode potential. It was shown 2~ that the 
linear plot may be observed in the interval 
S -- 8 x 10-5-5 x 10-aM. 

An analogous determination of the penicillin 
was made by Gnanasekaran and Mottola, 45 but 
in contrast to the work 2~ they used a more 
concentrated phosphate buffer (1 x 10-3M) 
with constant ionic strength and pH 6.4. The 
interval of the determined penicillin (G and V) 
concentration is S = 5 × 10-5-5 × 10 4M. 

Olsson 48 also investigated the application of 
FIA with potentiometric detection for penicillin 
determination based on reaction (10). It should 
be noted that the author 48 also studied the 
application of  the Michaelis-Mention equation 
when the condition Km>>S is not fulfilled. An 
interesting point of the work 48 was the research 
on the influence of the buffer capacity of  the 
reactor upon the analytical signal. 

Ruzicka et al. 43 elaborated enzymatic deter- 
mination of urea in serum in FIA conditions. 

In this case urease was used as the immobilized 
ferment. The analytical reaction is 

CO(NH2)2 + H20  + H ÷ 

u r e a s e  

,2NH~- + HCO~-. (12) 

The multi-component reagent was suggested to 
detect the product. In this case the base (HCO3) 
but not acid was determined. 

For individual acid determinations the multi- 
component reagent was used by Astrom. 29 
The applicability of  equation (9) for HCI, 
formic and acetic acid determination was 
shown. 29 The interval of the determined acids or 
bases is 0.01-0.1M, which is approximately the 
same as the one for stationary conditions. 23'28 

Spectrophotometric detection. The theoretical 
and practical approaches to acid determination 
by FIA with spectrophotometric detection were 
elaborated by Hansen et al., 44 by Ishilashi and 
Imato 46 and by Israel. 22 It is common for these 
approaches to use the acid-base indicators in 
addition to the above components of  MCABR. 

The complex reagents approach was 
suggested by Hansen et al. 44 As in the case of  
pH-metric detection, it is of  interest to consider 
the linear part of  the dependence NTA VS. Ao, 
where Ap is the absorbance at the peak of the 
analytical signal. Hansen et al. 44 formulated 
the following conditions for the application of 
acid-base reagent with indicators: 

(1) The dissociation constants of the 
acid-base components of  the reagent must not 
be far from one another including the acid-base 
indicators. 

(2) The absorptivities of  acid-base forms of  
indicators must be near to one another. 

In the mentioned conditions the author¢  4 
used an equation analogous to (11) to spec- 
trophotometrically indicate the products of the 
urea enzymatic reaction: 43 

Km'fl . s = k ~ f A ~ ,  (13) 

where k is a constant. 
In contrast to the complex reagent, 44 Ishibashi 

and Imato 46 suggested a simple reagent: 
HR + MR + Hind + Ind- ,  consisting of one 
acid-base buffer pair and one pair of acid-base 
component indicators. This approach allows 
one to obtain the simple relation expressing the 
linear plot NTA VS. Av for acid control by FIA 
(without sample dilution): 

NTA = k ' f A p ,  (14) 
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where 

k '  = Cb/Cl,d.  1. (qtl.d -- E- j .d - ) ,  (15) 

Cb is the total concentration of  the buffer 
components (MR + HR); C~, d is the total con- 
centration of  the indicator (Hid + Ind-);  I is the 
length of the cell, E is the absorptivity. It should 
be noted that equation (14) is true only under 
the conditions of Hansen et al., 44 i.e. when 

Israel 22 used a very simple reagent for acid 
and base determination by FIA with spec- 
trophotometric detection. The reagent for acid 
determination is R + Hind + Ind- .  Under the 
same conditions 44"46 (KHR~Kmnd) and when 

Ind- = 0, l = 1 cm an expression analogous to 
(14) was obtained: 2~ 

D.  CR 
= 6Ap, (16) NrA Ci,d • E~l.d 

where D is the sample dispersion coefficient. 
The reagent suggested by Israel 22 is similar 

to the one-component reagent (NaOAc) con- 
sidered in Section 1. However, there is a con- 
siderable difference between these reagents 
because the reagent 22 is not used in excess 
relative to determined acids. Besides, in this 
reagent an acid-base indicator (a second com- 
ponent) is also present. It should be noted that 
a one-component base reagent in contrast to 
this reagent 22 gives a lower detection limit 
NTA:2 × 10 5-2 x 10 -4 eq/1. 

Ruzicka et al. 5° 5~ suggested the application of 
FIA for individual strong acid determination by 
the peak width measured in time units. The 
authors 5~ used Bromothymol Blue as indicator 
added to the alkaline carrier stream. This inter- 
esting idea was developed by Koupparis et al. 53 

for determination of individual weak acids. 
Woods et al/4 have shown that in this technique 
both the peak width and the peak height in the 
same solution carrier may be used. 

Other kinds o f  detection. Polta et al. 55 
determined strong acids and bases by detecting 
the time change of the anodic current on the 
Pt-electrode, i.e. by FIA without performing 
any chemical reaction. Fucsko et al. 56 with the 
same aim used a simpler pH-detector. Weak 
acids were not considered in these works)  5,s6 

2.3. Practical  application o f  the me thod  

Usually for acid determination by the 
MCABR method a calibration plot is used. The 
multi-component reagent was suggested for 
determination of NTA in gastric juices; 24,42 for 

determination of sulphuric acid in anodizing 
electrolytes for aluminium; 26 for determination 
of metal ions and ligands (complexonometry) 
without titration; 34.37.57 for determination of ion- 
exchange capacity 38~4° and also for linearization 
of the potentiometric acid-base titration 
curves. 58 

The MCABR method was used for analysis 
of penicillins after their enzymatic hydrolysis up 
to penicilloic acid 2z.45,48 by FIA. The relative 
standard deviation was ~< 2% ~2 in the penicillin 
concentration interval of 8 × 10-5-5 × 10-4M. 
By the data 48 the relative standard deviation was 
~<1%. The sample throughputs were 60 and 
150 h -  t .45,48 

In previous work 43'~ the MCABR method 
was used for urea determination in serum after 
enzymatic conversion of urea into NH4HCO3. 
The relative standard deviation was 0.52%. 
The sample throughput was 60 h ~. 

3. METHODS NOT USING ACID-BASE 
REAGENTS 

3.1. Iodide- iodate  me thod  

The iodide-iodate method has been used for 
a long time for determination of strong and 
relatively weak acids generally, owing to its low 
detection limit. 5~ The known reaction 

10 3 + 8I + 6H + ,--, 3I 3- + 3H20 (17) 

is the basis of the method. The reaction (17) 
equilibrium is shifted to the right hand side in 
analogy to the protolytic reactions considered 
above. However, in contrast to the latter, 
reaction (17) proceeds quite slowly when the 
H + value is relatively small. The use of excess 
Na2SzO3 leads to acceleration of reaction (17) 
and shifts its equilibrium to the right hand side. 
This factor is very important for analytical 
applications) 9 Both direct and indirect titration 
are usually used for acid determination by the 
iodide-iodate method with instrument detec- 
tion. 6°-64 Since this review considers mainly the 
TA determination alternative to titration, we 
refer to works 65 67 based on the measurement 
of the analytical signal connected with 
produced 13, without titration. For this 
purpose the spectrophotometric absorbance 65,66 
or biamperometric indication 6v were used. 

Hoppe et al. ~5 used 1% KI +0 .05% KIO3 
under stationary conditions. The concentration 
of the analyzed acids was: 10 -5 + 10 -3 eq/l. The 
absorbance of 13- was measured at wavelength 
420 nm. Two intervals of the linear plot NTA vs. 
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Ap with different slope were estimated for 
1 0 - 5 +  10 -4 and 1 0 - 4 .  --. 10 -3 eq/1., respectively. 
The first interval gives the relative uncertainty of 
acid determination (HCI, benzoic, salicylic and 
propionic acids) which is ~< 30% and the second 
interval ~<6%. But for each of the determined 
acids it is necessary to obtain the calibrated 
curve.  

Kamson 66 also elaborated spectrophoto- 
metric detection for the iodide-iodate method 
but with the use of the FIA technique. The 
reagent is 5 × 10-3M KI + 1 × 10-3M KIO 3. 
The absorbance of the I~- is measured at 
wavelength 350 nm, which differs from the 
one used in the work. 65 Only strong acids 
(H2804, HNO3, HCI) were determined. The 
linear calibration plot NTA VS. Ap in the concen- 
tration interval 4 × 10-4-8 × 1 0 - 4 M  for H 2 S O  4 

and 3 x 10-4-5 × 10-3M for NHO3 and HC1 
was obtained. Even for strong acids the 
slopes of the calibration curve were different, 
probably because of the small concentration 
of KI. 

Matuszewski e t  al .  67 also used FIA for acid 
determination by the iodide-iodate method. 
The applied reagent was 2M KI + 5.0 x 10-3M 
KIO3. Biamperometric indication on the polar- 
ized Pt electrodes was used for 13 determi- 
nation. For H2SO4,  monochloracetic, formic 
and acetic acids, the linear interval NTA VS. ip 

(ip is the current corresponding to the peak 
of the analytical signal) was obtained with a 
slope decreasing with the decrease of the acid 
strength. Therefore, reaction (17) proceeds 
incompletely and it is impossible to analyze the 
sum of acids. Individual acids are determined 
in the intervals 1 x 10-3-8 × 10 -4 eq/l. (for 
H2SO4) and 2 x 10-3-2 x 10 -2 eq/l. (for HNO3 
and HCI). The relative standard deviation is 
0.2%. 

The efficiency of potentiometric detection 
for the system I3/3I- was shown for Cu 2+ 
determination. 68 This detection at the excess of 
iodide ions permits the control of I~- up 
to Cj; ~10-7M and may be used under 
stationary conditions as well as FIA for acid 
determination. 

It should be noted that the iodide-iodate 
method has been used only for separate acid 
determination. 

3.2. C h r o m a t o g r a p h i c  m e t h o d s  

The chromatographic methods for fatty acids 
determination have been described recently 
in Ackman's review 69 and in AOAC book. 7° 

Below we consider recent publications only 
(1992-1993). The GC method was used for 
fatty acids determination in fats and soaps, 71 
oilseeds, 72 and fats and oils. 73-76 For analytical 
purposes the acids were transformed into Me 
es ters  73'75'76 o r  into acyl pyrolidides as was done 
by Dasgupta e t  al. TM In this case 74 the reactions 
were accelerated by microwave irradiation. 
FID 72 and M S  72'74'76 were  used for detection. 
The relative standard deviation is 1-8°/o. 75 

The capillary LC method implying the 
reversed-phase and laser-induced fluorescence 
detection was used by Yoo e t  al.  77 for fatty acids 
determination in fish oil. The accuracy was 
better than 0.46%. 

Jen e t  al. 7s used the HPLC method with UV 
detection for volatile fatty acids determination 
in landfill leachates. Olalla Herrera e t  al.  79 used 
this method for non-volatile acid (non-TA) 
determination in wines. The relative standard 
deviation is 1.0-1.1°/o. 79 Akasaka e t  aL so 

suggested the use of highly sensitive fluorescence 
reagent for acid detection in HPLC. 

May e t  al. sl automated the GLC method for 
fatty acids determination in oilseeds. The linear 
correlation between the results obtained by 
this method and those obtained by standard 
titrimetric method was shown. 

Chem e t  al. 82 used the ion chromatographic 
method for determination of organic and 
inorganic acids in precipitation samples. For 
more complete determination the gradient and 
the ion-exclusion techniques were combined. 

It should be noted that the chromatographic 
methods are more suitable for determination 
of separate acid groups than for TA 
determination. For example, in s o m e  cases ,  83'84 

the HPLC recovery was only 85-90%. 

3.3. S p e c t r o s c o p i c  m e t h o d s  

Sato e t  al. 85 optimized the conditions for the 
near-IR spectroscopic determination of fatty 
acids in fats and oils. For these compounds, 
Fourier transform IR spectroscopy was also 
successfully applied. 76'86 Ismail e t  al. 86 suggested 
an indirect method for oxidized oils. Acids 
were extracted by 1% KOH in MeOH, and 
carboxylate anions that were formed were deter- 
mined at 1570 cm-~. Determination takes <2 
min and the authors believe that method to be 
suitable for routine TA control. 

Sadeghi-Jorabch e t  al. 87 used Fourier trans- 
form Raman spectroscopy for determination of 
fatty acids in oils, margarines and butters. They 
recommend this method for the food industry 
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as the most  rapid one for TA determination in 
comparison with conventional methods. 

Lin et al. s8 suggested the use of  atomic 
absorption spectrometry for free fatty acids 
determination in biological samples. The 
method is based on the acid extraction with 
the help of  CHC13-n-hexane-MeOH in the 
presence of  copper ion which forms copper 
soaps. 

Walde s9 worked out a colorimetric method 
for free fatty acids determination in oils. The 
coloured compounds are formed from acids 
reacting with phenol red in isooctane. 

Among the spectroscopic methods Fourier 
transform IR  s6 and Raman  s7 spectroscopy are 
of  greatest practical interest. However, unlike 
the OCABR pH-method (see section 1) the 
spectroscopic methods were applied only for 
non-aqueous systems and are considerably more 
expensive. 

3.4. A m p e r o m e t r i c  me thods  

The amperometric monitoring for acid deter- 
mination in milk was suggested by Baldo et al..90 

In this technique a hydrogen ion discharge 
current on a Pt-microelectrode was used, value 
of the current depending on the pH of the milk. 
However, the correlation of current with the TA 
was not investigated. 

Albery et al. 9z studied an amperometric 
method for bile acids determination. They used 
an enzyme (3-~-hydroxysteroid dehydrogenase) 
electrode. Bile acids take part  in the electrode 
reaction as reducers. The method allows only 
the determination of free bile acids. A detection 
limit of  1 # M  was achieved. 

3.5. Gel techniques 

For determination of acidity and alkalinity, 
Tsionsky and Lev 92 used a capillary detector 
containing a sol-gel glass doped with acid- 
base indicators. The concentration of the acid 
corresponded to the length of  the coloured 
section of the capillary. The method is simple 
and rapid, but only hydrochloric acid was 
studied. 

Blumenthal et al. 93 suggested the determi- 
nation of  TA in oils on the basis of  a changing 
colour indicator in a liquid gel. It is a simple 
technique of  solventless analysis with a non- 
toxic reagent. The analysis is relatively time- 
consuming in comparison with the technique, 92 
but more studied. Recently a collaborative 
study of this technique was carried out by 
AOAC International. 94 

CONCLUSIONS 

For determination of titratable acidity with- 
out titration one- or multi-component acid-base 
reagent can be used. 

After reagent addition, potentiometry (with 
pH-glass electrode) and spectrophotometry 
were used for detection purposes. The determi- 
nations can be carried out both in stationary 
conditions and by flow injection analysis. 

The method of  the one-component acid-base 
reagent is characterized by a lower detection 
limit. The multi-component reagent may 
provide higher accuracy, but to control complex 
acids mixtures over a wide range of  strength 
and concentration the one-component reagent 
is more efficient. The latter also considerably 
accelerates acid extraction from insoluble 
materials, which makes the analysis more rapid. 

Determination of titratable acidity may be 
performed without the use of acid-base 
reagents, by Fourier transform infrared spec- 
troscopy as well as Raman spectroscopy. 
Unlike acid-base reagent methods these spec- 
troscopic methods are applied only for non- 
aqueous systems and are considerably more 
expensive. 

The alternative methods of  analysis (without 
titration) appear to be applicable for standardiz- 
ation and practical usage at the same time as 
titration methods or instead of them. 
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Summary--A trifluoroacetic anhydride-sodium iodide mixture (TFAA-I) reacts with nitroxide radicals 
with liberation of iodine. Since stoichiometric amounts of iodine are formed from nitroxides, the TFAA-I 
reagent can be applied to their analytical determination. Two procedures for the determination of 
nitroxides (titrimetric on/zmol and spectrometric on nmol levels) are described. 

Nitroxide radicals belong to the most common 
classes of  stable free radicals. Owing to their 
EPR activity, nitroxides play a crucial role in 
the investigations of many chemical, especially 
bio-organically ~ oriented problems, and are also 
involved in various industrial applications? ~ In 
spite of  such a broad spectrum of applications, 
their determination still belongs to the problems 
of analytical chemistry of  N-oxy compounds,  5 
as only a very few reports on this subject are 
published in the available literature. Nitroxide 
radicals have been determined iodometrically, 
after their redox reaction with hydroiodic 
acid solution. 6 A direct method has been devel- 
oped for an amperometric titration of free imi- 
noxyl radicals with cerium (IV) sulphate 
solution by the anodic current of  their oxi- 
dation. 7 The possibility of the determination of 
nitroxide radicals by means of their pre- 
reduction with ascorbic acid, and subsequent 

back titration of excess reductant, has also been 
suggested. 8 

Recently we have published analytical 
applications of  the trifluoracetic anhydride-  
sodium iodide (TFAA-I)  reagent for detec- 
tion 9-]2 and determination ~3-~6 of various S-oxy 
and N-oxy compounds. Among them, we have 
presented preliminary results on the reaction of 
the TFAA-I  reagent with nitroxide radicals. ~5 
We have established that this reaction is fast, 
even under mild conditions (2- to 4-fold excess 
of  T F A A  and NaI,  room temperature), afford- 
ing hydroxylamine-O-trifluoracetates (2A) with 
simultaneous formation of stoichiometric 
amounts of  iodine according to equation (1). 

Since the release of iodine is quantitative in 
respect to nitroxide radicals 1 in a very broad 
range of their concentration, the TFAA-I reagent 
can be considered a prime reagent for iodometric 
procedures for determination of nitroxide radicals. 
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In this paper we present our results on the 
application of  the TFAA-I reagent for the deter- 
mination and microdetermination of nitroxide 
free radicals (1) and also their differentiation 
from nitrones (3). 

R N t C = ~ x / R '  
H / N \ o -  

3 

EXPERIMENTAL 

Materials  

Trifluoracetic anhydride, acetic anhydride, 
acetyl chloride, benzoyl chloride, methane- 
sulphonyl chloride and p-toluenesulphonyl 
chloride were purchased from Aldrich (Milwau- 
kee, U.S.A.) 

Acetone was distilled over phosphorus pen- 
toxide, redistilled over anhydrous potassium 
carbonate and stored over molecular sieves 3/~,. 
Sodium iodide (Aldrich) was dried in vacuo over 
phosphorus pentoxide before use. 

N i t r o x i d e  r ad ica l s  l a - d :  2 ,2 ,6 ,6-  
tetramethylpiperidinyloxy (TEMPO, la), 4- 
h y d r o x y - 2 , 2 , 6 , 6 - t e t r a m e t h y l p i p e r i d i n y l o x y  
(4-hydroxy-TEMPO, lb), 4-oxo-2,2,6,6-tetra- 
methylpiperidinyloxy (4-oxo-TEMPO, le) and 
3-carbamoyl-2,2,5,5-tetramethylpyrrol idin-  l- 
yloxy (3-carbamoyl-PROXYL, ld) free radicals 
were purchased from Aldrich and purified by 
two to three crystallizations from pentane. Ni- 
trones: N-methyl-0t-phenylnitrone (3a) and N- 
phenyl-0t-phenylnitrone (3b) were synthesized 
according to Refs 18 and 19, respectively. 
2,2,6,6-Tetramethylpiperidine (2a) and N- 
hydroxy-2,2,6,6-tetramethylpiperidine (2b) were 
synthesized according to Ref. 8. 

Solutions 

NaI, a 0.5M solution of  sodium iodide in 
anhydrous acetone. TFAA, a 0.8M solution of  
trifluoracetic anhydride in anhydrous acetone 
(the solution was prepared immediately before 
use). Acetic anhydride (and acid chlorides), 
0.8M solutions in anhydrous acetone, prepared 

immediately before use. Nitroxide radicals, 
0.1M solutions of  nitroxide radicals l a d  in 
anhydrous acetone. Working solutions of  ni- 
troxide radicals for spectrophotometric determi- 
nations had the concentration 1 x 10-3M and 
were prepared immediately before use by di- 
lution of  a 0.1M solution with anhydrous 
acetone. Nitrones, 0.1M solutions of  nitrones 
(3a and b) in anhydrous acetone. Hydroxy- 
lamines, 0.1M solutions of hydroxylamines (2a  

and b) in anhydrous acetone. KI, an aqueous 
0.1M solution of potassium iodide. Sodium 
thiosulphate solution, 0.02M, standardized by 
coulometric titration with iodine. Starch, a 
0.5% aqueous solution. 

Instruments  

The absorption spectra were scanned on a 
Specord UV-VIS instrument, the absorbances 
were measured on a VSU-2P spectrophotometer 
(both Zeiss, Jena). EPR spectra were recorded 
on a SEX-2543 Radiopan Spectrometer at X- 
band frequencies (ca. 9.25 x l0 9 Hz) using a 100 
kHz modulation unit and 0.1 mT modulation 
amplitude. 

Mass spectra were obtained on a LKB-2091 
spectrometer at 70 eV ionization energy. 
Samples were introduced via a chromatographic 
column system (OV-17 oil, 3%, 2.7 m of 
column, at program temperature 100°-260°C, 
10°C/min). 

Procedures 

lodometric titration. A known amount of  
nitroxide radical (40-200 pmol contained in 
0.4-2 ml of 0.1M solution) was placed in a 100 
ml Erlenmeyer flask and 1 ml of 0.5M NaI in 
acetone added, followed by addition of  1 ml of 
0.8M TFAA in acetone. The reaction solution 
was gently mixed for 0.5 min and allowed to 
stand in a dark place for the time indicated in 
Table 5, it was then diluted with 20 ml of 0.1M 
KI and titrated at once with sodium thiosul- 
phate. At the end of  the titration, starch was 
added. 

Table 1. Reduced mass spectra (GC/EIMS) of derivatives 2Aa-c 

Molecular m/z (intensity, %) 
formula 
(weight) [M] [M - CH3] [M - CF3C(O)] [M - CF3C(O)O ] Other ions 

2Aa 

2Ab 

2Ac 

C. His F3 NO2 253 238 156 140 83 55 
(253.3) (1.2) (53) (1.7) (3.5) (46) (I00) 

CI3HITF6NO 4 365 350 268 252 236 81 
(365.3) (1.7) (27) (1.7) (3.8) (48) (100) 

C11 His F3 NO2 267 252 170 154 196 83 
(267.3) (1.6) (28) (9.5) (2.0) (6.2) (100) 

55 
(34) 
55 

(99) 
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Table 2. Mass spectrometric investigations of the reaction of nitroxides l with the 
TFAA-I reagent (reaction conditions) 

Reagents addition 
Product 

Nalt Time TFAA~ Time identified 
Exp. Substrate* (retool) (rain) (mmol ) (rain) by GCMS 

1 la 0.5 10 0.8 60 2 A a  

2 l a  - -  0.8 60 2 A a  

3 lb 0.5 10 0.8 60 2 A b  

4 lb - -  0.8 60 2 A b  

5 lc 0.5 10 0.8 60 2 A c  

6 l c  - 0.8 60 2 A c  

7 2 a  - -  0.8 60 2 A a  

8 2 b  - -  0.8 60 2 A b  

*1 ml ofa  0.1M solution of 1 or 2 (0.1 mmol) in acetone, tca. 75 mg of NaI. ~ca. 
0.11 ml of TFAA. 

Spectrophotometric determination. A known  
a m o u n t  o f  n i t roxide  radical  (20-1000 nmoi  in 
20-1000 /~1 o f  an ace tone  s tock solut ion)  was 
taken  in a 10 ml volumetr ic  flask and  1 ml o f  
0 .5M N a l  in acetone,  fol lowed by 100 /~1 o f  
0 .8M T F A A  in ace tone  added.  The  react ion 
mixture  was mixed well and  di luted with 
ace tone  to 10 ml. Par t  o f  this solut ion was 
p laced  in a quar tz  cuvet te  (for amoun t s  o f  
n i t roxide  radica l  20-100 nmol,  - cuvettes with 50 
m m  light pa th  and  for  100-1000 nmol ,  - cuvettes  
with 10 m m  light pa th  were used) and the 
abso rbance  ( A )  was measured  af ter  2 min (after  
add i t ion  o f  T F A A )  agains t  acetone as a refer- 
ence (2 = 3 6 2  nm). The b lank  cor rec t ion  
measurement  (A0) was also pe r fo rmed  after  2 
rain for the react ion mixture  o f  1 ml o f  0 .5M 
N a I  and  100 #1 o f 0 . 8 M  T F A A ,  di lu ted  to 10 ml 
with anhydrous  acetone,  agains t  acetone as a 
reference. The  re la t ion A ' =  A - A 0  as a func- 
t ion o f  n i t rox ide  radical  quant i ty  cons t i tu ted  the 
ca l ib ra t ion  line, which was es tabl ished f rom 
ni t roxide  l b  de te rmina t ions  (in the range o f  20 -  
1000 nmol  o f  lb ,  l inear  course)  and  was appl ied  
for de t e rmina t ion  o f  o ther  n i t roxide  radicals .  

Iodometric titration-reverse mode procedure. 
A known  a m o u n t  o f  n i t rone  or  n i t roxide  radical  
(100 p m o l  con ta ined  in a 0 .1M acetone sol- 
ut ion)  was taken  into a 100 ml Er lenmeyer  flask 
and 1 ml of  a 0 .8M T F A A  acetone solut ion 
added.  Af ter  the t ime indica ted  in Table  7, 1 ml 
o f  0 .5M N a I  in acetone was added.  Af ter  gentle 
mixing for 1 min the contents  were di luted with 
20 ml o f  0 .1M KI  and t i t ra ted  at  once with 
sodium th iosulphate .  At  the end o f  the t i t ra t ion,  
s tarch was added.  

Mass spectrometric investigations. Ni t rox ide  
radicals  1 or  hydroxy lamines  2 (0.1 mmol  in 
1 ml of  a 0 .1M solut ion)  were p laced  into a 
W h e a t o n  2 ml micro  p roduc t  V-vials,  equ ipped  

with a spin vane and t reated with corre-  
spond ing  componen t s  of  the T F A A - I  reagent  
(Table  2). The react ion mixtures  were s t i r red 
at  ambien t  t empera tu re  for the t ime indica ted  
in Table  2 and  analyzed  by means  o f  
G C / E I M S .  

These react ion mixtures  accord ing  to the mass  
spec t rometr ic  analysis  exhibi ted  co r r e sponded  
to 1- t r i f luoroacetoxy-2,2 ,6 ,6- te t ramethylpipe-  
r idines (2A). 1-Trif luoroacetoxy-2,2,6 ,6- te t ra-  
methy lp iper id ine  (2Aa, R = R ' = H )  was 
detected in the react ion mixtures  in exper iments  
(1), (2) and  (7). l -Tr i f luoroace toxy-4-oxo-  
2 ,2 ,6 ,6- te t ramethylpiper id ine  (2Ae, R = R '  = 0) 
was found  in the react ion mixtures  o f  the exper-  
iments  (5) and (6). 1 ,4-Di( t r i f luoroacetoxy)-  
2 ,2 ,6 ,6- te t ramethylpiper id ine  [2Ab, R = H, 
R '  = CF3C(O)O ] was found  in the react ion mix- 
tures o f  the exper iments  (3), (4) and  (8). The 
par t ia l  mass  spectra  (ELMS) o f  der ivat ives  
2Aa--c are presented  in Table  1. 

Table 3. The results of spectrophotometric determination of 
nitroxide radicals using TFAA-I reagent (2,; b = 362 nm. 

I = 1 cm) 

Nitroxide Taken Found Error RSD 
radical I (nmol) (nmol) (%) (n = 6) 

la 100.0 103.0 3 0.036 
400 408 2 0.028 

1000 980 - 2 0.022 
lb 100.0 102.0 2 0.037 

200.0 196.0 - 2  0.018 
400 406 1.5 0.025 
600 599 - 0. ! 0.026 
800 799 -0.9 0.018 

1000 1000 0.0 0.0018 
lb (l = 5 cm) 20.0 19.1 -4.5 0.092 

40.0 39.6 2.5 0.070 
60.0 62.0 3.3 0.045 

100.0 101.0 1.0 0.026 
lc 100.0 97.0 - 3.0 0.036 

400 390 - 2.5 0.032 
1020 1020 2.0 0.036 
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Table 4. Comparison of the reaction course of nitroxide radicals 1 with the various acylating agent-sodium iodide s y s t e m s  

Iodine (~mol) released during reduction 
of nitroxide radicals 1 (100 gmol) 

l a  l c  l d  

Acylating agent-Nal Exposed time (rain) 
reagent (a) l l0 30 I l0 30 1 l0 30 

I. Ac20-NaI 0.0 0.0 0.0 
2. AcCl-NaI 49.8 49.8 49.8 49.8 49.8 48.0 48.0 48.0 
3. TFAA-NaI 49.6 49.7 49.7 40.0 49.8 49.8 20.0 43.5 48.8 
4. PhC(O)C1-NaI 7.0 9.0 38.0 1.5 9.0 25.0 1.0 7.0 20.0 
5. TosCl-NaI 10.0 15.0 40.0 3.0 7.0 20.0 1.0 3.0 8.0 
6. MesC1-NaI 0.5 1.0 1.5 0.0 0.5 1.0 0.0 0.5 1.0 
7. AcOH-NaI (b) 18.0 39.0 49.7 13.0 32.0 45.0 1.2 2.4 7.4 

Nitroxide radicals 1 (I00 #mol) were treated with: (a) 800 ~mol of acylating agent and 500 #tool of sodium iodide, or 
(b) 1 ml (17.5 mmol) of glacial acetic acid and 500/lmol of sodium iodide (as above), respectively, and iodine was 
determined after the indicated exposure time. 

RESULTS AND DISCUSSION 

The reaction o f  the T F A A - I  reagent with 
nitroxide radicals 1 occurs with the format ion o f  
N - t r i f l u o r o a c e t y l o x y - 2 , 2 , 6 , 6 - t e t r a m e t h y l p i p e -  

ridines (2A) (confirmed by G C - M S  measure- 
ments o f  the reaction mixture, see Experimen- 
tal) and simultaneous release o f  elemental 
iodine (equation 1). The results o f  the titrimetric 
investigations on the reaction o f  nitroxide rad- 
icals with the T F A A - I  reagent and the related 
systems are presented in Table 4. These results 
reveal that  the rate o f  iodine format ion is 
strongly influenced by nitroxide radical struc- 
ture. Thus, the reactivity o f  T E M P O  radical ( la)  
appears to be higher than that 4 -oxy -T E MPO 
(le) which in turn is more  reactive than 3- 
c a r b a m o y l - P R O X Y L  radical (ld). The com- 
parison of  the activities o f  various reagents 
towards nitroxide radicals reveals the distinct 
differences in the application o f  the acyl reagent- 
N a I  systems, suggesting the dominat ing  role o f  
the acylation stage on the general course o f  the 
reaction. 

Consequently,  the nitroxide radicals are not  
reduced by the A c 2 0 - N a I  reagent. The similar 
'acylat ion powers '  o f  acetyl chloride and triflu- 
oroacetic anhydride are reflected by the similar 
results o f  nitroxide radicals reductions by means 
o f  the T F A A - I  and AcC1-Na!  systems. The 
nitroxides reductions occur also when they are 
carried out  in A c O H - N a I  acetone solution. In 
this case the reduction is slower in spite o f  ca. 

20-fold excess o f  acetic acid in compar ison with 
trifluoroacetic anhydride (TFAA)  used. The 
lower reaction rate is also observed for the 
reagents based on benzoyl chloride, p-toluene- 
sulphonyl chloride and methanesuiphonyl  
chloride and sodium iodide. This effect can be 
explained by the stabilization o f  the intermedi- 

ate radical cation 1A formed, caused by the 
benzoyl and also the sulphonyl substituents. 

These results illustrate superiority o f  the 
T F A A - I  in compar ison with other presented 
reagents in analytical application, especially 
that the alternative AcC1-NaI system cannot  be 
applied for the spectrophotometr ic  determi- 
nation o f  nitroxide radicals owing to a high 
blank level (Fig. l). For  reasons analogous to 
these discussed in our  former paper on appli- 
cation o f  the T F A A - I  reagent (Ref. 16), we have 
used a min imum of  a 4-fold molar  excess o f  
T F A A  and a 2.5-fold molar  excess o f  Na I  for 
the determination o f  nitroxide radicals on a 
# m o l  scale (iodometric titration procedure).  
The results o f  the iodometric and spectrophoto-  
metric determination o f  nitroxide radicals l are 
summarized in Tables 2, 5 and 6. 

The iodometric  titration o f  the iodine released 
permits one to determine nitroxide radicals at 

1.4 

1.2 d 

i.o 

0.8 c 

0.6 b ~ ~  

0.4 

0.~ a 

I I I 
5 I0 ]5 20 

T i m e  (rain.)  

Fig. 1. The dependence of released iodine quantity as a 
function of time: (a) standard solution of TFAA-I (without 
nitroxide radical), (b) solution of 1 ml of a 0.5 ml solution 
of sodium iodide and 0.1 ml of a 0.SM solution of acetyl 
chloride in 10 ml of acetone, (c, d) standard reaction mix- 
tures containing 500 nmol (c) or 1000 nmol (d) of nitroxide 

radical la in l0 ml of acetonic solutions. 
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Table 5. The results of  iodometric determination of  nitroxide radicals 1 using the TFAA-I  
and AcCI-Nal  reagents 

Nitroxide Exposed Taken Found Error RSD 
radical 1 time (rain) (,umol) (llrnol) (%)  (n = 6) 

la* 1 40.0 39.7 - 0 . 7 5  0.0062 
1 100.0 99.4 - 0 . 6  0.0038 
1 200.0 199.0 - 0.5 0.0025 

lb* t  I 40.0 39.7 - 0 . 7 5  0.0055 
I 100.0 99.5 - 0 . 5  0.0030 
1 200.0 199.2 - 0.4 0.0023 
1 600 599t 0.1 0.0026 
1 1000 I O00f 0 .0  0 .0018  

le* 10 40.0 39.6 - t.O 0.0084 
10 100.0 99.4 - 0.6 0.0065 
10 200.0 199.0 - 0 . 5  0.0052 

ld~: 30 40.0 39.7* - 2 . 5  0.0094 
30 100.0 97.5* - 2 . 5  0.0084 
30 200.0 194.5" - 2 . 7 5  0.0070 

1 40.0 39.0:~ - 2.5 0.0062 
1 100.0 98.0~ - 2.5 0.0067 
1 200.0 195.0+ + - 2.5 0.0050 

The determinations of iodine were performed after addition to the nitroxide radical 
solutions the following amounts  of  reagents: 

*0.8 mmol  of  T F A A  and 0.5 mmol  of NaI,  
t l . 6  mmol  of  T F A A  and 2.0 mmol of NaI, 
$0.8 mmol of AcCI and 0.5 mmol of  NaI. 

the 40-1000 /~mol level with an average devi- 
ation up to +2 .8% (RSD 0.0018-0.0094). This 
method is especially recommended for the 
fast and accurate determination of nitroxide 
radicals (e.g. determination of purity of 1, see 
Table 6). 

For  kinetic reasons, a 100-fold molar excess 
of TFAA-I has been applied for the determi- 
nation of  nitroxide radicals on a nmol scale 
(spectrophotometric procedure). Consequently, 
the blank correction is only required in the 
spectrophotometric procedure since the iodine 
from air oxidation constitutes, in this case, a 
substantial part of the total released iodine. In 
fact, examination of  the course of iodine release 
as a function of time (Fig. 1), reveals that the 
reaction is complete in a short time (dependent 
on the structure of  the nitroxide radical) after 
mixing of  the solutions, with gradual sub- 
sequent increase of the iodine level caused by a 
side oxidation (A = 0.02--0.03 in 20 min). For 

this reason the blank reaction is run separately 
and its absorbance (A0) is subtracted from that 
for the nitroxide radical determination (A). The 
very low molecular absorbances of nitroxides 1 
and hydroxylamine-O-trifluoroacetates (2A) in 
the analytical wavelength region (Fig. 2) practi- 
cally eliminates the requirement of additional 
correction of absorbance. The results of the 
spectrophotometric determinations of nitroxide 
radicals 1 are given in Table 3. This spectropho- 
tometric method permits the determination of 
nitroxide radicals (equivalent to released iodine) 
at the 100-1000 nmol level in standard (l = 1 
cm) and at the 20-100 nmol level using cuvettes 
with light path l = 5 cm. The average deviation 
of these determinations is ___ 3% (for the level 20 
nmol, 4.5%) and RSD 0.018-0.092. The sensi- 
tivity of this method seems comparable with the 
sensitivities offered by EPR techniques (Fig. 2), 
additionally presenting better versatility and 
simplicity of measurements. 

Table 6. Determination of purity of  nitroxide radicals la--c 

Nitroxide radical 
I 

(100 #tool) 

Number  of crystallization 

I II III  
- Literature' 

m.p. ( C )  

la  m.p. ( C )  33.5-35.0 35.0-36.5 
purity (%)* 96.0 97.5 

lb m.p. ( 'C)* 70.5 72.0 71.0 72.0 
purity (%) 97.8 98.8 

lc m.p. (C)*  35.5 36.5 36.0-37.0 
purity (%) 97.5 99.0 

36.0 37.0 
99.7 

71.5--73.0 
99.4 

39.0-39.5 
99.5 

36 -38 

69 71 

36 37 

*According to the iodometric titration procedure 
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Fig. 2. UV and EPR spectra: (a-c) solutions of nitroxide radical la  containing 1000 nmol (a), 200 nmol 
(b), and/or  8 nmol (c) of la  in l0 ml of acetone, (d) l x 10-4M solution of N-trifluoroacetyloxy-2,2,6,6- 
tetramethylpiperidine (1000 nmol of hydroxylamine 2a and 0.1 ml of a 0.5M solution of TFAA in 10 ml 
of acetone). (e) standard solution of TFAA-I  (without nitroxide radical), (f, g) standard reaction mixtures 

containing 200 nmol (f) or 1000 nmol (g) of nitroxide radical la  (in l0 ml of acetone), respectively. 

This reaction has also been examined in re- 
spect to the addition order of sub-components 
of TFAA-I. Thus, if trifluoroacetic anhydride 
was added first (reverse mode), and after the 
exposure time (indicated in Table 7) followed by 
addition of sodium iodide, the quantities of 
iodine determined decreased with prolongation 
of the exposure time (see Table 7). 

This effect is in accordance with the mechan- 
ism of disproportion of protonated free nitrox- 
ide radicals (Ref. 17) and was also confirmed by 
GC-MS measurements of the reaction mixtures 
of 1 and TFAA (see Experimental). This slow 
rearrangement of derivatives IA creates a possi- 
bility for the differentiation of nitroxide radicals 
1 and nitrones 3 (Table 7). Thus, in the reverse 

Table 7. Differentiation of nitroxide radicals 1 and nitrones 3 using the reverse order 
titration procedure 

Determination of iodine (%)* 

Structure Taken Time (rain) 

(lumol) I 2 3 4 5 

Ph / / P h  

\o- 
I00 0.2 0 0 0 0 

Ph. + . CH 3 
\ c _ _ N /  

H//  \ O -  
100 3 2 0.2 0 0 

H O - ~ - - O "  100 98.7 97.2 94 90 82 

*According to the iodometric titration-reverse order procedure 
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Table 8. Comparison with other methods of nitroxide radicals 1 determination 

525 

Time Range Accuracy Standard 
Method (rain) (retool) (nmol ) (%) used 

A. Reduction of I with KI in glacial acetic acid. 30-45 1.6-0.7 0.24).9 lb and 
Titration of iodine with 0.1M Na2S203.6 PhC(O)O-TEMPO 

B. Amperometric titration of I with 0.014).lM 0.22-0.001 1.1~,.5 TEMPO and PROXYL 
cerium (IV) sulphate 7 radicals 

C. Prereduction of I with ascorbic acid. Redox back 
titration with standardized solution of iodine s 

D. Acylation-reduction of 1 with the TFAA-I or AcCI-I. 
lodometric titration with 0.02M Na,_S203 (Table 6) 

E. Acylation-reduction of 1 with the TFAA-I. 
Spectrophotometric determination of iodine (Table 2) 

1-10 1.0-0.040 0.1-2.5 la-d 

2 1000-20 0.1~$.5 la--c 

mode of the TFAA-I procedure (TFAA is used 
in the first stage, followed by addition of NaI) 
(equations 2 and 3), the corresponding N-O-  
trifluoroacetyl derivatives 1A and 3A, formed 
during the treatment of 1 and 3 by means of 
TFAA, rearrange at different rates to 2A and 5, 
respectively, which are not able to oxidize the 
iodide anion. '5:6 (The mechanism of the reac- 
tion of nitroxide radicals I with the TFAA-I and 
related reagents is under investigation.) 
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Summary--Fast heating programmes for determining aluminium and chromium in vegetables using 
electrothermal atomic absorption spectrometry with slurry sampling are developed using wall atomization. 
The build-up of carbonaceous residues inside the atomizer is avoided by adding 4% hydrogen peroxide 
and 1% nitric acid to the slurries instead of using an air-ashing stage. In accordance with fast-programme 
methodology, the conventional drying and charring steps are replaced by a modified drying stage, 
simplifying the heating programmes. For suspensions containing 0.1% m/V of ground vegetables, the 
relative standard deviation (RSD) is about +5% for aluminium. For chromium determination, the use 
of 0.5-1% m/V suspensions leads to RSDs close to +4%. Calibration is carried out using aqueous 
standards. The aluminium and chromium contents of a number of vegetable samples obtained by using 
the slurry approach agree with those obtained by means of a conventional procedure based on the total 
dissolution of the samples. The reliability of the procedures is also confirmed by analysing two certified 
reference materials, 

Aluminium is one of the most common elements 
in the earth and relatively high levels are found 
in vegetables which could have a potential im- 
pact on the environment, animals and man. 
Chromium is present at low levels and may be 
toxic if certain limits are exceeded. The dissol- 
ution of chromium from stainless steel which is 
widely used in the food industry, is probably the 
main source of chromium contamination of 
food. ~ Electrothermal atomization atomic ab- 
sorption spectrometry (ETAAS) can be used to 
determine both elements and a number of 
papers concerning the determination of  alu- 
minium 2-t2 and chromium 1'--18 in foods and bio- 
logical samples by ETAAS have been published. 

However, the dissolution of samples for 
analysis in the conventional ETAAS practice is 
a long and tedious process. When a suitable 
particle size for solid samples can be at- 
tained, ~9'2° the use of suspensions has proved 
useful for ETAAS purpose because, in addition 
to a considerable saving of  time and effort, there 
is a smaller risk of contamination and loss of 
analyte. One practical problem associated with 

*Author to whom correspondence should be addressed. 

the atomization of suspensions prepared from 
biological materials is the build-up of carbon- 
aceous residues inside the tube, which, in some 
instances, can even block the light beam. This 
can be avoided by using an air-ashing step, 17'21'z2 
although old electrothermal atomizers do not 
permit this. As has been recently reported, 23 25 
the addition to the slurry of a chemical oxidant 
can also alleviate this problem since the action 
of the chemical during the heating cycle has a 
similar effect to that exercised by the air-ashing 
step. This method of decreasing the accumu- 
lation of organic residues can be of practical 
interest, since it allows a number of low-cost or 
old instruments to be used in slurry-ETAAS 
analyses of materials with a high organic con- 
tent. 

This simple approach together with heating 
programmes based on fast-programme method- 
ology26 28 are used in this study to develop 
procedures for the rapid determination of 
aluminium and chromium in vegetables. The 
reproducibility and accuracy of the results in 
a wide variety of vegetable matrices are 
studied and two reference materials are analysed 
to confirm the reliability of the proposed 
methods. 
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EXPERIMENTAL 

Instrumentation 

A Perkin-Elmer Model 1100B atomic-absorp- 
tion spectrometer equipped with deuterium-arc 
background correction and an HGA-400 elec- 
trothermal atomizer were used. The measure- 
ments were made using hollow cathode lamps 
operated at 15 and 10 mA lamp currents, 0.7 nm 
slits and 309.3 and 357.9 nm wavelengths 
for aluminium and chromium, respectively. 
Wall-atomization was used for both elements 
using Perkin-Elmer pyrolytic graphite coated 
tubes (Part number B013-5653). Background- 
corrected integrated absorbance was used as the 
analytical signal. Argon (purity higher than 
99.999% SEO, Spain) was used as the inert gas, 
the flow-rate being 300 ml/min during all stages 
except during atomization, when the flow was 
stopped for chromium. In some instances, a 
miniflow of 30 or 100 ml/min was maintained 
during aluminium atomization to decrease sen- 
sitivity. A Branson ultrasonic bath of  14 W 
constant power was used. A Fritsch ball-mill of  
80 ml capacity with 20 agate-balls of 1 cm 
diameter was also used. 

Reagents 

High quality water obtained using a Milli-Q 
system (Millipore) was used throughout. All 
glassware, plasticware, storage bottles and 
pipette tips used were previously immersed for 
several hours in a 20% v/v nitric acid solution 
and then rinsed with water. Aluminium-free 
paper was used for cleaning pipette tips. Stock 
solutions of aluminium and chromium (1000 
/~g/ml) were obtained from Panreac (Spain) and 
diluted as necessary to obtain working stan- 
dards. High quality ethanol (Riedel-deHa~r), 
concentrated (65% m/V) nitric acid (Merck), 
perchloric acid (Probus, Spain) and 30% m/V 
hydrogen peroxide (Fluka) were used as re- 
ceived. 

Analytical procedures 

The vegetables were obtained from a local 
supermarket, washed repeatedly with pure 
water, chopped and oven-dried at 90°C. The 
dried samples were first ground in a domestic 
grinder for 15 sec and then in a bali mill for 15 
min. No sieving was carried out. 

Suspensions were prepared by adding 2 ml 
ethanol, 1 mi hydrogen peroxide and 0.25 ml 
concentrated nitric acid to the ground sample 

(typical amounts ranged between 10 and 500 
mg, depending on the metal and its level in the 
sample), the solution being finally diluted up to 
25 ml. The use of  a high speed tissue homogen- 
izer was discarded because of  the high contami- 
nation observed for both elements. The 
suspensions were submitted to ultrasounds for 5 
min and then magnetically stirred for another 10 
min. The same practical results were obtained 
by using a manual homogenizer with teflon 
pestle and glass tube. While the suspensions 
were being continuously stirred, 20/~1 aliquots 
were taken and injected into the furnace. The 
heating programmes given in Table 1 (where the 
quoted temperatures are values set on the HGA- 
400 power supply) were run and the background 
corrected peak areas due to the analytes ob- 
tained. Calibration was performed by injecting 
aqueous standards under the same experimental 
conditions. Certified reference materials were 
analysed in the same way. 

The samples were previously analysed for 
comparison purposes. Fractions of 0.2-1 g of 
the dried, ground vegetables were calcined at 
500°C for 8 hr. The ashes were treated with 5 ml 
nitric acid, heated to dryness and then again 
treated with 2 ml nitric acid and 2 ml perchloric 
acid before heating to almost dryness; 2 ml 
hydrogen peroxide was then added and, after 
the digestion was complete, the solution was 
diluted with water and evaporated to reduce 
acidity, and finally diluted up to 50 or 100 ml 
with water. Aliquots of 20 #1 were directly 
injected into the furnace to obtain signals within 
the linear response range. 

RESULTS AND DISCUSSION 

The use of STPF conditions for aluminium 
determination is widely recommended:.~,29 
although this is far from being a general 
rule. 5'3°'3~ This is not surprising since in those 
cases where the analyte requires a high atomiza- 
tion temperature, as occurs with aluminium, 
and depending on the type of sample, the same 

Table 1. Fast-furnace programmes for the determi- 
nation of aluminium and chromium in vegetables 

Temperature Ramp Hold 
Step (°C) (sec) (sec) 

Dry 200 1 20 
Atomize 2500*/2300? 0 3 
Clean 2650 1 3 

*Aluminium, argon flow, 30 ml/min. 
?Chromium, the gas flow was stopped. 
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practical results can be obtained by using wall 
atomization or platform atomization. 32'33 For 
this reason and because of the saving which can 
be made by using pyrolytic tubes instead of the 
more expensive platforms for routine purposes, 
the procedure here studied was optimized by 
comparing the results obtained with both atom- 
ization modes. 

Since some of the samples analyzed had too 
high an aluminium content, it was necessary to 
reduce the sensitivity. For this purpose, alterna- 
tive lines or a low-flow of  the purge gas during 
the atomization stage were tried. 34 Wavelengths 
below 300 nm produced a sufficient decrease in 
sensitivity; however, the radiation intensity was 
very low and showed poor signal/background 
ratios, thus diminishing the reproducibility. The 
396.2 nm line permits the calibration range to be 
extended 3K but the reduction in sensitivity 3s is 
only about 20%. The sensitivity could also be 
decreased 34 by about 50% by using the 394.4 nm 
line, but this was still insufficient for the purpose 
desired. On the other hand, better results were 
obtained when, operating at 309.3 nm, the 
argon flow was not fully stopped at the atomiza- 
tion step. Figure 1 shows the results obtained 
using alternative lines and the effect of the purge 
gas flow for a vegetable slurry. A flow ranging 
from 30 to 300 ml/min was selected. This per- 
mitted the analysis of all the samples with their 
very different aluminium contents without the 
necessity of preparing extremely diluted suspen- 
sions with their inherent problem of poor repro- 
ducibility. 

inner purge gas f l o w - r o t e / r o t  rnin -1 

0 10 30 50 100 200 300 

"T 0.2 ~ B  0.1~- 

#. #. 
X X 
o ~0.2 o 0.1 

< 

o.o 

Wovelength/nm 

Fig. I. Effect of  different wavelengths (A) and argon flow 
rate (B) during the atomization step on the slope of  alu- 

minium calibration graphs. 

Composition of the suspension medium 

Preliminary experiments concerning alu- 
minium quantification in different samples and 
reference materials using water as the suspend- 
ing medium led to standard additions graphs 
with no reproducible slopes, most of the results 
being too high for the aluminium content. In 
addition, the slopes of calibration addition 
graphs (additions of suspension to a reference 
solution) were different to those shown by stan- 
dard additions lines, confirming the unreliability 
of the results obtained. Similar results were 
obtained when either wall or platform atomiza- 
tion were used. To overcome these difficulties, 
the use of  several chemical modifiers 
[Mg(NO3)2, Pd(NO3)2, NH4 H2 PO4, K2 Cr2 07, 
NH4NO3] was tried, and again, the results 
obtained when using both atomization modes 
differed from the true values and an increase in 
the absorption background, as has been pre- 
viously reported, 33 was observed. A number of 
additional experiments showed that sulphate 
and halides could be discarded as the cause of 
the poor results. The non-reproducible slopes 
are possibly a result of the formation of col- 
loidal aluminium compounds, 3~ as is suggested 
by the fact that only the addition of nitric acid 
to the suspension medium 2'4"5"3°'36"37 led to the 
correct results being obtained. Apparently, in 
addition to extracting a fraction of the analyte 
into the supernatant, nitric acid plays an im- 
portant role in reproducibility. 36 A detailed 
study was carried out using a 0.5-5% concen- 
tration range of nitric acid in the suspension 
medium. With concentrations at or above 1% 
the slopes of standard additions calibration 
graphs obtained using either of the atomization 
modes were reproducible and practically identi- 
cal to those obtained for aqueous standards, 
leading to correct results for the aluminium 
content. Other authors 4 used higher percentages 
of  acid (5% of  HNO3), which also led to exact 
results. In our opinion, to enlarge the useful 
lifetime of the pyrolytic material, it is preferable 
to maintain the nitric acid concentration as low 
as possible and so a 1% acid in the suspension 
medium was selected as adequate. 

The direct atomization of suspensions pre- 
pared from the ground vegetable samples pro- 
duced an accumulation of carbonaceous 
residues inside the atomizer. Thus, a periodic 
cleaning of the tube was necessary. 2,3 This effect 
was more marked for concentrated suspensions. 
Since the only electrothermal atomizer available 



0.20 did not permit an air-ashing stage to be included 
in the programme, a recently reported 23-2s 
simple approach based on the addition of hy- 
drogen peroxide to the suspension medium was 
used. The combination H202-HNO3 proved an 
adequate suspension medium for biological ma- 
terials, thus acting as a true chemical modifier 
during the drying step. When 4% H202 and 1% 
HNO3 were used, the carbonaceous residues 
remaining after the atomization step practically 
disappeared, the background signals obtained 
were very low and a mechanical cleaning of the 
inside of the graphite tube was only needed 
occasionally. It must be noted that most of the 
experiments were performed using percentages 
of solid matter below 1% in the suspension 
medium. Thus, after 50 injections of 20 ~1 of a 
0.5% suspension, no carbonaceous residue was 
observed. When the suspension concentration 
was higher than 1%, the optimal oxidant con- 
centration had to be reconsidered. Ethanol (8%) 
was added to the suspensions to aid dispersion 
of particles, although aliquots were hand- 
pipetted while solutions were magnetically 
stirred} 4 

For the determination of chromium, the same 
suspension medium as was used for aluminium 
is recommended, thus standardizing both pro- 
cedures. 

Optimization of furnace programmes 

Since the preliminary experiments showed 
that the action of hydrogen peroxide together 
with the use of diluted suspensions led to low 
background signals, the heating cycles were 
optimized by means of fast-programme method- 
ology. 26-28 For aluminium, the conventional dry- 
ing and ashing steps were replaced by a modified 
drying stage performed at 200°C during 20 sec 
for wall atomization and 400°C during 30 sec 
for platform atomization. The atomization tem- 
perature was studied in the 1800-2650°C range 
(Fig. 2). The maximum signal was reached at 
2300 and 2600°C for wall (curve A) and plat- 
form (curve B) atomization, respectively. Using 
these temperatures, the appearance time of the 
signals were 1.4 and 2.6 sec, respectively. Our 
experience has shown that when using platform 
atomization at temperatures higher than 
2500°C, the useful lifetime of the atomizers was 
about 200 and 300 firings for standard and fork 
platforms, respectively, whereas the lifetime of 
tubes operating at the same temperature was 
much higher. Since the results obtained were 
similar as regards sensitivity and precision when 
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Fig. 2. Influence of the atomization temperature on the peak 
area signals for AI using wall (A) and platform (B) atomiza- 

tion and Cr using wall atomization (C). 

either atomization mode was used, wall atom- 
ization was finally selected to cut costs. 
Although the gas flow was not stopped during 
atomization, a partial condensation of the 
analyte in the cold zones of the atomizer might 
have produced cross-contamination. 3s To avoid 
this problem, a temperature of 2500°C was 
selected. By means of a second firing it was 
verified that the amount of aluminium remain- 
ing inside the atomizer was negligible. A clean- 
ing stage at 2650°C was also included in the 
programme. 

In a similar way, the programme for chro- 
mium was optimized. In this case, when using a 
platform, the holding time during the atomiza- 
tion stage had to be at least 7 sec, which 
shortens the lifetime of the atomizer. In ad- 
dition, the signal showed a tail, which became 
more marked with the aging of the platform. 
Consequently, wall atomization was again se- 
lected. Maintaining a drying temperature of 
200°C for 20 sec, the atomization temperature 
was varied from 1800 to 2650°C (Fig. 2, curve 
C). The peak area increased up to 2100°C and 
a 2300°C value was selected since higher tem- 
peratures distorted the peak profiles. In this 
case, the argon flow was stopped during the 
atomization step owing to the lower sensitivity 
for chromium and the lower content of this 
element in the samples. A cleaning stage was 
also included to avoid the carryover of chro- 
mium. The final furnace programmes are given 
in Table 1. 

Extraction of the analyte into the aqueous phase 

As previously described 5.23.2a when dealing 
with slurries there is generally a partial 
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Table 2. Extraction of aluminium and chro- 
mium from a bean leaves slurry by addition of 

nitric acid 

% Extraction 
Nitric acid 
(%) Aluminium Chromium 

0.0 34.7 45.0 
0.4 79.9 61.8 
1.0 78.0 76.0 
2.5 81.9 81.4 
5.0 84.8 82.2 

10.0 84.6 84.7 

extraction of the analytes into the aqueous 
phase of the suspension. Table 2 shows the 
extraction percentages obtained from bean 
leaves suspensions containing 4% hydrogen per- 
oxide in a 0--10% nitric acid range. The samples 
were magnetically stirred for 15 min at room 
temperature and aliquots were centrifuged to 
allow all the solids to settle out. The supernatant 
liquid fraction was then injected into the fur- 
nace. Values significantly increased in the 
presence of nitric acid. The high extraction 
percentage (approximately 75% of the A1 and 
Cr were in the liquid phase for 1% acid) meant 
that the reproducibility was less dependent 
on the number of particles sampled in each 
injection and, consequently, led to a better 
precision. 

Although analyte extraction was also possible 
with other acids (HC1, HF, HCIO4, H2SO4), 
interferent effects appeared in the deter- 
mination of aluminium. 2s'3s Chloride and fluor- 
ide produced a decrease in the analyte signal in 
both the suspension and the supernatant due to 
the formation of volatile halides, which de- 
creased the atomic density in the atomization 
stage. 

Influence of the slurry concentration 

The precision of the procedure was studied 
using different slurry concentrations ranging 
between 0.007 and 0.16% for aluminium and 
0.04-2.0% for chromium in cauliflower (80 and 
1.9 #g/g of A1 and Cr, respectively). Figure 3 
shows the concentration ranges in which a linear 
response for the A1 (Fig. 3a) and Cr signals 
(Fig. 3b) were obtained. In each case, the mean 
value and the standard deviation calculated for 
10 replicate determinations for each slurry con- 
centration are given. In addition, a bar graph 
showing the relative standard deviations is also 
presented. Two successive atomization steps 
were performed to check that aluminium was 
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Fig, 3. Effect of the suspension concentration on the signal 
obtained for (a) Al and (b) Cr. Bar graphs indicate RSD 

values. 

< 

not retained in the tube. RSD values were below 
+7%, except for very diluted suspensions, 
which gave peak area signals lower than 0.05 
sec. Optimal slurry percentages ranged from 
0.03 to 0.15 and 0.3-2.0% for A1 and Cr, 
respectively. 

Calibration and results 

Figure 4 shows absorbance-time profiles 
(solid lines) for aluminium and chromium re- 
sulting from the analysis of vegetable slurries. 
These plots were similar to those observed 
for simple aqueous standards, indicating that 
the effect of chemical interferences due to the 
matrix was negligible. The background signals 
were very low (dotted lines). The standard ad- 
ditions method was also used to investigate 
the possibility of interference by the matrix. 
Each graph was constructed from five points 
and each point was measured three times. 
The slopes of the aqueous standards and stan- 
dard additions graphs were similar, confirm- 
ing the absence of interference from the 
matrix and showing that the method permitted 
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Fig. 4. Atomization profiles (solid lines) of Al obtained from a 0.1% bean leaves slurry (a) and Cr obtained 
from a 0.92% cauliflower slurry (b). The dotted lines give the background absorbance. 

aqueous  s t anda rds  to be used for  ca l ibra t ion .  
The  p r o p o s e d  slurry p rocedures  were appl ied  
to a wide range o f  vegetable  mater ia ls .  
Resul ts  for  a lumin ium and  c h r o m i u m  are 
included in Table  3, showing the compara t i ve  
results ob ta ined  by the s lurry me thods  and 
those  ob ta ined  with a conven t iona l  p rocedure  
based  on dry-ash ing  and acid  dissolut ion.  
Al l  values are  in good  stat is t ical  agreement .  
The  me thods  were va l ida ted  using two 
certified reference mater ia l s  and  good  
concordance  with the certified values was 
obta ined .  To d iscard  the possible  effect o f  
con t amina t i on  due to gr inding,  these certified 

mater ia l s  were analysed  bo th  as received 
and after  a gr inding  stage identical  to that  
appl ied  to the samples,  no differences being 
noted.  

A graphic  compar i son  o f  the results ob ta ined  
by the p roposed  procedures  and  those 
certified or  ob ta ined  by minera l iza t ion  led 
to cor re la t ion  graphs  which pa ramete r s  showed 
no significant differences with the hypothe t ica l  
values. Resul ts  o f  o rd ina te  ___ confidence 
interval  (CI, 95%)  for  A1 and Cr  were 
0.015 +__ 1.125 and  0.037 +__ 0.072 #g/g ,  respect-  
ively. Slope ___ CI  (95%),  were 1.0023 __+ 0.0298 
and 1.0090 + 0.0809 for  A1 and Cr, respectively.  

Table 3. Aluminium and chromium contents in vegetables 

Aluminium (pg /g ) Chromium (pg /g ) 
(mean 5- SD) (mean ___ SD) 

Slurry Wet-ashing Slurry Wet-ashing 
Vegetable procedure procedure procedure procedure 

Potato 6.5 + 2.5 6.4 _+ 0.7 0,59 + 0.041 0.64 5- 0.005 
Celery 11.95- 1.5 10.4 _ 0.8 0,15+0.008 0.15 _ 0.009 
Carrot 50.4 ± 6.7 50.2 ± 1.5 0.37 + 0.023 0.37 _+ 0.013 
Cauliflower 80.6±11.8 83.8+4.9 1.975-0.114 1.93+0.098 
Bean leaves 182.0 ± 8.2 185.4 ± 6.7 0.77 __+ 0.020 0.75 5- 0.022 
Citrus leaves 95.0 ± 2.0 92.0 + 15.0" 0.78 + 0.072 0.80 + 0.200* 
(SRM 1572) 
Apple leaves 289.0 ± 7.0 286.0 + 9.0* 0.38 5- 0.035 0.3t 
(SRM 1515) 

*Certified value. 
tNot certified. Value is given by the supplier for informative purposes. 
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CONCLUSION 

The determination of aluminium and chro- 
mium was carried out using the slurry technique 
for the direct analysis of vegetables, and proved 
an alternative method to the introduction of 
solutions in ETAAS for routine analysis. 
Sample preparation was very simple, thus 
avoiding any risk of contamination. The use of 
fast-programme methodology led to a consider- 
able saving of time. No advantages were noted 
for platform atomization and so, wall atomiza- 
tion was used. Addition of both hydrogen per- 
oxide and nitric acid to the slurry eliminated the 
build-up of carbonaceous residues inside the 
tube, and there was no need of an air-ashing 
step. 
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Summary--The complexation of urea (ur) with manganese(II), nickel(II) and zinc(I1) ions has been studied 
by titration calorimetry in N,N-dimethylformamide (DMF) containing 0.4M (C 2 H s)4NBF4 as a constant 
ionic medium at 25°C. The calorimetric data were well explained in terms of the formation of [Mn(ur)] 2÷, 
[Mn(ur)2] 2+ and [Mn(ur)4] 2+ for manganese(II), [Ni(ur)] 2+ for nickel(II) and [Zn(ur)] 2+ and [Zn(ur)2] 2+ 
for zinc(II), and their formation constants, reaction enthalpies and entropies were determined. The 
complexation of the nickel(II)-urea system in DMF has also been studied by means of spectrophotometric 
titration and electronic spectra of individual nickel(II) complexes were determined. On the basis of the 
stepwise thermodynamic quantities and the individual electronic spectra of the complexes, it is revealed 
that the [Mn(ur)] 2+, [Mn(ur)2] 2+, [Ni(ur)] 2+, [Zn(ur)] 2+ and [Zn(ur)2] 2+ complexes have a six-coordinate 
octahedral structure, while the [Mn(ur)4] 2+ complex has a four-coordinate tetrahedral structure. 

Complexation of metal ions with anions is more 
enhanced in aprotic solvents such as N , N -  
dimethylformamide (DMF), dimethyl sulfoxide, 
pyridine and acetonitrile than in water, regard- 
less of  their different electron-pair donating 
abilities. ~-4 Large and positive entropies are 
usually associated with the complexation in the 
aprotic solvents. These are a result of the en- 
hanced solvation of anions in water, i.e. hydro- 
gen bonding of the ions with water molecules, 
compared with that in aprotic solvents, and also 
of the hydrogen-bonded water structure in the 
bulk, i.e. entropies of  reactions in nonaqueous 
solvents are closely related with structures of 
solvents. However, studies on complexation of 
metal ions with neutral ligands are rather lim- 
ited in nonaqueous solution. Extended works 
including various neutral ligands are necessary 
to elucidate thermodynamics of complexation in 
aprotic solvent. 

First row divalent transition metal ions are 
relatively hard acceptors and prefer a relatively 
hard donor atom. Relative affinities among 
halide ions to these metal(II) ions have been 
studied in aprotic solventY 3 The affinity de- 
creases in the sequence CI > Br > I and the 
metal(II) ions really behave as a hard acceptor 

*Author to whom correspondence should be addressed. 

in aprotic solvent. Knowledge on affinities of 
various donor atoms to the metal(II) ions must 
be important in view of hard and soft acids and 
bases. However, donor atoms other than halide 
ions have scarcely been examined in non- 
aqueous media. In this study we focused our 
attention on urea (ur) and thiourea (tu) and 
investigated their complexation with mangane- 
se(II), nickel(II) and zinc(II) ions in D M F  con- 
taining 0.4M (C2Hs)4NBF 4 as a constant ionic 
medium by precise calorimetry at 25°C. The 
formation of the nickel(II) complexes was also 
investigated by spectrophotometry. 

EXPERIMENTAL 

Reagents 

All chemicals used were of reagent grade. 
D MF  solvates of metal(II) tetrafluoroborate 
were prepared from relevant hydrates of  
metal(II) tetrafluoroborate and dried in vacuo 
over P205. Urea and thiourea were used with- 
out further purification and dried in vacuo at 
room temperature. Tetraethylammonium tetra- 
fluoroborate was recrystallized once from water 
and dried in a vacuum oven at 100°C. D M F  was 
purified as described elsewhere. ~° All D M F  sol- 
utions were prepared and treated under a dry 
nitrogen atmosphere. 

535 
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M e a s u r e m e n t s  

Calorimetric measurements were performed 
at 25°C on a twin-type calorimeter (Tokyo 
Riko, Japan) and a PC-9801VM computer 
(NEC, Japan) was used for the calorimeter 
control and data acquisition. ~4 Two Teflon- 
coated stainless steel vessels were inserted in an 
aluminium block thermostated at 25°C within 
+ 0.0001 °C. A test solution (40 cm 3) containing 
metal(II) tetrafluoroborate in the vessel was 
titrated with either 0.2 or 0.4M urea DMF 
solution by using an APB-118 autoburete 
(Kyoto Electronics, Japan) under a dry nitrogen 
atmosphere. All test solutions contained 0.4M 
(C2Hs)aNBF4 as a constant ionic medium. 
Heats of complexation ranging from 0.4 to 1.0 
J at each titration point were measured with an 
error of _+0.02 J (three standard deviations). 
Heats of dilution of titrants were measured by 
titrating a 0.4M (C2Hs)4NBF 4 DMF solution 
with either 0.2 or 0.4M urea DMF solution. 

Spectral changes with varying ligand concen- 
trations for nickel(II) urea DMF solutions were 
measured on a UV-2100 spectrophotometer 
(Shimadzu, Japan). The spectrophotometer was 
controlled with a PC-9801VM computer, which 
also stored absorbance data in 1 nm interval 
over the wavelength range 300-850 nm. A 
nickel(II) tetrafluoroborate DMF solution was 
placed in a reaction vessel with a thermostated 
water jacket and titrated with 1M urea solution 
by using an autoburet under a dry nitrogen 
atmosphere. The reaction vessel was connected 
to a flow cell with a light path length of 1 cm 
through Teflon and glass tubes. Absorbances 
were measured with an error of _+ 0.006 (three 
standard deviations). Spectrophotometric data 
at selected 50 wavelengths were used for a 
subsequent least-squares calculations. 

Data  analysis  

The overall formation of complexes between 
the divalent metal ion (M 2+ ) and ligand (L) can 
be defined as equations (1) and (2), considering 
the formation of only mononuclear species. 

M 2+ + nL = [ML.] 2+ (1) 

ft, = [ML2, + ]/[M 2+ ][L]". (2) 

The concentrations of free M :+ and L are 
related to their total concentrations, CM,~ and 
CL,, in a solution i by the following mass- 
balance equations. 

CMj = [M2+ ], + ZK [M2+ ]dL]i" (3) 

CL., = [L], + Znfl,[M 2+ ],[L]7. (4) 

A heat qi measured at a titration point i is 
represented by the overall formation constant ft, 
and the enthalpy AH~, of [ML,] 2÷ as equation 
(5), 

qi = - ( ViEf l ,  (AH 3,)[ Mz+ ]~[L]7 

_ L "  - V i  ,Efl.(AH~.)[M2+]~ ,[ ]~_,), (5) 

where V~ denotes the volume of the test solution. 
Similarly, an absorbance A,j measured in a 

solution i at a given wavelength 2j is expressed 
by the formation constant ft. and the molar 
absorption coefficient G(2j) as equation (6). 

A o. = ZG (2j)fl.[M 2+ ],[L]7 

+ CM(2j)[M2+]~+ EL(2j)[L]~. (6) 

Formation constants and enthalpies were ob- 
tained simultaneously by minimizing the error- 
square sums Z(qi,obsd- q~.¢al~) 2, and formation 
constants and molar absorption coefficients by 
YY-(Aq.obsd -- Aij.calcd) 2 using nonlinear least- 
squares programs MQCAL and MQSPEC, ~5 
respectively, which are based on an algorithm 
proposed by Marquardt. ~6 

RESULTS AND DISCUSSION 

Very small heat of complexation other than 
heat of dilution of titrant was evolved in the 
course of the titration of the manganese(II), 
nickel(II) and zinc(II) ions with thiourea in 
DMF and thus reliable values of the formation 
constant and enthalpy were not determined. 
Also, spectrophotometric titration data for the 
colored nickel(II) thiourea system slightly 
changed with varying the Ctu/CNi mole ratios, 
revealing that the formation constants of nick- 
el(II) thiourea complexes are very small. In the 
following, we describe the equilibria of the urea 
system. 

Sel f -assoc ia t ion  o f  urea 

Heats of dilution of urea solutions measured 
by titrating a 0.4M (C2Hs)4NBFa solution are 
endothermic and relatively large (0.5-1 J) as 
shown in Fig. 1, where the heat of dilution q 
measured at each titration point is normalized 
with the volume of the titrant added Jv and the 
concentration of urea in the titrant CL.tit, and 
the term --q/(JVCL.tit) is plotted against CL, 
where CL denotes the total concentration of urea 
in the test solution. Also, the endothermicity 
appreciably increases with increasing the con- 
centration of the titrant. The major part of heats 
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Table 1. The least-squares refinement of  overall formation constants, 
log(fl,,/M-{"-u), and enthalpies, AH°m,/kJ/mol, of  (ur), in N,N- 

dimethylformamide containing 0.4M (C2Hs)4NBF 4 at 25°C*? 

Dimer Trimer Dimer + trimer 

Log fl, - 0 .43  (0.05) - -  0.9 (I .1) 
Log f13 - -  0.56 (0.08) 0.7 (0.9) 
AH~2 -- 15.4 (l.0) - -  0.2 (2.6) 
AH~3 - -  - 9 . 8  (0.4) - 58 (84) 
R:~ 0.024 0.065 0.022 
tYobsd § 0.014 0.037 0.013 

*The number of calorimetric data points is 48. 
tValues in parentheses refer to three standard deviations. 
++Hamilton R factor. 
§Standard deviation of  the observed heats. 

of dilution (0.2-0.4 J) may usually be a result of 
the partial self-association of solute molecules in 
the titrant. The titrant solution is diluted to 
cause the dissociation of the self-associated mol- 
ecules to monomers when the formation con- 
stants of  the self-associated molecules are small 
and/or the concentration of the solute in the test 
solution is kept low throughout measurements. 
Since the concentration of urea in the test 
solution was low enough (less than 0.2M ) in the 
present case, the large and concentration-depen- 
dent heats of  dilution suggest that the self-as- 
sociated urea molecules do not completely 
dissociate to monomers by dilution. 

Urea molecules three-dimensionally connect 
each other by forming hydrogen bonds in crys- 
tal t7-2° and thus it is plausible that urea mol- 
ecules associate by hydrogen bonds to form 
polymeric species in DMF. The calorimetric 
data in Fig. 1 were then analyzed by considering 

2.0 

T ~.5 o \ 
2 

" ~ 0 . 5  I 

0 0~I 0.2 

CL/mOl d~-3 
Fig. 1. Calorimetric curves titrating 0.4M (C2Hs)4NBF 4 
solutions with urea in DMF at 25'~C. Concentrations of urea 
in titrant solutions, Ct.t~t/mM, are 398.7 (©) and 199.4 (0 ) .  
Solid lines were calculated by using the constants listed 

under dimer in Table 1. 

the formation of  sets of polymeric species and 
the Hamilton R factor and standard deviation 
of the observed heats tr were compared (see 
Table 1). The data were well explained in terms 
of the dimer formation but the curves calculated 
with the best-fit parameters obtained by an 
assumption of the trimer formation consider- 
ably deviate from the experimental points. No 
significant improvement of the R and cr values 
resulted by assuming the formation of both 
dimer and trimer. The least-squares calculation 
thus leads to a conclusion that urea associates to 
form dimers in DMF. The solid lines in Fig. 1, 
calculated using the parameters under dimer in 
Table 1, well reproduced the experimental 
points. The AG °, AH ° and AS ° values for the 
reaction 

2 ur = (ur)2 

2 . . . .  

T {a) {b} {c} 

1 1 

Q/CM 
Fig. 2. Calorimetric titration curves for (a) manganese(If), 
(b) nickel(If) and (c) zinc(If) ions and urea solutions con- 
taining 0.4M (C2Hs)4NBF4 at 25°C. Concentrations of 
metal ions in initial test solutions, CM.init/mM, and those of  
urea in titrant solutions, Ct..~,/M, are 19.76, 398.7 (O), 
52.23, 400.6 (0 ) ,  99.36, 400.6 ((I)), 79.96, 199.4 (01), 100.1, 
199.4 ( 8 )  and 119.8, 199.4 ( ~ )  for manganese(IlL 20.21, 
398.7 (O), 100.5, 398.7 (0 ) ,  79.92, 199.4 ((I)), 100.1, 199.4 
(@) and 150.4, 199.4 ( e )  for nickel(II), 48.45, 400.6 (©), 
81.14, 400.6 (O),  100,6, 400.6 ((I)), 79.51, 199.4 (@), 99.89, 
199.4 ( 8 )  and 119.6, 199.4 ( ~ )  for zinc(ll). Solid lines were 

calculated by using the constants listed in Tables 2-4. 
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Table 2. The least-squares refinement of overall formation constants, log(fl, tM -"), 
and enthalpies, AH ~,/kJ/mol, of [Mn(ur),] 2+ in N,N-dimethylformamide containing 

0.4M (C2Hs)4NBF 4 at 25°C*t 

(1, 2) (I, 2, 3) (1, 2, 3,4) (1, 2, 4) 

logfl~ 1.2(0.1) 1.0 (0.I) 1.1 (0.1) 1.1 (0.1) 
log f12 1.0 (0.3) 2.0 (0.1) 1.9 (0.3) 1.9 (0.1) 
log fls - -  2.3 (0.2) 2.6 (0.6) - -  
log ,B 4 - -  - -  2.7 (1.6) 3.6 (0.1) 
AH~, -4.1 (0.5) -5.2 (0.5) -4.8 (0.4) -4.4 (0.3) 
AH~2 -81 (61) -8.7 (1.1) - 11 (4) - 13.7 (2.4) 
AH~3 - -  -36  (13) - 17 (12) - -  
AH~4 - -  - -  -35(91) -18.9(1.1) 
R :~ 0.070 0.025 0.022 0.029 
trob~§ 0.039 0.014 0.013 0.016 

*The number of calorimetric data points is 108. 
tValues in parentheses refer to three standard deviations. 
:~Hamilton R factor. 
§Standard deviation of the observed heats. 

are  (2.5__+ 0.3; three s t anda rd  devia t ions)  
kJ /mol ,  ( - 1 5 . 4  __+ 1.0) kJ /mol  and ( - 6 0  ___ 4) J 
K -  ~ m o l -  ~, respectively.  

Manganese(II) complexes 

Calor imet r i c  t i t ra t ion  curves for mangane -  
se(I I ) -urea  solut ions  are shown in Fig. 2(a). In 
the figure, the t e r m  --q/(6VCL,tit) is p lo t ted  
agains t  CL/CM, where q is the heat  o f  reac t ion  
uncorrec ted  for  the heat  o f  d i lu t ion  o f  t i t ran t  
and  CM denotes  the to ta l  concen t ra t ion  o f  the 
metal  ion in the test solut ion.  

The  ca lor imet r ic  t i t ra t ion  curves were ana-  
lyzed by assuming  the fo rma t ion  o f  var ious  sets 
o f  m o n o n u c l e a r  complexes.  The d imer  for- 
ma t ion  o f  urea  was taken  into account  and  the 
fo rma t ion  cons tan t  and  en tha lpy  were fixed at 
the values descr ibed above  dur ing  the least-  
squares  calcula t ions .  The results are  c o m p a r e d  
in Table  2. The ca lor imet r ic  t i t ra t ion  curves 
were not  reproduc ib le  by an a s sumpt ion  o f  the 
fo rma t ion  o f  two complexes,  [Mn(ur)]  2+ and 
[Mn(ur)2] 2+, owing to large R and a values [see 

set (1, 2) in Table  2]. Sets (1, 2, 3), (1, 2, 3, 4) and  
(1 ,2 ,4 ) ,  which assume the fo rma t ion  o f  
[Mn(ur)3] 2+ and /o r  [Mn(urh ]  2+ in add i t ion  to 
[Mn(ur)]  2+ and [Mn(ur)2] 2+, gave apprec iab ly  
smaller  R and a values than the set (1, 2). The 
R and  a values for the set (1, 2, 4) are sl ightly 
larger  than those for  the sets ( 1 , 2 , 3 )  and  
(1, 2, 3, 4), but  the difference a m o n g  the three 
sets is marginal .  Fu r the rmore ,  the s t anda rd  
devia t ions  o f  the fo rma t ion  cons tan ts  for  the set 
(1 ,2,  4) are  r e ma rka b ly  smal ler  than those for 
the sets (1, 2, 3) and  (1,2,  3,4).  This  indicates  
that  the fo rmat ion  o f  [Mn(ur)3] 2+ is very much 
suppressed.  We thus p ropose  the fo rma t ion  o f  
the [Mn(ur)]  2+, [Mn(ur)2] 2+ and [Mn(urh]  2+ 
complexes  in D M F .  

Nickel(II) complexes 

Calor imet r i c  and  spec t ropho tomet r i c  t i tra-  
t ion da ta  o f  the nickel( I I ) -urea  system are  de- 
picted in Figs. 2(b) and  3(a), respectively. The 
electronic spect ra  show a m o n o t o n o u s  shift with 
increasing CL/CM in solut ion.  Both ca lor imet r ic  

Table 3. The least-squares refinement of overall formation constants, log( fl,,/M "), and 
enthalpies, AH~,/kJ/mol, of [Ni(ur),] 2+ in N,N-dimethylformamide containing 0.4M 

(C2Hs)4NBF 4 at 25C* 

Calorimetry Spectrophotometry 

(1) (1,2) (1) (1, 2) 

log fl~ 0.0 (0.1) 0.5 (0.7) 0.15 (0.08) 
log f12 - -  0.8 (0.5) - -  
AH]I,, -2.6 (0.4) -0.9 (1.0) - -  
AH~2 - -  -6.3 (3.2) - -  
Nt 90 90 2350 
R:~ 0.032 0.027 0.019 
trob~§ 0.012 0.010 0.006 

*Values in parentheses refer to three standard deviations. 
"['The number of data points. 
:~Hamilton R factor. 
§Standard deviation of the observed heats and absorbances. 

0.2 (1.0) 
0.6 (0.2) 

2350 
0.010 
0.004 
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Table 4. The least-squares refinement of  overall format ion constants ,  log( ft,/M -"), and 
enthalpies, AH°~,/kJ/mol, of  [Zn(ur),]  2+ in N,N-dimethylformamide containing 0.4M 

(C2Hs)4NBF 4 at 25°C*i " 

(1, 2) (1, 2, 3) (1, 2, 3, 4) (I ,  2, 4) 

logfl,  1.0 (0.1) 0.9 (0.1) 0.9(0.2) 1.0 (0.1) 
log fl: 1.3 (0.1) 1.6 (0.2) 1.7 (0.3) 1.6 (0.2) 
log f13 - -  2.2 (0.2) - 1.3 (large) - -  
log f14 - -  - -  3.0 (0.6) 3.2 (0.2) 
AH~, - 2 . 2  (0.3) - 2 . 6  (0.5) - 2 . 6  (0.6) - 2 . 4  (0.3) 
AH~2 - 14.5 (1.9) - 6 . 4  (2.7) - 5 . 8  (3.1) - 8 . 8  (2.7) 
AH ~ - -  - 12.0 (2,8) - large (large) - -  
A H ~  - -  - -  - 8 . 9  (5.8) - 1 0 . 8  (0.7) 
R~ 0.078 0.059 0.058 0.058 
aob~§ 0.013 0.010 0.010 0.010 

*The number  of  calorimetric data points is 108. 
tValues  in parentheses refer to three s tandard deviations. 
:~Hamilton R factor. 
§Standard deviation of  the observed heats. 

and spectrophotometric data were well ex- 
plained in terms of the formation of [Ni(ur)] :+ 
only (see Table 3). We further considered the 
formation of [Ni(ur)2] 2+. However, no signifi- 
cant decrease in the R and a values achieved, 
suggesting that the formation of [Ni(ur)2] 2+ is 
practically negligible under the experimental 
conditions examined. Very similar values of the 
formation constant of [Ni(ur)] 2÷ are obtained 
by calorimetry and spectrophotometry. The 
electronic spectrum of [Ni(ur)] 2+ in Fig. 3(b) 
shows a very similar pattern to that of the 
nickel(II) ion having an octahedral [Ni(dmf)6] 2+ 
structure, 2~ indicating the same octahedral ge- 
ometry of [Ni(ur)(dmf)5] 2÷. 

Zinc(II) complexes 

Calorimetric curves for the zinc(II)-urea sys- 
tem shown in Fig. 2(c) were analyzed by a 
similar manner to that employed for the man- 
ganese(II)- and nickel(II)-urea systems. The 

results are summarized in Table 4. The calori- 
metric data were well explained in terms of the 
formation of [Zn(ur)] 2+ and [Zn(ur)2] 2+ with 
appreciably small R and tr values [see set (1, 2) 
in Table 4]. Slightly smaller R and a values were 
obtained for sets (1, 2, 3), (1, 2, 3, 4) and (1, 2, 4) 
considering the formation of [Zn(ur)3] 2÷ and/or 
[Zn(ur)4] 2+ along with [Zn(ur)] 2+ and 
[Zn(ur)2] 2+, but the difference is not significant. 
Thus, complexes higher than [Zn(ur)2] 2+ are 
hardly formed under the experimental con- 
ditions examined. It is concluded that the 
zinc(II) ion forms the [Zn(ur)] 2+ and [Zn(ur)z] 2+ 
complexes in DMF. 

Stepwise thermodynamic parameters and coordi- 
nation structure 

The thermodynamic parameters for the step- 
wise formation of the complexes are summar- 
ized in Table 5. The species distribution 

Table 5. Thermodynamic  quantities, log(K,/M-k), AG o, AHO/kj/ 
mol, and AS°/J K -I  mol - I ,  for the stepwise format ion of  [M(ur),]  2+ 

in N,N-dimethylformamide at 25°C * 

Mn Ni Znm 

log K L 1.1 (0.1) 0.0 (0.1) 1.0 (0.1) 
log K 2 0.8 (0.2) - -  0.3 (0.1) 
log K 3 K 4 1.8 (0.1) - -  - -  

AG o - 6.5 (0.4) 0.0 (0.6) -- 5.9 (0.7) 
AG 0 - 4 . 3  (0.9) - -  - 1.7 (0.6) 
AC°+AG ° -10.0(0.8) -- -- 

AH ° - 4 . 4  (0.3) - 2 . 6  (0.4) - 2 . 2  (0.3) 
AH ° - 9 . 2  (2.6) - -  - 1 2 . 3  (2.1) 
AH ~ + AH 0 - 5.2 (3.2) - -  - -  

AS? 7 (3) - 9  (3) 12 (3) 
AS~ - 17 (12) - -  - 36 (9) 
AS~ + A S  ° 16(13) - -  - -  

*Values in parentheses refer to three s tandard deviations. 
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calculated by using the formation constants is 
depicted in Fig. 4. 

The manganese(II), nickel(II) and zinc(II) 
ions are present as the hexasolvate [M(dmf)6] 2+ 
in DMF. 2' In the nickel(II)-urea system, the 
[Ni(ur)] 2÷ complex has an octahedral structure 
because the electronic spectrum of the complex 
shown in Fig. 3(b) is very similar to that of  
octahedral [Ni(dmf)6] 2+. The [Mn(ur)] 2+ and 
[Zn(ur)] 2+ complexes also have an octahedral 
structure because of their similar AH 0 and AS 0 
values to those ofnickel(II), although there is no 
direct spectrophotometric evidence. Both AH ° 
and AS° values for manganese(II) and zinc(II) 
are more negative than the AH 0 and AS 0 values 
and this is a normal trend when no change in the 
coordination structure around metal(II) ion 
occurs. Thus, it is expected that the six- 
coordination around the manganese(II) and 
zinc(II) ions is kept in the [Mn(ur)2] and 
[Zn(ur)2] ÷ complexes. On the other hand, the 
(AH ° + AH °) and (AS°3 + AS °) values for man- 
ganese(II) is more positive than the AH ° and 
AS°) values. This indicates that the number of 
solvent molecules liberated on the formation of  
[Mn(ur)4] 2+ is large. The coordination structure 
around the manganese(II) ion changes from 
octahedral to tetrahedral at this step. Thus, we 
conclude that octahedral [Mn(ur)(dmf)s] 2÷, 
[Mn(ur)2-(dmf)4] 2÷, [Ni(ur)(dmf)s] 2÷, [Zn(ur) 
(dmf)s] 2+ and [Zn(ur)2(dmf)4] 2÷ and tetrahe- 
dral [Mn(ur)4] 2+ are formed in DMF. 

The enthalpy changes for the formation of 
[M(ur)(dmf)5] 2÷ (M = Mn, Ni, Zn) are all nega- 
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Fig. 3. (a) Typical variation of  electronic spectra of  nick- 
el(l l) urea D M F  solutions with varying molar ratios 
(CUCNi) in the range 350-850 nm at 25°C. The total 
concentrations of nickel(II) and urea, CNi and CL/mM, in 
measured solutions are (1) 150.4 and 0, (2) 125.3 and 167.2, 
(3) 107.4 and 286.6, (4) 93.98 and 376.1, (5) 75.19 and 501.5, 
(6) 60.15 and 601.8, and (7) 50.12 and 668.7. (b) Electronic 
spectra of individual nickel(lI) urea complexes in DMF. n 

represents [Ni(ur),] 2+. 

I 
0 . 5 ~  (b) 

0 I 2 3 
- I o g l [ L ] / m o l  din-3) 

Fig. 4. Species distribution of (a) manganese(II), (b) nick- 
el(II) and (c) zinc(II) urea complexes in DMF. n represents 

[M(ur),] 2+. 

tive in D MF  (see Table 5). On the other hand, 
the heats ascribed to the complexation of the 
metal(II) ions with thiourea were small but 
evidently endothermic. Although reliable ther- 
modynamic parameters of  complexation have 
not been determined for the thiourea system, it 
is thus demonstrated that the manganese(II), 
nickel(II) and zinc(II) ions prefer oxygen atom 
to sulfur one and behave as a hard acceptor in 
DMF. 

The entropy changes for the formation of  
[M(ur)(dmf)s] 2+ (M = Mn, Ni, Zn) are nearly 
zero as seen in Table 5. The D M F  molecules in 
the first coordination sphere within [M(dmf)6] 2÷ 
are expected to lose freedom of motion to a 
considerable extent. The solvating molecules are 
released from the solvation sphere of the 
metal(II) ions upon complexation and then en- 
ter a structureless bulk solvent to lead to a large 
entropy gain. In fact, the haiogeno complexa- 
tion of  the manganese(II), nickel(II) and zinc(II) 
ions in D M F  is accompanied by a large and 
positive entropy change, ~°-j3 as generally seen in 
aprotic solvent. L2 Desolvation of  anions also 
contributes to the positive entropy value of the 
reaction. Solvation of  non-charged molecules is 
expected to be weaker than that of anions, i.e. 
non-charged molecules may have enough free- 
dom of  motion in bulk DMF, and the ligand 
molecules appreciably lose their freedom of  
motion upon complexation. Thus, the entropy 
changes are expected to become a value close to 
zero as found in the case of the 2,2'-bipyridine 
complexes with divalent transition metal 
ions.  22-24 
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Summary--An efficient, real-time chemiluminescence detector for hydrazine vapor, N2 H4 (g), is described, 
capable of monitoring sub part-per-billion levels of hydrazine in air. The catalytic oxidation of hydrazine 
by colloidal platinum forms an intermediate, oxidizing agent (e.g. 'OH or 'OOH) which subsequently 
oxidizes luminol, generating a chemiluminescence signal that is proportional to the hydrazine concen- 
tration. Major components of the instrument include a photomultiplier tube (PMT), a short length of glass 
tubing coiled directly in front of the PMT cathode surface, a vacuum pump for sampling the air, and a 
peristaltic pump for circulating the liquid reagent. The liquid reagent, a basic solution (pH 13) of luminol 
and colloidal platinum, is continuously recycled. The detection sequence is initiated by pumping the 
hydrazine vapor through a short length of teflon tubing that is concurrently transporting the liquid 
reagent. The liquid is separated from the gas stream in an impinger and quickly pumped to the PMT. 
We have evaluated the effect of solution pH, luminol and platinum concentrations, and air and liquid flow 
rates on the analytical characteristics of this system. A linear, dynamic detection range for hydrazine has 
been obtained from 1 to 2000 ppb in air, with an instrument response that is fully reversible and achieves 
plateau response in less than 2 min. 

Hydrazine is a widely used propellant and a 
common precursor in the synthesis of a number 
of polymers, plasticizers, and pesticides. Owing 
to the toxic nature of hydrazine, there is a 
growing need in both industrial and government 
laboratories for the development of a highly 
sensitive, on-line monitor for low levels of 
hydrazine in air. This need is spurred by the 
American Conference of Governmental Hygien- 
ists' (ACGIH) proposal to lower the threshold 
limit value (TLV) for hydrazine from 100 ppb to 
10 ppb in air.' While other analytical techniques 
have shown success for the detection of hydra- 
zine, none combines the necessary qualities of 
an inexpensive, on-line, sensitive and selective 
monitor for hydrazine that is necessary for 
protecting the safety of workers in hazardous 
workplace environments. Examples of other 
techniques which have been used for the detec- 
tion of hydrazine include coulometry, 2 poten- 
tiometry, 3 mass spectrometry, 4 fluorescence, 5 
flow injection analysis, 6 and dosimetry. 7 

Chemiluminescence techniques have been 
successfully applied to the detection of numerous 
analytes. 8 These methods typically rely upon 

*Author to whom correspondence should be addressed. 

the oxidation of a chemically reactive species, 
e.g. luminol or lucigenin, and the subsequent 
emission of a photon from an electronic, 
excited-state intermediate. Chemiluminescence 
sensors are free of Raman and Rayleigh 
scattering, interferences typically associated 
with fluorescence techniques, thus permitting 
the operation of a photomultiplier tube at 
maximum sensitivity. One of the most widely 
investigated chemiluminescence reagents is 
3-aminophthalhydrazide, or lumino|. Luminol 
has been effectively used for the detection of 
many different metals and oxidants, due to 
the catalytic behavior these metals have on 
the chemiluminescent oxidation of luminol. 
Examples include the detection of Cr(IIl), 9 
Co(II), I° Fe(II), '1 H202,12 NO2,13 and CIO-. 14 

There have been no reports of chemilumin- 
escence methods for the detection of hydrazine 
vapor, although Faizullah and Townshend 
report a flow injection analysis scheme based 
upon hypochlorite for the chemiluminescence 
detection of hydrazine in solution, u Pilipenko 
and Terletskaya demonstrated that the detection 
of trace amounts of platinum (0.02 #g/ml) is 
possible in a basic solution of lucigenin and 
hydrazine. ~6 They proposed that hydrazine is 
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catalytically oxidized at the surface of  colloidal 
platinum to form a radical, peroxo intermediate. 
This reactive intermediate subsequently oxidizes 
lucigenin, allowing for the detection of platinum. 
Discussion here will center about the analytical 
feasibility of  employing a basic solution of  
luminol and colloidal platinum for the detection 
of  hydrazine. Chemiluminescence presents the 
possibility for the development of  an inexpensive, 
on-line monitor of  hydrazine that is rapid, 
sensitive and reversible over a wide dynamic 
range. 

EXPERIMENTAL 

Appara tus  

Initial characterization of  the hydrazine/Pt/ 
luminol system was performed using an SLM 
8000 spectrofluorometer operating in the 
chemiluminescence mode of  measurement. The 
injection port consisted of  a lid with a septum 
permitting injection of  different levels of  hydra- 
zine to a 4 cm 3 cuvette, while maintaining com- 
plete darkness within the sample compartment. 
A magnetic stirring bar allowed continuous 
mixing of  the reagents. An EMI (PT9635QA) 
UV/VIS selected photomultiplier tube was 
used for these experiments, at a potential of  
900-1200 V. 

The hydrazine vapor detection system (see 
Fig. 1) consisted of an Anspec 3-Channel peri- 
staltic pump, a vacuum pump (MSA Flow-Lite 
Turbo) for controlling the air flow from 0 to 

5 l./min, and a photomultiplier tube (PMT). 
A 1000 V power supply was used to drive the 
PMT, and a Keithley 485 picoammeter was used 
to monitor the anodic current. National Instru- 
ments' LABView for Windows software was 
used to control the data acquisition from the 
analog output of  the picoammeter to a National 
Instruments' analog/digital board (Lab-Pc+).  
Pharmed tubing (a polypropylene-based material 
with a plasticizer) was used within the peristaltic 
pump, while all other tubing within the system 
was teflon PFTE. Tubing distances used were 
60 cm for the gas/liquid sampling line leading 
to the impinger (1/16" i.d. PFTE), 40 cm for the 
tubing leading to the PMT (1/8" i.d. Pharmed), 
and 480 cm (3/16" i.d. PFTE) from the PMT 
back to the air sampling tee. 

The hydrazine vapor generation system, 
which has been described elsewhere, was used 
to generate hydrazine concentrations from 0 to 
2000 ppb in air. j7 This system consisted of a 
small ampule containing anhydrous hydrazine 
(Olin Chemicals), immersed in a temperature 
controlled, water bath (Neslab exacal). The 
ampule was plugged with a piece of capillary 
tubing, around which a continuous flow of 
nitrogen (0.1 1./min) carried away the hydrazine 
vapor. The final concentration was adjusted by 
diluting the hydrazine vapor in a stream of 
air (0.5-10 l./min). The air stream consisted of  
house air scrubbed to remove water, CO2, NO2 
and organic impurities. All flow rates were 
controlled using Matheson 8200 mass flow 

N2H 4 C 
in Air 

Fig. I. Diagram of the continuous flow, hydrazine monitoring system, consisting of (A) a vacuum pump 
for sampling hydrazine in the atmosphere; (B) a peristaltic pump for circulating the luminol/platinum 
reagent; (C) a sampling tee leading to the liquid/vapor sampling line; (D) an impinger for collecting the 
liquid prior to transport to (E) a coil of glass tubing positioned in front of a photomultiplier tube; 
and (F) excess PFTE tubing in order to d~ay the recycling of the chemiluminescent reagent until the 

background chemiluminescence has returned to its baseline value. 
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controllers. Humidity was controlled through 
the use of bubblers and line mixers, with the 
humidity being quantitated with a Hygro- 
dynamics hygrometer. The hydrazine concen- 
tration was determined using a coulometric 
method described earlier] 

Mixing of all the test gases was obtained 
within a baffled chamber, containing a port 
for connection to the vacuum pump of the 
hydrazine monitoring system. The flow rate to 
the MSA vacuum pump was determined using 
an American Meter Model 802. 

Chemicals and stock solutions 

All chemicals were used as received from the 
suppliers. 3-Aminophthalhydrazide (luminol) 
(97%) was obtained from Aldrich and a 5 x 
10-3M stock solution was prepared in 0.1M 
KOH and stored under dark conditions for a 
period of several weeks. The stock solution of 
colloidal platinum was prepared by chemically 
reducing a 10-3M solution of hydrogen hexa- 
chloroplatinate (IV) with ascorbic acid at a 
pH of 3.5, with subsequent dilution to give a 
10-4M solution of platinum. The chemilumin- 
escent solutions studied were prepared and 
examined daily by the appropriate dilution 
of the stock solutions into a buffer solution. 
Phosphate buffers (0.1M) were prepared for 
all pH studies, using KOH and a calibrated 
pH meter in order to adjust the pH. The 
aqueous hydrazine standard solutions were 
prepared daily by diluting anhydrous hydrazine 
(Olin Chemicals) in purified water (Millipore) 
to give the following concentrations: 1, 10, 
100 /~g/1., 1, 10, 100 and 1000 mg/l. Stock 
solutions (10-3M) were also prepared for 
several metal ion catalysts, including MnSO4, 
CuCI2 • 6H20, FeSO4.7H20, Fe(NO3)3.9H20 
and COSO4. 

A number of interference gases were tested for 
chemiluminescence using the hydrazine monitor- 
ing system. Gas mixtures were obtained from 
Matheson and Scott Specialty Gases, and diluted 
with air to give varying concentration levels. 
The standards employed include: 99 ppm NO2 
in N2; 110 ppm NO in N2; 99.8 ppm SO2 in N2; 
10% HCI in Ne; 7.2% H2 in N2; 450 ppm NH 3 
in N2; 99.99% CO2; Freon 12; multi-component 
mixture #1 [51.2 ppm Freon 12, 50.7 ppm 
Freon 11, 49.3 ppm Freon 114, 20.4 ppm CH4, 
and 9.96 ppm hexane in He]; and, mixture # 2 
[1.004% CO, 1.098% CO 2, 0.9640% CH4, 
0.9996% ethane, 1.014% ethylene, and 1.014 
acetylene in He]. 

Procedure 

For those experiments employing the S L M  

8000 spectrofluorometer 2 ml of the appropriate 
buffer solution was pipetted into a quartz 
cuvette, along with 10-100 #1 (Eppendorf 
microburette) of the platinum and luminol stock 
solutions. The optimal concentrations of luminol 
and platinum were determined to be 10 -4 and 
10-6M, respectively. Subsequent spiking of these 
solutions with varying levels of hydrazine was 
accomplished by injecting 1-100 #1 of solution 
from the appropriate dilution standard via 
the injection port of the sample compartment. 
The final concentration of hydrazine in solution 
varied from 50 ng/1. to 500 #g/1. The flow 
injection analysis experiments were conducted 
by using a multichannel peristaltic pump in con- 
junction with a cuvette (Starna Cells) containing 
three ports: one for injection of the basic, Pt/ 
luminol reagent, one for the hydrazine solution, 
and one for the exit of the solution from the 
cuvette. 

For those experiments using the continuous 
flow, hydrazine monitoring system, 150 ml of 
operating solution were prepared at concen- 
trations of platinum and luminol similar to that 
described above. Quantitation of the hydrazine 
vapor concentrations was determined by coul- 
ometry, and then sampled by connection of the 
vacuum pump to the mixing chamber. 

RESULTS AND DISCUSSION 

Chemiluminescence reaction characteristics 

The addition of colloidal platinum to a basic 
solution of luminol permits the indirect quan- 
titation of hydrazine via a two step process 
(steps 1 and 2 shown below): 

202 (g) + N2 H4 (aq) 

~- 2H202(aq) + N2(g) (1) 

luminoi(aq) + 2H202(aq) + 2OH- 

3-aminophthalate(aq) 

+ 4H20 + N2 + hv (2) 

N2H4(aq) + 2H202(aq) 

~N2(g)+  4H20 (side reaction). (3) 

Both reactions (1) and (2) are catalyzed by 
colloidal platinum26'18 Reaction (1) is the first 
step in the oxidation of hydrazine at the 
platinum surface. An important side reaction is 
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the reaction of hydrogen peroxide with a second 
molecule of hydrazine, which completes the 
oxidation of hydrazine to nitrogen and water 
(reaction 3). Pilipenko et al. have indicated that, 
although hydrogen peroxide is formed in the net 
reaction of hydrazine with oxygen, it is likely 
an intermediate, radical peroxo species (and 
not H202) which is actually responsible for the 
oxidation and subsequent chemiluminescence 
of lucigenin. ~6 The presence of a radical species 
was inferred from the immediate inhibition of 
chemiluminescence following the addition of 
methyl methacrylate, a free radical acceptor. 
Regardless of the exact nature of the oxidant 
formed at the platinum surface, the net result is 
the oxidation and chemiluminescent response 
of luminol. Reaction step (2) is a multi-step 
process giving rise to chemiluminescence, and 
has been discussed in detail elsewhere, t9 

Initial evaluation of the analytical potential of 
this system was accomplished by observing the 
complete, chemiluminescent response obtained 
following the introduction of 49 /lg/1. of 
hydrazine to a basic solution (pH 13, NaOH) 
of platinum (0.25-2.9/~M) and luminol (7.4 x 
10- 5M). The concentration of colloidal platinum 
plays an important role in determining the 
shape and size of the response curve (see Fig. 2). 
Note the difference in response obtained for 
solutions containing 0.25 and i .0 / tM colloidal 
platinum. For the lowest concentration of 
platinum examined, 0.25/~M, the time necessary 
to reach a maximum in signal intensity is longer, 
the peak height is substantially lower, and the 
chemiluminescence persists for up to an hour 
following the injection of hydrazine. As the 
concentration of colloidal platinum increases 
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Fig. 2. Time dependence of the chemiluminescence signal 
following the introduction of 49/tg/l. hydrazine to a pH 13, 
7.4 x 10-SM luminol solution containing 0.25, 0.50, 1.0, 

and 2.9/ tM colloidal platinum. 
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Fig. 3. Peak and integrated chemiluminescence intensities 
as a function of colloidal platinum concentration. 

(up to 1.0/~M), the decay of the chemilumines- 
cent signal becomes much faster, the maximum 
in signal intensity is attained in seconds, and the 
intensity of the chemiluminescent signal is more 
than four times that obtained for the 0.25/~M 
platinum solution. 

These results are summarized in Fig. 3, which 
is a plot of both the maximum signal intensity 
and the integrated chemiluminescence acquired 
for varying concentrations of colloidal platinum. 
It is evident from Figs 2 and 3 that as the 
concentration of platinum is increased, the total 
integrated chemiluminescence signal decreases 
dramatically. This result is attributed to the 
catalytic effect platinum has upon the oxidation 
of hydrazine to water and nitrogen (reactions 
1 and 3), a side reaction decreasing the total 
luminol oxidation possible. Referring to Fig. 3, 
a maximum in the instantaneous, chemilumines- 
cent intensity is observed for 1.0 #M platinum. 
The signal intensity decreases for either higher or 
lower concentrations of platinum. The optimal 
concentration of colloidal platinum requires a 
compromise between having sufficient metal to 
promptly catalyze the oxidation of luminol 
(reaction steps 1 and 2), and having an excess 
of platinum which catalyzes the oxidation of 
hydrazine to water and nitrogen (reaction 3). As 
we shall see in the discussions pertaining to the 
continuous flow system, the concentration of 
platinum, the liquid flow rate, and the distance 
from the vapor/liquid interface to the photo- 
multiplier tube are all important parameters 
influencing the overall sensitivity of the system. 

Optimization of parameters in solution 

The pH is an important parameter in deter- 
mining the magnitude of the chemiluminescence 
response. A basic solution is required to initiate 
the reaction sequence. Typically, luminol systems 
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Fig. 4. Effect of pH on the chemiluminescence signal 
intensity for the introduction of 4.6/~g/l. of hydrazine to a 
solution containing 6.1 x 10-5M luminol and 1.2 x 10-6M 

colloidal platinum. 

used in the detection of  metals or hydrogen 
peroxide operate optimally at a pH of 10-11.s It 
has been suggested that this is necessary in order 
to form a reactive diazine by abstraction of the 
second amino proton from luminol. 2° Figure 4 
shows the integrated chemiluminescent response 
seen with varying pH conditions to the intro- 
duction of 4.6 Fg/1. of hydrazine to a luminol/Pt 
reagent. The optimal pH in the detection of 
hydrazine is pH 13. Several factors in the reac- 
tion sequence are known to be pH dependent. 
The autoxidation of hydrazine is maximized at 
a pH of 12-12.5, t8 while the production and life- 
time of the intermediate product (peroxide) is 
highest at a pH of 13-13.5.16 

Increasing the concentration of luminol 
results in an increase in the integrated chemi- 
luminescence obtained for a given concentration 
of hydrazine. Figure 5 demonstrates that the 
response is non-linear with respect to the 
concentration of luminol. This may be due to 
seif-absorbance of the chemiluminescence by 
luminol, or to luminol acting as a bidentate 
chelate, complexing with platinum, and perhaps 
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Fig. 5. Integrated chemiluminescence signal dependence 
on luminol concentration using a pH 13 solution contain- 
ing 2.3 x 10-6M colloidal platinum and 50 pg/l. hydrazine. 
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Fig. 6. Chemiluminescent signal intensity following 
sequential additions of increasing concentrations of hydra- 
zine to a pH 13 (NaOH) solution containing 6.1 × 10-SM 
luminol and 1.2 x 10-6M platinum. Inset plot is an example 
of the linear dynamic range obtained for hydrazine detection 

from the flow injection analysis scheme. 

rendering it inactive. The latter effect has 
been seen for the cobalt-catalyzed reaction with 
luminol. 2~ The possibility remains, though, that 
a high concentration of luminol may be used in 
the hydrazine vapor detection system to improve 
the lifetime characteristics of the system. 

Analytical characterization of hydrazine detection 
in solution 

To determine the quantitative potential of the 
platinum/luminol system for hydrazine detection, 
a series of increasing concentrations of hydra- 
zine were injected into a cuvette containing the 
optimum reagent concentrations, while measur- 
ing the chemiluminescence. An example of the 
addition of 0.24, 0.45, 1.1, 2.2 and 4.2/ag/1. of  
hydrazine is shown in Fig. 6. A plot of the inte- 
grated chemiluminescent response as a function 
of the hydrazine concentration exhibited excel- 
lent linearity over the concentration region 
examined (50 ng/l.-35 pg/l.). With the voltage 
gain on the photomultiplier tube increased to 
1275 V, the sensitivity (m) was calculated to be 
1.05 x 105 counts/(#g/1.), with an intercept (b) 
of 1.96 × 104 counts and a correlation coefficient 
of r > 0.9999 (other regression data include: 
n = 5, trm = 4.95 × 103 counts/(pg/1.), tr b = 1.07 
x 105 counts, and a = 2.07 × 105). 

A flow injection analysis scheme for the 
detection of hydrazine was examined using a 
modified 4 cm 3 cuvette containing three inlet 
ports. The reagent solution containing luminol 
and colloidal platinum at pH 13 was mixed 
directly and continuously with varying concen- 
trations of hydrazine in solution (see the Exper- 
imental). The speed of the chemiluminescent 
reaction makes it feasible to mix the reagents 
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directly in front of  the photomultiplier tube 
within the cuvette. For this experiment, the 
chemiluminescent signal came to a plateau 
response (as opposed to decaying back to the 
baseline) in less than a minute while using a flow 
rate of 0.11 ml/min hydrazine solution and 1.8 
ml/min platinum/luminol solution. The inset 
plot in Fig. 6 shows the change in the chemi- 
luminescence response with the concentration 
of  hydrazine in solution (r > 0.999). The linear 
regression data collected for this line are as 
follows: n =8 ,  m = 65.0 counts/(/~g/1.), trm= 
0.475 counts/(/~g/1.), b = 189 counts, % = 115 
counts, and tr =276. The detection limit, 
assuming a signal-to-noise ratio of 3:1, was 
calculated to be 0.40 ng/l. The limit of detection 
is ultimately limited by the noise inherent to 
the PMT, in addition to pumping variability 
associated with the peristaltic pump. 

In addition to colloidal platinum, other metal 
and metal cation catalysts were evaluated 
for the detection of hydrazine, e.g. MnSO4, 
CuCI2.6H2 O, FeSO4.7H2 O, Fe(NO3)3.9H2 O, 
COSO4, Pd (colloid) and Ag(colloid). In each 
case, the sensitivity for hydrazine detection was 
substantially lower than the response obtained 
using colloidal platinum. In addition, these 
other metal catalysts examined resulted in a 
much higher baseline signal, and a slower return 

to baseline following the cessation of hydrazine 
flow. These results are likely due to the catalytic 
effect these metals have upon the oxidation 
of luminol by 02. 22 Although there is some 
oxidation of luminol by 02 in the presence of 
colloidal platinum, it is not as severe. 

Hydrazine vapor monitor 

The development of a hydrazine vapor moni- 
tor employing the Pt/luminol system requires 
first a means for concentrating hydrazine vapor 
into solution. A simple method for accom- 
plishing this task is diagrammed in Fig. I. A 
peristaltic pump delivers the luminol/platinum/ 
KOH reagent through a short length of teflon 
tubing which concurrently transports sampled 
vapor. It is this gas/liquid interface which 
initiates the oxidation of hydrazine at the Pt 
surface, and ultimately, the oxidation of luminol. 
The liquid is efficiently separated in a modified, 
teflon impinger, and pumped through a short 
section of glass tubing coiled directly in front of 
the PMT. The rapid decay of the chemilumin- 
escent signal back to the background level 
following the addition of hydrazine to the line, 
allows the reagent to be recirculated. 

As demonstrated earlier, the concentration 
of active platinum in solution determines the 
magnitude of the chemiluminescence signal seen 
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Fig. 7. Plot of the chemiluminescent signal obtained from a 4.9 x 10-SM luminol solution at pH 13, as 
a function of the concentration of colloidal platinum and the liquid flow rate. 
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at the photomultiplier tube. The optimum con- 
centration of platinum used for the continuous 
flow system is closely linked to the liquid flow 
rate and the length of tubing from the sampling 
point to the photomultiplier tube. A three- 
dimensional plot of the chemiluminescence 
response with respect to the liquid flow rate and 
the concentration of platinum, while maintain- 
ing a constant air pumping rate and luminol, 
KOH, and hydrazine concentrations is shown 
in Fig. 7. For the tubing distance used in our 
experimental setup, low concentrations of 
platinum (10-TM) resulted in a weak, chemi- 
luminescent signal which decreased with increas- 
ing liquid flow rate. An examination of Fig. 3 
indicates that at these concentrations of plati- 
num, while the signal has a long lifetime, its 
maximum peak intensity is not very high. The 
slower the flow rate, then, the longer the liquid 
remains in view of the PMT, and the larger the 
chemiluminescent signal will be. In addition, at 
a constant air flow rate, decreasing the liquid 
flow rate concentrates more hydrazine vapor 
into solution, thereby, giving a larger signal at 
the PMT. 

As the concentration of platinum in solution 
is increased (5 × 10-7M), the chemiluminescent 
signal becomes larger, and the maximum in peak 
intensity occurs at higher flow rates. Referring 
again to Fig. 3, at these platinum concentrations 
the instantaneous chemiluminescent signal 
obtained is higher, therefore, giving a larger 
signal at the PMT. This is providing, of course, 
that the liquid flow rate is rapid enough to 
transport the solution to the PMT before the 
signal decays. If the flow rate is too high, 
though, the signal will decrease for two reasons: 
(1) less hydrazine vapor is concentrated into 
solution; and (2) the solution remains in view 
of the PMT for a shorter period of time. 
Ultimately, as the platinum concentration is 
increased to even higher concentrations (10-rM), 
the signal intensity drops substantially for 
low flow rates. At these concentration levels, 
the chemiluminescence signal decays extremely 
rapidly--long before the solution reaches the 
PMT. In order to effectively use these higher 
concentrations of platinum, it is necessary to use 
extremely rapid flow rates so that the signal is 
sampled before the chemiluminescence decays 
away. 

Just as the liquid flow rate controls the con- 
centration factor for bringing hydrazine vapor 
into solution, so too does the air flow rate. As 
the air flow increases at a constant liquid flow 

o.S- 

~ 0 4 -  

. !  O3- 

~ 0 2 .  

~ O l .  

/ .  
13 ppb N2H 4 in Air / 

/ 
/ 

/ 

oo o;s ,io ,;s ='o =, 
A i r  F low Rate  (L/rain) 

Fig. 8. Effect of air flow rate on the observed chemi- 
luminescence signal intensity to the introduction of 13 ppb 

hydrazine in air. 

rate, the amount of hydrazine concentrated into 
solution increases. This is demonstrated in Fig. 8, 
which is a plot of chemiluminescence intensity 
v s .  air flow rate for a pH 13 NaOH solution con- 
taining 5 x 10-SM iuminol and 10-rM platinum 
(the concentration of hydrazine sampled was 
13 ppb in each case). There are several problems 
associated with operating at high flow rates. 
Firstly, there is difficulty in preventing air 
bubbles from entering the tubing leading to the 
PMT, a result which leads to excessive noise. 
In addition, at the higher air flow rates, our 
vacuum pump rate was very uneven, and the 
level of liquid in the impinger was difficult 
to maintain constant, both factors leading to 
inconsistent results. Finally, the efficiency for 
concentrating hydrazine vapor into solution 
is expected to decrease at very high flow rates; 
the hydrazine has less time to interact with the 
solution within the liquid/gas sampling line. An 
optimum pumping rate can be determined for a 
particular platinum concentration that maxi- 
mizes the trapping efficiency without sacrificing 
the stability of the measurement. 

so . , . , . , • , . , .. 
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40- 165 I~Ob 
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Fig. 9. Time responses obtained using the hydrazine vapor 
detection system for 14, 28, 57, 165, and 330 ppb hydrazine 

in air. 
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Our studies have established the following 
optimum experimental parameters for the 
detection of hydrazine: 10-6M platinum, lO-4M 
luminol, 0.1M KOH, 7 ml/min liquid flow rate, 
2 1./min air flow rate. In order to test the 
analytical response of this system, the chemi- 
luminescent response was monitored for succes- 
sively higher concentrations of hydrazine in 
air. An example of the time responses obtained 
following the introduction and cessation of 
14, 28, 57, 165 and 330 ppb hydrazine in air 
is shown in Fig. 9. A linear relationship was 
obtained for hydrazine concentrations measured 
from 10 to 2000 ppb (r = 0.997). The linear 
regression data collected over this concentration 
regime were as follows: n = 9, m = 1.77 counts/ 
(/~g/l.), tr,,=0.0516 counts/(/~g/1.), b =40.4 
counts, trb = 40.6 counts, and tr = 103. The time 
necessary to reach 90% of a plateau response is 
1.3 min, and the return to background requires 
1.2 min. The detection limit was calculated to 
be 1.4 ppb, based upon a signal-to-noise ratio 
of 3 : 1. The reproducibility of the data is within 
5%. The primary disadvantage found for re- 
circulating the chemiluminescent reagent is that 
the stability of the system will drift slightly over 
the course o; hours of operation (l%/hr). The 
lifetime of the reagent is ultimately dependent 
upon the concentration of luminol in solution, 
and the lifetime of the catalyst. Because of 
problems associated with the slow oxidation 
of luminol by O:(g) and/or the gradual change 
in pH from absorbed COs(g) in the airstream, 
it is necessary to change the solution daily to 
prevent shifts in the sensitivity. 

Interference effects were studied by sampling 
various gases at concentration levels 1 at least 
twice their regulated exposure levels. A solution 
of luminol/platinum was prepared at pH 12.6 
and exposed to the gases listed in Table 1. For 
interferents resulting in a measurable chemi- 
luminescence, Table 1 indicates the concentration 

which gives the same signal intensity as 10 ppb 
hydrazine in air. The majority of gases examined, 
with the exception of NH 3, NO:, SO2, and HC1, 
either gave no signal, or actually produced a 
slight decrease in the baseline signal. This latter 
effect likely arises from a decrease in the con- 
centration of oxygen. Oxygen results in a small, 
baseline chemiluminescence signal due to the 
direct oxidation of luminol. Positive interferences 
were seen for NO:, SO2, and HC1, but the 
sensitivities were much lower than for hydra- 
zine. A concentration of 9 ppm NO2 gives a 
signal comparable to 10 ppb hydrazine in air. 
Considering that the regulated exposure levels 
for NO2, SO2, and HCI are 1 ppm (STEL), 
2 ppm (TLV), and 5 ppm (TLV), respectively, 
these interferents are not expected to be a prob- 
lem for hydrazine vapor detection. The presence 
of NH 3 can give a false positive signal if the 
sampling line is not constructed correctly. 
Hydrazine will stick to any portions of tubing 
on the end of the sampling tee that are not being 
continually washed by the reagent. Ammonia, 
a strong Lewis base, competes very well with 
hydrazine for adsorption to the sides of the 
tubing leading to the impinger. Any hydrazine 
which is dislodged will react to give a measur- 
able chemiluminescent response. The signal is 
spurious, returning to the baseline again after all 
of the hydrazine coating the tubing has been 
eliminated. This effect can be mollified by short- 
ening the vapor side of the sampling tee to the 
point that there are minimal portions which are 
not continuously being exposed to the reagent. 
A smaller diameter tubing on the liquid/vapor 
sampling side (1/16" i.d. or less) will also help 
ensure that the tubing does not have trace 
amounts of hydrazine adsorbed to the sidewalls. 

Reports in the literature have demonstrated 
that the chemiluminescence of luminol systems 
can be enhanced by the introduction of a high 
concentration of halide ions. 23 We corroborated 

Table 1. Interference vapors tested using the hydrazine vapor monitor, and the 
concentration required to give an intensity comparable to 10 ppb hydrazine in air 

Concentration giving a response similar to 
Interference vapor 10 ppb Hydrazine in air 

NO2 
SO2 
HCI 
NH 3 (50 ppm) 
NO, H2, CO2, CO, CH4, C2H6, C2HsOH, 
(CH3)2CHOH, C2H4, C2H 2, C6HI4, 
Freon I 1, Freon 12, Freon 114 

9 ppm 
124 ppm 
210 ppm 
spurious false positive 
no effect or a slight decrease in the 
baseline chemiluminescent signal (see text) 

See text for more detail on the interferents listed in the final section which gave little 
or no change in the baseline chemiluminescence. 
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this effect in the de tec t ion  o f  hydrazine ,  via the 
add i t ion  o f 0 . 5 6 M  K B r  to a 5 x 10-SM luminol ,  
and  1 x 10-6M p la t inum in p H  12.6 solut ion.  
These experiments  established that  the sensitivity 
to hydraz ine  can be more  than  doub led  via the 
in t roduc t ion  o f  a large concen t ra t ion  of  the 
b romide  salt.  I t  is thought  that  the hal ide  
facil i tates e lect ron t ransfer  f rom luminol  to the 
active peroxide.  23 

CONCLUSIONS 

In this paper ,  we demons t r a t e  the efficacy 
o f  col lo idal  p l a t inum/ lumino l  for  detect ing trace 
hydraz ine  vapor  in real- t ime.  The real- t ime de- 
tect ion l imit  is 1 ppb  hydraz ine  in air; fur ther  
improvement s  in the sensit ivity can be accom- 
pl ished by add ing  K B r  salts, increasing the rate 
o f  air  flow, or  increasing the number  o f  coils 
in f ront  o f  the pho tomul t ip l i e r  surface. A l inear  
dynamic  range was obta ined  from 10 to 2000 ppb  
hydrazine ,  with response t imes for the detect ion 
and re turn  to basel ine o f  less than  two minutes.  
The response time o f  the system can be improved  
substant ia l ly  by increasing the l iquid flow rate, 
a l though  the p l a t inum concen t ra t ion  must  also 
be ad jus ted  to ensure a compa rab l e  sensitivity. 
Selectivity is the biggest  potent ia l  d i sadvan tage  
o f  this system. Our  tests indicate  tha t  of  the 
gases examined,  only  NO2 and N H  3 gave a 
posi t ive response,  the a m m o n i a  response being 
spur ious  and the n i t rogen d ioxide  sensit ivity 
being low enough that  at  the T L V  level or  below 
it is undetectable .  

We  are current ly  invest igat ing so l id-phase  
chemiluminescence in o rder  to fur ther  s implify 
and improve  upon  this de tec t ion  scheme. Some 
success has been seen in inco rpora t ing  the col- 
loidal  p l a t inum and  luminol  within a po lymer  
matr ix  possessing Lewis acid proper t ies .  The 
po lymer  film itself  helps to concent ra te  the 
hydraz ine  within the po lymer  matr ix .  Curren t  
efforts involve examining  different po lymer  sub- 
strates and  metal  cata lys ts  to ob ta in  o p t i m u m  
response character is t ics .  
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Summary---Cr(III) slowly forms a violet complex with EDTA at pH 3.5 + 0.2 under normal conditions. 
The complex formation can be catalyzed by irradiating the reacting mixture with ultrasonic waves. 
Quantitative formation of the complex was possible with ultrasonic waves of 15 W/cm 2 intensity within 
7.5 min of sonication. This method may be successfully applied to the determination of chromium in ores 
and beneficiated products containing 20-60% Cr203 without separating the analyte from the matrix 
elements. 

Colorimetric analysis of chromium involves oxi- 
dation of Cr(III) to Cr(VI) followed by com- 
plexation.~-3 Even the methods based on atomic 
absorption spectrophotometry or ICP also fo- 
cus o n  Cr (VI ) .  4'5 However, colorimetric methods 
based on Cr(III) are of less importance because 
of its sluggishness towards any substitution 
reaction. The reaction between polycarboxylic 
acids (DCTA, NTA, EDTA) and Cr(III) is very 
s low.  6 Cr(III) slowly forms a violet complex 
H[Cr(EDTA)--(H20)] with ethylenediaminete- 
traacetic acid (EDTA) in the pH range 3-5.2. 
However, the rate of complexation can be accel- 
erated by the addition of bicarbonate ion, 8 
manganese salt 9 or by boiling the solution for 30 
min. 

The effect of ultrasonic waves on chemical 
reactions has recently become the focus of re- 
search activity. ~°-~2 High intensity ultrasonic 
waves may accelerate a chemical reaction which 
occurs under normal conditions or initiate a 
reaction which does not take place under ordi- 
nary conditions, t3'j4 Irving 9 reported that the 
complexation of Cr(III) with EDTA can be 
catalysed by the in situ gene, ation of chromous 
ions by the addition of Zn dust to the solution 
containing an excess of EDTA. However, it has 
been observed that in the presence of high 
concentrations of sulphates and phosphates, 
complexation is not quantitative by the addition 

*Author to whom correspondence should be addressed. 

of bicarbonate or Zn dust. Hence an attempt 
has been made to catalyze the complexation of 
Cr(III) with EDTA by irradiating the reaction 
mixture with ultrasonic waves and to extend its 
application to the estimation of chromium in 
ores and beneficiated products. 

EXPERIMENTAL 

A Varian DMS-100S UV-Vis Spectropho- 
tometer equipped with an Epson LX printer and 
1.00 cm quartz cells was used for the optical 
density measurements. 

A high intensity ultrasonic liquid processor 
(Sonics Materials, USA) capable of producing 
ultrasonic intensity of 50 W/cm 2 at 20 KHz 
frequency was used in these studies. A horn 
made up of titanium with a tapered micro tip of 
3.64 mm diameter was used to sonicate the 
solutions. 

All the chemicals used were of analytical 
grade. Solutions were prepared in doubly dis- 
tilled water. 

Three chromite ore samples, t, iz. BCS-No. 
308 (Grecian chrome ore), CHR-Pt and CHR- 
Bkg (chromites of CRPT, France, standard) 
and two beneficiated products, viz. SKP-D2 and 
HG-3 were analysed for chromium content. 

Procedure  

To 0.5 g of finely ground chromite sample in 
a 250 ml beaker was added 20 ml each of 
5 0 %  ('l/V) n 2 s o  4 and 50% (v/v) H 3 P O  4. The 
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solution was heated on a hot plate at 200°C 
until the complete disappearance of dark 
coloured particles. It was cooled, diluted and 
filtered through a G-4 crucible under suction 
and made up to 250 ml. A 10 ml aliquot was 
pipetted into a 100 mi beaker and adjusted to 
pH 3.5 with 5% (w/v) NaOH solution. A 10 ml 
0.3M EDTA solution was added and irradiated 
with ultrasonic waves of  15 W/cm 2 intensity for 
7.5 min. It was cooled and made up to 100 ml. 
The solution was taken in a 1.00 cm cell to 
measure the optical density at 547 nm against 
reagent blank, drawing the calibration curve 
using appropriate standards. 

Appropriate standard preparation 

A 0.5 g K2Cr207 sample was reduced to 
Cr2(SO4)3 in the presence of  a 1:1 mixture of  
H2SO4 and H3PO 4 (20 ml) and a pinch of 
Na2SO3. The volume was made up to 250 ml 
and diluted to give 1 mg/ml Cr203 solution. A 
1 mg/ml Fe203 solution was prepared from 
Fe2(SO4)3 and Cr203 solution taken in 50 ml 
beakers in quantities equivalent to 10-100 ppm 
of  Cr 2 03. A 3 ml quantity of  1 mg/ml Fe2 03 was 
added and boiled for 5 min, cooled and the pH 
of  the solution adjusted to 3.5. 

RESULTS AND DISCUSSION 

Effect of pH 

Owing to protolysis, the absorption spectrum 
of  the Cr(III)--EDTA complex is greatly influ- 
enced by the pH of the solution. The pH of the 
acid decomposed chromite solutions was ad- 
justed at different values starting from 2.5 to 7. 
A pH of  3.5 __+ 0.2 has been found to be suitable 
for quantitative formation of complex as well as 
negligible interference of  Fe(III). Beyond pH 
5.5, the violet complex transforms into blue 
Cr(OH)-EDTA 2 and Cr(OH)2 EDTA 3 hy- 
droxo complexes) 5 

Effect of ultrasound intensity and sonication time 

The effect of intensity of  ultrasound waves 
and time of sonication on complex formation 
was investigated and the results are represented 
graphically in Figs 1 and 2. The reaction mix- 
ture containing 100 ppm of  Cr203 and 10 ml of 
0.3M EDTA was irradiated continuously with 
ultrasonic waves at varying intensities within the 
range 5-20 W/cm 2 for 2 min. Complexation was 
insignificant at lower intensities, but was maxi- 
mum at 15 W/cm 2. A further increase in the 
intensity was not beneficial. After sonication, a 
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Fig. 1. Effect of intensity of ultrasound waves on rate of 

complexation. 

20°C increase in temperature of the reacting 
solution from the ambient temperature was 
observed. The reason may be a result of the 
rapid generation and collapse of microbubbles 
within the reacting medium irradiated with 
ultrasonic waves. This leads to significant press- 
ure and thermal differentials on a microscopic 
scale resulting in the enhancement of energy 
transfer and accelerated mass transport)  5 

A comparison of percentage of complexation 
with respect to time both in the presence and 
absence of  ultrasound waves at 15 W/cm 2 inten- 
sity reveals that initially a sharp increase in 
complexation rate was observed in both cases. 
In the absence of ultrasound where the reacting 
mixture was heated on a water bath at 60°C for 
8.0 min, only 60% complexation was observed 
with 100% complexaton being achieved after 30 
min of further boiling. However, in the presence 
of ultrasound, quantitative complexation was 
possible after 7.5 rain of sonication. 
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Fig. 2. Effect of time on rate of complexation. 
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Fig. 3. Absorption spectra of Cr(III~EDTA in CI-, SO~-, 
PO] and spectra of Fe(III)-EDTA. 

Effect of diverse ions 

In order to assess quantitative determination 
of  chromium by this method, the effect of 
diverse ions must be taken into consideration. 
The possible interfering ions in the spectropho- 
tometric determination of  Cr(III)-EDTA are 
Fe 3+, M f  +, A13+, Mn 2+, SO 2- and PO 3 . 
Spectral interferences owing to colourless 
cations like Mg 2÷, A13+ and Mn 2÷ in equivalent 
amounts can be eliminated in the presence of 
excess EDTA. Fe 3+ forms a yellow coloured 
complex with EDTA soon after its addition. 
The extinction value of Fe(III)-EDTA solution 
does not change on heating the solution. The 
molar absorption coefficient of  this complex 
is 4 compared to 180 for Cr(II I ) -EDTA 

solution at the measured wavelength (Fig. 3). 
Therefore, no interference from iron(Ill) is 
to be expected during the analysis of Cr(III). 
However, a calculated amount of Fe 3÷ solution 
may be added during the standard preparation. 
Of the anions, the molar absorption coefficient 
of Cr(III)-EDTA complex in chloride environ- 
ment (E = 202) decreases significantly m 
phosphate and sulphate environment (¢ = 180) 
(Fig. 3). Hence the use of an appropriate 
standard is advocated. The absorbance of 
Cr(III)-EDTA in the presence of these diverse 
ions is presented in Table I. 

The calibration curve was drawn using the 
appropriate standards. Beer's law is valid within 
5-100 ppm of C r 2 0  3 with the correlation co- 
efficient 0.9998. 

This method was applied to the determination 
of chromium in three standard ore samples 
and two beneficiated products. The results are 
presented in Table 2. Cr203 values determined 
by this method are in acceptably close 
agreement with the certified values. This method 
has been found to be less time consuming and 
can be used without separating the analyte from 
the matrix elements prior to analysis. This 
method can be conveniently applied to ores and 
beneficiated products containing 20-60% 
Cr2 0 3 .  
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Lakshminarayana for his assistance in conducting the 
ultrasonic experiments. Thanks are also due to The 
Director, R.R.L., Bhubaneswar for giving permission to 
publish the work. 

Table 1. Absorbance of Cr(III)-EDTA in the presence of other elements 

Fe 3+ Mg 2+ A13+ SOl- PO 3 CI Cr203 Optical 
(ppm) (ppm) (ppm) (M) (M) (M) (ppm) density 

O. 1 1 O0 0.265 
100 0.246 
IO0 0.242 
100 0.241 
100 0.242 
I00 0.242 
100 0.240 

50 
100 
200 

0.1 0.1 
100 0.1 0.1 

100 0.1 0.1 
0.1 0.1 

100 100 0.1 0.1 
100 100 0.1 0.1 

Table 2. Spectrophotometric determination of chromium 

Sample Cr_, 03 % Cr 2 03 % SDt RSDt 
identification (Cert.) (Expt) (%) (%) 

BCS-No. 308 41.59 41.05 0.21 0.51 
CHR-Pt 20.33 19.46 0.41 2.10 
CHR-Bkg 29.04 28.94 0.16 0.55 
SKP-D2 29.75* 30.10 0.13 0.43 
HG-3 59.70* 59.60 0.06 0. I 1 

*Cr20 s determined by Na:O2 fusion. 
tMean of five independent experiments. 
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Summary--A sensitive method for the determination of lead in preserved egg by flame absorption 
spectrometry using ammonium pyrrolidine dithiocarbamate-polystyrene chemically modified platinum 
wire matrix is presented. The modified platinum wire matrix, after preconcentrating the lead, is placed 
in a flame burner for direct atomization and measurement. The concentration range is linear between 5 
and 500 ng/ml lead in solution and the detection limit is 0.65 ng/ml. This new technique is sensitive and 
convenient. 

Atomic absorption spectrometry (AAS), 
characterized by high sensitivity and consider- 
able accuracy, is an ideal method to determine 
trace metals. Flame atomic absorption spec- 
trometry is in routine use for the determination 
of trace amounts of lead. However, this method, 
like other methods, sometimes requires the 
metals determined to be accumulated before- 
hand so that interference can be avoided and the 
level of analysis and sensitivity raised. In order 
to increase the detectability of flame atomic 
absorption spectrometry, lead is often precon- 
centrated from samples using chelating ion ex- 
change resins, ~ or chelate solvent extraction. 2-6 
For example, Chau 7 extracted lead into methyl 
isobutyl ketone (MIBK) using ammonium 
pyrrolidine dithiocarbamate (APDC). Beichev 
et al. 8 used APDC-polystyrene as the extraction 
system in the determination of lead in high 
purity salts. However, these methods are often 
time-consuming in the analytic procedure and 
complicated in application. The aim of the 
present work is to offer a simple and sensitive 
method for the analysis of lead. 

A new technique for determination of trace 
lead with a chemically modified platinum wire 
matrix preconcentration-flame atomic absorp- 
tion spectrometry was developed. Trace lead 
was preconcentrated on the ammonium pyrro- 
lidine dithiocarbamate (APDC)-polystyrene 
modified platinum wire matrix, the platinum 
wire matrix was then put onto a flame atomizer, 
and the absorbance measured. The time and 

labor needed for the analysis is decreased and 
contamination by impurities contained in the 
reagent reduced. 

EXPERIMENTAL 

Apparatus 

A Model WXY-402 atomic absorption spec- 
trophotometer equipped with an air/acetylene 
flame burner was used. The wavelength was set 
to 2833/~ and the slit width to 4 nm. A hollow 
cathode lamp for lead was operated at 4 mA. 

Reagents 

All reagents used were of analytical reagent 
grade. A 0.1000 g/ml stock solution of lead was 
prepared by dissolving metal lead (spectral 
purity) in a small amount of nitric acid and 
diluting to 100 ml with water. The standard 
solutions were obtained by diluting the stock 
solution. 1.0% APDC and a 1.0% solution of 
polystyrene in MIBK were prepared for the 
preconcentrated lead. The solutions were pre- 
pared from triply distilled water. 

Preparation of the modified platinum wire matrix 

The platinum wire (diameter 0.2 mm) was 
wound into a spiral coil (diameter 0.5 mm) and 
10 ~tl APDC and MIBK-polystyrene added 
onto the platinum wire spiral coil (Fig. 1) with 
a micro-syringe. The modified platinum wire 
matrix was then dried under an IR lamp, a 
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Fig. 1. Position of platinum wire coil in flame. (1) Holder; 
(2) platinum wire coil. 

thin APDC-polymeric film was formed on the 
platinum wire matrix. 

Procedure 

Preconcentration and measurement. The 
modified platinum wire spiral coil was immersed 
in a Britton-Robinson (BR) buffer solution (pH 
3.0) containing lead tt (50 ng/ml), which was 
stirred by a magnetic stirrer, after a given period 
of time (5 min), the modified platinum wire 
spiral coil was removed from the preconcentra- 
tion cell and blotted with filter paper. The 
modified platinum wire spiral coil was then 
transferred to the air/acetylene flame burner, 
positioning the platinum wire spiral coil below 
the light path (Fig. 1) to measure the absorbance 
(peak height). 

Effect ofpH. The pH of the solution had a 
considerable effect on the absorbance. If the pH 
was higher than 4, the modified reagent fell off 
from the platinum wire. If the pH was lower 
than 2, the preconcentration efficiency de- 
creased. Therefore, the optimum is 3, in sub- 
sequent experiment, pH was used (Fig. 2). 

Effect of amount of modified reagent. Poly- 
styrene can adsorb lead, as a result, there is an 
absorbance from the polystyrene itself. How- 
ever, the signal was low (Table 1) APDC, when 
within the range of pH 2 - 4 ,  can form a 
complex with Pb(II) which can then be ex- 
tracted. However, APDC cannot be adsorbed 

Table 1. Effect of amount of  polystyrene 

Polystyrene (1%) Peak height 
(Id) (cm) 

0 0 
5 2.0 

10 2.1 
20 2.4 
30 2.2 

50 ng/ml Pb(ll). Preconcentration time: 5 
m/n. 

Table 2. Effect of  amount of  APDC 

APDC (I %) Peak height 
(~l) (cm) 

0 0 
5 0.48 

10 0.50 
20 0.49 
30 0.48 

50 ng/ml Pb(II). Preconcentration 
time: 5 rain. 

very well by the platinum wire as it is slightly 
soluble in water. Therefore, the absorbance 
from the APDC is very small (Table 2). The rc 
electron of the benzene ring in polystyrene can 
connect to and share the surface of the platinum 
wire. Polystyrene, because of its characteristics 
as a macroporous resins, can function as a 
carrier of APDC and the fixation APDC-Pb(II) 
complex is accumulated on the platinum wire 
(Fig. 3). If both polystyrene and APDC are 
present at the platinum coil, the absorbance will 
be significantly enhanced (Table 3). 

When the modified platinum wire is put into 
the solution containing Pb(II), the platinum 
wire will extract and adsorb the complex formed 
by Pb(II) and APDC. If there is no modified 
reagent, Pb(II) cannot be accumulated onto the 
platinum wire (Table 3). After the modified 
reagent was applied to the platinum wire, the 
absorbance gradually increased. Our exper- 
iment shows that the absorbance reached a 
maximum value when 1.0% of APDC and 1.0% 
of polystyrene were 10 #1 each (Table 3). 

Effect of  preconcentration time. The depen- 
dence of the absorbance on preconcentration 
time is shown in Fig. 4. The absorbance in- 
creased rapidly at first, but after 6 min the 
quantity of modified platinum wire spiral coil 

10 

8 

\ 
2 \ 

I I I ° ~ ° l  I 
0 2 4 6 8 10 12 

pH 

Fig. 2. Effect of  pH on the absorbance, 50 ng/ml Pb(ll). 
Preconcentration time, 5 rain. 



Pb in preserved egg by AAS 559 

[ C H -  CH 2 - CH - CH 2~-n 

CH--  CH 2 - CH- CH2- CH- CH2-- CH - CH2]- n 

"~ N -  ~ / S " ~ ' ~ - / S ~ c  - 

Fig. 3. Adsorption of Pb(II)-APDC complex at platinum 
wire coil. 

surface tended to saturation in the presence of  
a certain amount  of  lead, so the absorbance 
varied little with preconcentration time. It  took 
only 5 min to preconcentrate, because the pre- 
concentration requirements were met. 

T a b l e  3. Effect of amount of modified reagent  

Polystyrene (1%) APDC (1%) Peak height 
(#l) (#l) (cm) 

0 0 0 
5 5 3.8 

10 5 4.0 
5 10 3.9 

10 10 4.5 
20 10 4.5 
10 20 4.4 

50 ng/ml Pb(II). Preconcentration time: 5 rain. 

Table 4. Determination of lead in preserved egg (n = 6) 

Pb(II) added Pb(II) found Recovery RSD 
Sample (#g) (/~g) (%) (%) 

1 0 1.68 95 2.2 
4.0 5.49 

2 0 0.92 97 2.4 
4.0 4.82 

Interferences 

The tolerance for various foreign ions was 
studied for the determination of 50 ng/ml 
Pb(II). The results show that SOn ~- , CI-  and 
NO{ had no effect, and at least 200-fold 
amounts of  K +, Na  +, Ca(II), Mg(II), 100-fold 
Co(II),  Ni(II), Fe(II) Cd(II), Cr(VI), Mo(IV), 
Zn(II),  50-fold Cr(III).  20-fold Cu(II) and 
Fe(III) had little effect on the determination. 
When the contents of  Cu(II) and Fe(III)  were 
much higher, the harmful action of  those ions 
were easily removed by addition of 8-hydrox- 
yquinoline. 

Calibration graph, limit of detection and pre- 
cision 

Under the optimal conditions described 
above, the absorbance is directly proportional  
to the lead(II) concentration over the range 

10 

8 

- ~ 6  

4 - ~o ~ ' ° ' ' ' ° ~ °  " - -  
/ 2/" 
i I i I i 

0 2 4 6 8 10 12 
t (min) 

Fig. 4. Dependence of absorbance on the preconcentration 
time 50 ng/ml Pb(II), pH 3. 

5-500 ng/ml. The relative standard deviation 
was 5.3% (n = 20). The detection limit calcu- 
lated as the concentration corresponding to 
three times the standard deviation of  the blank 
signal was found to be 0.65 ng/ml. As each 
amount  of  the modified reagent is the same, 
only the modified reagent can adsorb Pb(II), 
whereas unmodified platinum wire cannot ad- 
sorb Pb(II). This accumulation results in a 
similar amount  of  Pb(II), and when the ab- 
sorbance of Pb(II) is determined, the position of 
the platinum wire in the burner is reproducible. 
Therefore, the determination can be quite 
precise. 

Determination of lead & preserved egg 

An appropriate amount  of  preserved egg was 
ground. A 0.5000 g sample was put into a 
beaker (250 ml), 5 ml H2SO 4 and 15 ml HNO3 
were added and carefully heated under a cover 
on a hotplate, and then treated with I M  hydro- 
chloric acid evaporated to near dryness. The 
digested sample was diluted to 100 ml (flask) 
with R-B buffer solution for analysis. Lead was 
determined by the above procedure. Table 4 
summarizes the results obtained for the determi- 
nation of lead and recovery studies on preserved 
eggs. The recovery of lead in preserved eggs was 
good. 
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Sununary--Solver, an analysis tool incorporated into Microsoft Excel V 5.0 for Windows, has been 
evaluated for solving non-linear equations. Test and experimental data sets have been processed, and the 
results suggest that solver can be successfully used for modelling data obtained in many analytical 
situations (e.g. chromatography and FIA peaks, fluorescence decays and ISE response characteristics). 
The relatively simple user interface, and the fact that Excel is commonly bundled free with new PCs makes 
it an ideal tool for those wishing to experiment with solving non-linear equations without having to 
purchase and learn a completely new package. The dynamic display of the iterative search process enables 
the user to monitor location of the optimum solution by the search algorithm. This, together with the 
almost universal availability of Excel, makes solver an ideal vehicle for teaching the principles of iterative 
non-linear curve fitting techniques. In addition, complete control of the modelling process lies with the 
user, who must present the raw data and enter the equation of the model, in contrast to many commercial 
packages bundled with instruments which perform these operations with a 'black-box' approach. 

Recent trends in data generation, owing in part 
to the computerization of instrumentation, 
have led to larger and more complex data sets. 
Traditional approaches to experimental data 
processing are largely based on linearization 
and/or graphical methods. However, this can 
lead to problems where the model describing 
the data is inherently non-linear, or where the 
linearization process introduces data distortion 
(e.g. in standard deviations of data which are 
logarithmically related to the analyte concen- 
tration as with ion-selective electrodes). Hence, 
with the ready availability of the PCs in labora- 
tories, there is increasing interest in applying 
non-linear curve fitting techniques to exper- 
imental data. 

Computers provide an ideal tool to overcome 
such problems. Although statistical programs 
have been available for large main-frame com- 
puters for many years, these were often cumber- 
some to use and the computers were not readily 
available. Many of these statistical packages 
have now been converted for PCs, but their 
application to solving analytical data processing 
problems is still relatively rare as, although 
scientifically correct and effective, these pack- 

*Author to whom correspondence should be addressed. 

ages tend to be engineer-orientated, not 
especially user-friendly and expensive. 

In contrast, many analysts are very familiar 
with spreadsheets such as Microsoft Excel and 
Lotus 1-2-3, and several books have appeared 
recently describing their use as sophisticated 
calculators for processing, displaying and inter- 
preting scientific data, and as tools for teaching 
calculations in chemistry) '2 The familiar Win- 
dows user interface, ready availability (often 
bundled free with new machines or on site-wide 
licence) and access to desk-top publishing for 
integrating text and graphics were the main 
attractions. However, like Lotus 1-2-3, Excel 
was primarily targeted at the business market, 
and was frustratingly under-developed for scien- 
tific applications, particularly in terms of dis- 
play and data processing tools (e.g. non-linear 
regression). The balance has been somewhat 
addressed in recent years, and the appearance of 
powerful analysis tools such as solver makes 
Excel an important addition to the analyst's 
armoury for processing experimental data. 

Central to the successful application of solver 
is the user's depth of understanding of the 
problem, in contrast to many analytical data 
processing packages, in particular those bun- 
dled with instruments which often employ a 
'black-box' approach. With solver, the user 
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mus t  present  the raw da t a  in a spreadsheet ,  
enter  the mode l  and  mode l  pa rame te r s  cor-  
rectly,  and  finally ini t iate  the mode l  bui ld ing 
process.  Graph i ca l  windows enable  the dynam-  
ics o f  the mode l  bui ld ing  process  to be observed,  
a feature  which can be used to great  effect in 
teaching the pr inciples  o f  da t a  model l ing.  

USING SOL VER 

The following steps describe the general prin- 
ciples of using solver which were used in all of 
the theoretical and practical examples described 
later. The data set to be modelled must first be 
obtained. In the case of theoretical studies, the 
data are generated by means of the equation of 
interest. A suitable range of values can be 
quickly obtained by means of the 'edit-fill- 
down' command. Figures 1 and 2 show the 
various procedures involved in finding the sol- 
ution to a Gaussian peak generated using the 
well known equation; 

f(X) = H exp[-(~-~ "f)2 ] + B, (i) 

where H = peak height above baseline, 
X = point on x-axis, ~ = distance along x-axis 
to peak maximum, a = standard deviation of 
the peak, B = baseline offset from zero. 

Figure 1 shows the layout of a typical Excel 
spreadsheet prior to using Solver using data 
generated with equation 1. Column A contains 
the x-axis data, and column C Gaussian data 
generated via equation (1) using column A data 
and known values for the parameters H, ~, a 
and B, which have to be found by solver. 
Column B shows data generated using equation 
(1) with the initial starting values of H, 2, a and 
B shown in cells G3 to G6. For convenience, 
these parameters should be entered as named 
variables in Excel using the 'insert-name' 
command. 

In order to find the solution to the best-fit 
values of the Gaussian parameters, the user 
must present a target cell which contains the 
sum of squared residuals (SSR) between the 
known data (column C) and the estimated data 
(column B). The residuals are listed in column 
D and are obtained by subtracting equivalent 
cells in columns B and C. Column E contains 

Eile Edit ~iew Insert Format Iools Dsta ~ndow Help 

c~t 3 

time t Model Data 
1 5.6172. 10000 

2 " 5.:70051 . . . .  110001 
3 ; 
4 
5 ...... ! 
6 
7 
8 

197 
198 
199 

5.7916 
5.89O51 
5.9974~ 
6.1121 
6.2346i 
6.3644i 

5.0000) 
50000': 
#.ooooi 

1.0001i 
10001i 
1.0001~ 
1.0002i 
1.0002i 
1.0003i 

! qQOil 
1.0001i 
1.000oi 

residuals square i variables, 
4.6171 
4.7005~ 
4.7915 
4.8904i 
4.9973i 
5.1120i 
5 2344i 
5.3642i 

. . . . . . .  3=09g01  
3.9999i 

21.3179!: 
2 2 . 0 ~ 3 ~  

23.91641 .... $ =., 
2 z 1 9 7 2 8 ~  

4.00 
30.00 
15.00 
5.00 

450.00 

t =C200-D200 J [ 3. Named variables and 
! 1. -H'EXP(-((A2OO-Z)^2/P))+B [2. I . . . . . . . . . . . . . .  
I their initial values 

Fig. I. Typical layout of a solver problem in Excel. The data in column C are for the Gaussian peak (generated 
via equation 1), and the model is entered in column B. Residual errors are in column D and their squares 
are in column E. The named variables used by solver are in cells G3-G6 and the sum of squared residuals 

(SSR) is in cell G9. Note that 2 is represented by z and a by S in the named variables list. 
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Fig. 2. (a) Initial panel presented to the user when solver is activated via the ' tools'  menu. (b) The 'options'  
dialog box which opens when activated by the user. See text for further details. 

the squared residuals, and cell G9 the sum of the 
squared residuals (i.e. the sum of cells E2 
to E200). This is the quantity which will be 
minimized by solver. 

Solver is activated via the tools menu. On 
activation, the user is presented with the panel 
shown in Fig. 2a, which in this case, is set up to 
solve the Gaussian problem described above. 
The user options available are: 

Set target cell specifies the target cell which 
can be maximized, minimized or set to a 
certain value. In this case the target cell is G 9 
and it is set to be minimised. 
By changing cells specifies the cells which will 
be varied by the search algorithm in order to 
minimise the number in cell G9, i.e. cells G3 
to G6 in this example. 
Subject to the constraints: constraints can be 
applied by the user to limit the search space 
explored by the optimization algorithm. As is 
usual in iterative search procedures based on 
gradient-type algorithms, efficiency is best if 
the search is initiated as near the global 

solution of the problem, and the unknown 
variables are restricted in value to realistic 
ranges. This of course implies that the user 
has considerable knowledge of the problem 
prior to initiating the search. 
Options displays the solver options dialogue 
box (Fig. 2b) in which the user can vary more 
features of the solution process. These are: 
Max. time limits the time allowed for the 
search process. 
Iterations limits the number of iterations 
during the search process. 
Precision sets the precision of the search 
process. This will determine the minimum 
change in the target cell which will cause the 
search process to stop. The best value for 
precision varies according to how far from 
the global optimum the initial search position 
is, and how smooth the error surface is. 
Tolerance represents a percentage of error 
allowed in the optimal solution. A higher 
tolerance would tend to speed up the solution 
process but at the expense of accuracy in the 
final solution. 
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Assume linear model will speed up the sol- 
ution process but obviously should be used 
only if the relationship is linear. 
Estimates specifies the approach used to 
obtain initial estimates of the variables. 
Briefly, these are 

Tangent uses linear extrapolation from a 
tangent vector. That is from a tangent, 
solver extrapolates in different directions 
to identify which gives a minimum for the 
target cell. This identifies the next direc- 
tion of the search process. 
Quadratic uses quadratic (i.e. non-linear) 
extrapolation which can greatly improve 
results in very non-linear problems at the 
expense of speed at arriving at an answer. 

Derivatives forward and central differen- 
tiation options exist for estimates of partial 
derivatives which give the gradient of the 
search at that point. 
Search determines which search algorithm 
(Newton and Conjugate) is used at each 
iteration. Both methods are dependent on the 
calculation of gradient values in the error 
surface at each stage in the iteration? '4 

The Newton method typically requires more 
memory than the conjugate search but re- 
quires fewer iterations. The conjugate search 
is useful if you have a complex problem 
(multiple model parameters, large data sets) 
and memory usage is a concern. We have 
found little difference in using either algor- 
ithm to date. 

Load/save model is used when more than one 
solver model is to be used with the worksheet. 
Show iteration results gives the user a com- 
plete update of all data after each complete 
iteration. If the estimated and known data 
are graphed, the user can observe a dynamic 
display of the search process as it proceeds 
through each iteration. This is very useful in 
observing visually the progress of the algor- 
ithm, but can obviously greatly slow down 
the process where a large number of iter- 
ations are involved. If  this option is not 
exercised, the search process proceeds auto- 
matically, reporting only the value of the 
target cell after each iteration. 
Use automatic scaling is useful in situations 
where data may be distorted through gross 
differences in the magnitude of various par- 
ameters in the search algorithm. 

Figure 3 shows the results obtained with 
solver for the Gaussian problem. Figure 3a 
shows the initial position of the search, with the 
estimated data being well displaced from the 
required Gaussian curve. Figure 3b shows 
the final positions of the known and estimated 
data, illustrating the excellent fit obtained. The 
values returned by solver for the model par- 
ameters (H = 10, Y = 100, tr =20  and B = 1) 
are equal to the values used to generate the test 
Gaussian curve. 

Modelling two overlapping Gaussian peaks 

A more difficult task is to model two over- 
lapping Gaussian peaks, particularly where one 
of the peaks appears only as a shoulder on a 
more dominant peak, a situation which often 
occurs in spectroscopy and chromatography. 
Figure 4 illustrates such a situation which has 
been successfully modelled using solver. In this 
example, both the test data and the model data 
were generated using the equation; 

f ( x ) : n  I e x p [ - - - ( S ~  ~1)2.] 

. F - ( x - ~ 2 ) 2 I  _ .2exp L j + . ,  (2) 
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Fig. 3. Results returned by solver for the fit to the Gaussian 
data shown in Fig. 1. (a) The initial positions of the solver 
data and the Gaussian peak. (b) The final fit to the Gaussian 

peak obtained using solver. 
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Fig. 4. Fit obtained with solver to two overlapping Gaussian 
peaks where one of  the peaks appears only as a shoulder on 

a more dominant  peak. 

where H I = height of peak 1 above baseline, 
/-/2=height of peak 2 above baseline, 
~ = position of peak 1 maximum along x-axis, 
5c 2 = position of peak 2 maximum along x-axis, 
tr I = standard deviation of peak 1, tr 2 = stan- 
dard deviation of peak 2, B = baseline offset 
from zero on y-axis. 

Once again, the search returns an exact sol- 
ution to the problems, with all parameters being 
successfully returned with the correct values 
(H i=80 ,  £1=52,  tr I=10 ,  /-/2=45, g2=72,  
(r 2 = 9 a n d B = 5 ) .  

Examples like these are very useful for teach- 
ing the principles of optimization and non- 
linear least squares fitting to graduate students, 
and in particular, in highlighting the need for 
direction by the user of the process, as initial 
conditions can easily be set which do not allow 
the algorithm to locate the desired minimum. 

MODELLING EXPERIMENTAL DATA 

In this section, we demonstrate the appli- 
cation of solver to modelling experimental data 
sets which, unlike the theoretical tests discussed 
previously, will not have exact solutions. How- 
ever, the validity of the results can be inferred 
by comparison with results obtained with other 
optimization algorithms, through knowledge of 
the system being studied or through examin- 
ation of the error of the fit. 

Example (1). Modelling chromatography peaks 
Chromatography (and flow-injection) peaks 

are characterized by a Gaussian-type shape 
distorted by tailing which occurs on the falling 
portion of the peak. Models such as the expo- 
nentially modified Gaussian ~-s and the tanks-in- 
series 9a° have been developed in order to allow 
this distortion of the standard Gaussian peak 
shape to be described mathematically. This has 
important applications in the area of data 

storage (results can be described mathematically 
rather than stored as relatively large ASCII 
files), and in the analysis of peak purity (e.g. by 
comparing the shape parameters of experimen- 
tal peaks to that of a typical peak obtained with 
the analyte under normal conditions). 

Exponentially modified Gaussian model. ~ 
The exponentially modified Gaussian function 
(EMG) is the result of the convolution of a 
Gaussian function and an exponential decay. In 
Excel, this is achieved as follows. Y(n) rep- 
resents an unconvoluted Gaussian data array of 
n points calculated according to equation (1) 
above. The difference AY(m) between a point 
Y(m) and the previous point Y(m - 1) is easily 
obtained by subtracting the appropriate cells. 
The convoluted set of points, EMG(m) is de- 
rived from the Y(m) array as follows: 

EMG(m) = EMG(m - 1) 

+ [Y(m) - EMG(m - l)], (3) 
L 

where 

A = 1 - exp( -  tt"2/~ W1, (4) 

where • = time constant of  the exponential 
decay (where a time dependent function is being 
modelled), I4I], W 2 = weighting factors, with ~"2 
normally set at unity and m is the data index in 
the array. 

On the spreadsheet, the Gaussian equation (1) 
is first used to create a Gaussian data array over 
the range of interest. The first point on this 
array is then set equal to the first convoluted 
point (EMG(1)). The second EMG point 
(EMG(2)) can then be calculated via equations 
(3) and (4) above, This procedure is repeated for 
the entire Gaussian array using the 'edit-fill- 
down' command in Excel. 

Tanks-in-series model. 9'I° In this approach, 
the flow system is regarded as behaving as a 
series of mixing chambers which serve to distort 
the initial ideal square-wave concentration 
profile of the sample plug as it travels to the 
detector. The equation used in this instance is; 

f( t '=H[(Ti(t / l i)N-,  ") 

×((Nl~.)exp(--t/Ti)],  (5) 

where Ti = mean residence time of an element of 
fluid in any one mixing tank (i). N = number 
of tanks, t = time (x-axis index), H = scaling 
factor. 
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Figure 5a-d illustrates the superior perform- 
ance of the EMG model in describing an exper- 
imental HPLC peak. Figure 5a shows the 
best-fit obtained with the Gaussian model using 
solver while Fig. 5b and c shows the equivalent 

best-fit obtained with the EMG and tanks-in- 
series models, respectively. Figure 5d compares 
the residual errors obtained with each model 
expressed as a percentage of the response maxi- 
mum, and while there is some structure in the 
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Fig.  5. Comparison of  (a) Gaussian, (b) exponentially modified Gaussian (EMG), (c) tanks-in-series 
models to an experimental HPLC peak and (d) the residuals obtained for each fit (expressed as a % of  
the peak maximum). The unit 'Bit-number' refers to the number returned by the I/O card on digitization 

of  the detector signal. 
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EMG residuals, the error is clearly much smaller 
than that obtained with the other models. The 
inability of the Gaussian model to cope with the 
peak tail is demonstrated by the comparatively 
large residual error for points 22-30 which is 
much reduced in the EMG residuals. 

Example (2). Modelling fluorescence decay 
processes 

The data set for the single exponential 
modelled in this equation refers to fluorescent 
emission decay lifetime measurements of 
the compound: ruthenium-bis(2,2'-bipyridyl) (5- 
isothiocyanate- 1,10-phenanthroline) [Ru(bpy)2 
(NCSphen)] z+ using a Q-switched ND-YAG 
laser. The samples were aerated and measure- 
ments were carried out in 0.1M carbonate buffer 
(pH 9.6). The compound absorbs at 455 nm and 
is characterized by a fluorescence decay with a 
single time constant. 

The double exponential model has been 
applied to fluorescent emission decay lifetime 
measurements of the same compound after 
attachment of bovine serum albumin via a 
thio-urea linkage. 1~ Once again the samples were 
aerated and measurements carried out in 0.1M 
carbonate buffer (pH 9.6). Binding of the 
protein has little effect on the excitation and 
absorbance wavelengths but lifetimes of fluor- 
escent centres near the binding sites are affected, 
leading to differing sets of fluorescent emissions 
emanating from species bound in different 
environments. The models used in this investi- 
gation were general single and double exponen- 
tial equations of the form: 

f(t) = [A(1 - exp(-k t ) ]  + B, (6) 

where A = pre-exponential factor, k --- rate 
constant, (1/k = decay lifetime), t = time, B = 
baseline offset and for the double exponential 

f(t) = [A, (1 - exp ( -k ,  t)] 

+ [A2(1 - exp(-k2t)] + B, (7) 

where A,, A2 = pre-exponential factors, kl, k2 = 
rate constants, t = time, B = baseline offset. 

Data obtained from the instrumentation are 
transformed to suit the above exponential 
models via in-house software prior to 
modelling. 

Figure 6a and b illustrates the fit obtained 
using the single exponential model (equation 6) 
with the NCS compound, and the residuals of 
the fit, respectively. Clearly the model par- 
ameters returned by solver fit the data well, with 

the error (expressed as a percentage of the 
maximum response) never being greater than 
+ 2%, which is quite acceptable given the noise 
on the original signal, and the time base of the 
experiment. The time constant obtained from 
the fit (T = 450 nsec) is typical of this material. 

Figure 6c and c shows fits obtained with the 
protein bound ruthenium compound using the 
double exponential model (equation 7). Again, 
solver returns a good fit to the data, (z~ = 286 
nsec, z2 = 833 nsec) with the error being within 
about +3% outside the initial 200 ns of the 
curve. While, fitting two exponentials to data 
obtained in these experiments is almost certainly 
an approximation such an approach can yield 
important information on the environment of 
the fluorescent centre through examination 
of the time constants obtained, while the pre- 
exponential factors may yield information on 
the relative populations of centres in the differ- 
ent environments." However, this is a matter of 
considerable debate amongst specialists in the 
area. For example, in these experiments it is 
likely that the fluorescent centres exist in a 
number of different environments which modify 
the emission characteristics (e.g. the time con- 
stants). The fit with the double exponential 
model is reasonably good, and the time con- 
stants obtained are in the range expected. How- 
ever, the curvature in the residuals suggests that 
there is some additional structure in the data. 
This in turn indicates that the fluorescent 
centres exist in two main environments but 
this is probably not the complete picture. In 
addition, careful examination of the residuals 
suggests an oscillating structure above 1500 
nsec, which can also be seen in the original data. 
It is likely that this is instrumental rather than 
chemical in origin (e.g. environmental noise). 

Example 3. Modelling ion-selective electrode 
characteristics 

ISEs can be characterized in terms of the well 
known Nikolskii-Eisenman equation (8) below 
in terms of the cell constant (E°), the slope (S), 
and selectivity coefficients (g~ t) which describe 
the effect of various interfering ions ( j )  on the 
response of the electrode to the primary ion (i): 

E = E  ° + s l o g  a~+ K 0 aj , (8) 
) 

where a~ and aj are the activity of the primary 
and interfering ions, respectively, and z~ and zj 
are their charges. We have used a simplified 
version of the above equation (neglecting the 
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Fig. 6. (a) Fit obtained using a single exponential model for fluorescence decay obtained with ruthenium 
bipyridyl isothiocyanate phenanthroline using a Q-switched ND-YAG laser, U (b) residual errors obtained 
with the single exponential model. (c) Fit obtained using the double exponential model for the protein 
bound ruthenium bipyridyl isothiocyanate phenanthroline u and (d) the residual errors obtained with the 

double exponential model. 

charge factors on aj) extensively to enable errors 
on analytical signals arising from interferents to 
be decoupled and corrected.': Approaches such 
as simplex optimization and genetic algor- 
ithms 12J3 have been investigated for estimating 

the electrode characteristics (selectivity co- 
etficients, slopes, cell constants), which involved 
extensive programme development. The meth- 
odology basically involves generating a matrix 
of electrode responses to a series of calibration 
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solutions containing the ions of interest at 
activity levels set according to a fractional 
factorial calibration design (see Tables 1 and 2). 
Thus for a four electrode array, 32 solutions are 
required, eight of which are targeted at each 
electrode (e.g. solutions 1-8, Table 1 are for the 
ammonium electrode, solutions 9-16 for the 
sodium electrode, solutions 17-24 for the pot- 
assium electrode and solutions 25-32 for the 
calcium electrode). We typically model the 
Nikolskii-Eisenman parameters for a particular 
electrode using the matrix of potentials obtained 
from the electrode array with the eight cali- 
bration solutions for that electrode, and then 
estimate the validity of the model by examining 
the residuals between the predicted array poten- 
tials (calculated via the model parameters and 
the known activities in Table 1) and the ob- 
served array potentials (Table 2). 

Table 3 show a comparison of fits obtained 
for the potassium and sodium ISEs by three 
different approaches, genetic algorithm with sim- 
plex optimization (uses a genetic algorithm to 
locate the approximate position of the minimum 
of the error surface, and then switches to a 

Table 1. Matrix of ion-activities in calibration solutions t2J3 

Activities (molar) 

Solution NH, + Na + K + Ca 2+ 

1 7.89E-03 7.10E-03 2.37E-03 3.18E-03 
2 8.46E-03 2.54E-03 4.23E-04 4.68E-04 
3 8.42E-03 8.42E-04 4.21E-03 3.56E-04 
4 8.37E-03 4.18E-04 5.02E-04 1.50E-03 
5 8.57E-05 6.00E-03 3.43E-03 2.18E-04 
6 8.58E-05 4.29E-03 6.86E-04 1.10E-03 
7 8.34E-05 1.67E-04 2.50E-03 2.95E-03 
8 8.96E-05 2.69E-04 1.79E-04 1.30E-04 
9 7.06E-03 7.84E-03 7.06E-03 2.73E-03 

10 7.56E-04 8.40E-03 5.04E-03 3.03E-04 
11 3.32E-04 8.30E-03 5.81E-04 1.93E-03 
12 2.54E-03 8.46E-03 7.61E-04 4.16E-04 
13 4.21E-04 8.43E-05 1.69E-03 2.56E-03 
14 5.08E-03 8.47E-05 5.93E-03 5.21E-04 
15 5.77E-03 8.25E-05 3.30E-04 2.83E-03 
16 1.78E-04 8.92E-05 2.68E-04 3.19E-04 
17 6.26E-03 6.26E-03 7.83E-03 3.09E-03 
18 7.41E-04 4.94E-04 8.23E-03 2.34E-03 
19 3.38E-03 6.76E-04 8.54E-03 3.61E-04 
20 6.80E-04 2.55E-03 8.50E-03 2.11E-04 
21 1.63E-03 7.34E-04 8.16E-05 4.07E-03 
22 2.56E-04 3.42E-03 8.54E-05 1.61E-03 
23 8.68E-04 4.34E-03 8.68E-05 5.15E-04 
24 1.79E-04 3.58E-04 3.95E-05 1.93E-04 
25 6.31E-03 5.52E-03 6.31E-04 3.98E-03 
26 3.96E-03 5.55E-04 6.34E-03 4.05E-03 
27 2.44E-04 8.13E-04 3.25E-04 4.46E-03 
28 5.69E-04 8.12E-05 8.12E-04 4.45E-03 
29 5.13E-03 5.13E-03 5.98E-04 5.41E-05 
30 2.62E-03 6.99E-04 2.62E-03 5.87E-05 
31 7.04E-04 1.76E-03 1.76E-03 6.05E-05 
32 5.37E-04 4.48E-04 8.95E-05 6.46E-05 

simplex to fine-tune the position of the mini- 
mum), simplex (uses the simplex only) and 
solver, results obtained with solver. 

The results show good agreement on the 
values of the cell potential and slope for both 
electrodes with all three approaches. Further- 
more, the values for selectivity coefficient for the 
main interferent are very close for both elec- 
trodes (i.e. around 0.18 for potassium interfer- 
ence on the ammonium electrode and 0.14 for 
the value of ammonium interference on the 
potassium electrode). Even the low-valued selec- 
tivity coefficients are modelled to around the 
same value in each case, which is surprising 
given their relatively minor effect on the fit. The 
worst case is for the sodium interference on 
the potassium electrode (K~°+~ Na÷), for which a 
value could not be obtained with solver. How- 
ever, examination of the values obtained with 
the other methods show this to be the smallest 
coefficient with least effect on the fit. These 
results show that solver can obtain good esti- 
mates of electrode parameters using the array- 
FIA calibration design. However, the genetic 
algorithm performs better and has the added 
advantage of being an unsupervised search tech- 
nique (i.e. requires no prior knowledge of the 
problem). Nevertheless, considering the ease 
with which solver can be used, we feel it per- 
formed creditably well in this particular task. 

Example (4). Modelling of ion-selective electrode 
(ISE) dynamic response inflow-injection analysis 

We have also used solver to look at the 
dynamic responses obtained with PVC mem- 
brane electrodes in a flow-injection analysis 
set-up similar to that used in the calibration 
experiments. ~2 One approach is to use a logistic/ 
sigmoid model to characterize the rising portion 
of the ISE response peak. The equation used is: 

[ a 1 
E(t) = (1 + exp[b(t - c)]) ~ + d, (9) 

where a = peak height (mY), b = slope co- 
efficient (mV per decade change in [K+], 
c = time from beginning of the peak to the 
inflexion on the rise (sec), d = baseline offset 
(mV), e = symmetry parameter for the sigmoid, 
E( t )=elec t rode  response at time t (mV), 
t = time (sec). 

This model can give some indication of the 
rate of ion-uptake at the membrane surface as 
the sample plug passes and enable comparisons 
to be made for different experimental situations 
(varying concentration of the primary ion, effect 
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Table 2. Matrix o f  electrodes responses to calibration solutions ~2't3 

Measured potentials (m V) 

Solution NH2- Na + K ÷ Ca 2+ 

! 1.30E + 02 1.41E + 02 1.43E + 02 6.67E 
2 1.32E + 0 2  1 .18E+02  1.17E + 0 2  4.55E 
3 1.32E + 02 1.08E + 02 1.54E + 02 4.01E 
4 1.34E + 02 7.93E + 01 1.22E + 02 5.70E 
5 8.32E + 01 1.49E + 02 1.50E + 02 3.37E 
6 5.99E + 01 1.36E + 0 2  1.13E + 0 2  4.92E 
7 7.82E + 01 7.86E + 01 1.41E + 02 5.86E 
8 4.82E + 01 6.89E + 01 8 .15E+01  2.31E 
9 1.30E + 02 1.44E + 02 1.58E + 02 5.92E 

10 9.89E +01  1.43E + 02 1.54E + 0 2  4.16E 
11 7.25E + 01 1.44E + 02 1.07E + 02 5.90E 
12 1.12E + 02 1.46E + 02 1.16E + 02 3.49E 
13 8.57E +01  6.49E + 01 1.32E + 02 5.14E 
14 1.31E + 0 2  8.49E + 01 1.57E + 02 4.00E 
15 1.29E + 02 4.99E + 01 1.13E + 02 5.93E 
16 6.36E + 01 4.28E + 01 9.74E + 01 3.56E 
17 1.31E + 02 1.42E + 02 1.65E + 02 6.95E 
18 1.06E + 02 1.02E + 02 1.67E + 02 6.28E 
19 1.26E + 02 9.97E + 01 1.61E + 02 3.87E 
20 1.06E + 02 1.25E + 02 1.64E + 02 3.38E 
21 1.02E + 02 8.55E +01  9.27E + 01 6.15E 
22 6.78E + 01 1.20E + 02 7.00E + 01 5.18E 
23 9.21E + 01 1.26E + 02 8.07E + 01 4.30E 
24 5.85E + 01 5.85E +01  6.85E +01  2.81E 
25 1.31E + 02 1.29E + 02 1.22E + 02 6.38E 
26 1.26E + 02 1.00E + 02 1.61E + 02 6.34E 
27 6.57E + 01 8.83E + 01 9.36E + 01 6.36E 
28 8 .11E +01  5.86E + 01 1.18E + 0 2  6.44E 
29 1.24E + 02 1.48E + 02 1.19E + 02 2.06E 
30 1.14E + 02 9.85E +01  1.45E + 02 2.11E 
31 9.07E + 01 1.19E + 0 2  1.34E + 0 2  2.20E 
32 7.88E + 01 8.56E +01  7.64E + 01 2.15E 
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of interferents, injection volume, flow rate, etc.). 
The model parameters in turn can be used as 
inputs in a further optimization of the instru- 
mental operating conditions (e.g. optimize a 

combination of a, b and c in terms of flow rate 
and injection volume). Figure 7 shows fits ob- 
tained to two valinomycin electrode responses 
to potassium injections at differing flow rates 

Table 3. Comparison o f  electrode characteristics for valinomycin (K ÷) and 
tetramethylacetate p-t-butylcalix[4]arene (Na ÷ ) based ion-selective electrodes 
obtained by a (i) genetic algorithm followed by simplex (GA-Simplex), (ii) simplex 

only, and (iii) solver, using the data in Tables I and 2 

Electrode 
parameter GA-simplex~3 Simplex 13 Solver 

A m m o n i u m  ISE 
E ° (mV) 225.8 225.8 225.1 
S (mV/decade) 45.4 45.5 45.2 
K~,K,  0.185 0.185 0.182 
K~°~,Na+ 9.36 X 10 -4 2.09 X 10 -3 5.49 X I0 4 
K~°~,ca2+ 6.46 x 10 -3 4.19 x 10 -3 6.04 x 10 -3 
SSR (8) 6.313 6.507 6.405 
SSR (32) 270.2 228.29 223.3 

Potassium ISE 
E ° (mV) 270.2 270.5 270.3 
S (mV/decade) 51.4 51.5 51.5 
K~+t r~a,. 0.143 0.143 0.140 
K~°+tNa+ < 1.0 × 10 -6 4.53 × 10 4 0.00 
K~tca2+ 5.36 x 10 -3 5.32 x 10 -3 7.33 x 10 -3 
SSR (8) 29.17 30.04 28.97 
SSR (32) 497.7 496.3 481.8 

The sum of  the squared residuals (SSR) for each method is also shown. SSR (8) 
refers to the squared residuals for the eight calibration solutions and SSR (32) 
refers to the squared residuals over the whole situation set. 
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Fig. 7. Fit obtained with sigmoid model for the rising portion of  FIA peaks obtained with a potassium 
PVC membrane electrode at 1.0 and 0.5 mL/min flow rates (see Table 4); Carrier composition: 5 x 10-2M 

MgC12, 10-6M KCI. Sample composition: 5 x 10 2M MgCI 2, 10-4M KCI; injection volume: 150/~1. 

(1.0 and 0.5 ml/min). The model parameters 
returned by solver for each flow rate are com- 
pared in Table 4. 

From these results we can deduce that in- 
creasing the flow rate causes a slight reduction 
in the peak height (a), an increase in the slope 
of the rise (given by the increased magnitude of 
b), a reduced time to the rise inflexion (c), and 
a less symmetrical rise in terms of the sigmoid 
model (larger value for e). Characterizing peaks 
in this manner can be very useful for instrumen- 
tal optimization purposes as mentioned above, 
and for describing peak shapes in terms of a few 
simple parameters. This characterization can be 
useful for processing large numbers of peaks 
and for identifying the possible presence of 
impurities through the definition of a 'typical' 
analyte peak as possessing these parameters 
within certain limits. 

CONCLUSIONS 

Using examples from chromatography, spec- 
troscopy and electrochemistry, we have demon- 
strated the usefulness of solver as a tool for 
mathematical modelling of experimental data. 

Table 4. Model parameters for sigmoid model of FIA peak 
rise obtained with valinomycin ISE in an FIA system at two 

different flow rates (see Fig. 7) 

Model parameters 1.0 ml/min 0.5 ml/min 

a (mV) 5.70E + 01 5.93E + 01 
b (mV per decade - 1 . 7 8 E - 0 1  - I . 0 3 E - 0 1  

change in [K+]) 
c (see) 4.84E + 00 9.59E + 00 
d (mV) -9 .62E  + 01 - 1.14E + 00 
e 7.49E + 00 4.16E + 00 

Carrier composition: 5 × 10-2M MgC12, 10-6M KCI. 
Sample composition: 5 × 10-2M MgCI 2, 10-4M KCI. 
Injection volume: 150 #1. 

While it is not on a par with custom-written 
software packages for this purpose such as 
Mathlab or Mathcad, or with more complex 
search methods such as genetic algorithms, it is 
nevertheless, quite a useful aid to data interpret- 
ation and an excellent means for introducing 
non-linear curve fitting into research and teach- 
ing. Given the fact that Excel is readily avail- 
able, and familiar to most research and 
undergraduate students, it can be expected to be 
quickly adopted by many workers for such 
applications. However, the existence of solver 
appears to be not widely known, a situation 
which we hope this publication will redress in 
analytical circles. The fact that the user must 
import the experimental data, and arrange the 
spreadsheet in a suitable manner for each prob- 
lem implies a complete understanding of the 
mathematics of the model. The ease with which 
named variables may be varied in Excel enables 
the user to experiment with equations and be- 
come familiarized with their effect on the curve 
obtained. 

In conclusion, we hope the few examples 
presented in this paper will stimulate other 
workers unfamiliar with non-linear optimiz- 
ation to experiment with this very useful Excel 
add-on. 

Acknowledgements--We wish to thank Maurice Burke 
(DCU) for providing the chromatography data, Johannes 
Vos (DCU) for the fluorescence data and useful discussions, 
and F. J. S~.ez de Viteri and Margaret Hartnett (DCU) for 
the ISE data and useful discussions. 

REFERENCES 

1. O. J. Parker and G. L. Brennan, Spreadsheet Chemistry. 
Prentice Hall, Englewood Cliffs, N.J., 1991. 



572 S. WALSH and D. DIAMOND 

2. H. Freiser, Concepts and Calculations in Analytical 
Chemistry---a Spreadsheet Approach. CRC Press, Boca 
Raton, 1992. 

3. W. H. Press, B. D. Flannery, S. A. Teukolsky and W. T. 
Vetteding, Numerical Recipes. Cambridge University 
Press, New York, 1990. 

4. G. H. Hostetter, M. S. Santina and P. D'Carpio- 
Montalvo, Analytical Numerical and Computational 
Methods for Science and Engineering. Prentice Hall, 
Englewood Cliffs, N.J., 1991. 

5. E. Grushka, Anal. Chem., 1972, 44, 1733. 
6. J. P. Foley and J. G. Dorsey, Anal. Chem., 1983, 55, 73. 

7. R. Ddley, Anal. Chem., 1985, 57, 388. 
8. A. Berthod, AnaL Chem., 1991, 63, 1879. 
9. J. Ruzicka and E. H. Hansen, Flow Injection Analysis. 

Wiley, New York, 1988. 
10. O. Lee, G. A. Dumont, P. Tournier and A. P. Wade, 

Anal. Chem., 1994, 66, 971. 
11. E. Ryan, R. O'Kennedy, M. Feeny, J. Kelly and J. G. 

Vos, Bioconjugate Chem., 1992, 3, 285. 
12. F.J. Sfiez de Viteri and D. Diamond, Analyst, 1994, 119, 

749. 
13. M. Hartnett, Ph.D. Thesis, Dublin City University, 

1994. 



Pergamon 0039-9140(95)01449-7 

Talanta, Vol. 42, No. 4, pp. 573-579, 1995 
Copyright © 1995 Elsevier Science Lid 

Printed in Great Britain. All rights reserved 
0039-9140/95 $9.50 + 0.00 

S E L E C T I V E  S P E C T R O P H O T O M E T R I C  D E T E R M I N A T I O N  

O F  A S C O R B I C  A C I D  I N  D R U G S  A N D  F O O D S  

OSAMA H. ABDELMAGEED, PAKINAZ Y. KHASHABA, HASSAN F. ASKAL, GAMAL A. SALEH and 
IBRAHIM H. REFAAT 

Department of Pharmaceutical Analytical Chemistry, Faculty of Pharmacy, Assiut University, Assiut, 
Egypt 

(Received 31 August 1994. Revised 14 October 1994. Accepted 14 October 1994) 

Summary--A new analytical method was developed for the determination of ascorbic acid. The method 
is based on the reaction of ascorbic acid with 4-chloro-7-nitrobenzofurazane (NBD-CI) in the presence 
of 0.2M sodium hydroxide, where a bluish green colour (2rex 582 nm) is developed after dilution with 
50% (v/v) aqueous acetone solution. Beer's law was obeyed in a concentration range of 5-20 #g ascorbic 
acid/ml with a good correlation coetficient (r = 0.9990). The method was found to be highly specific for 
the determination of ascorbic acid in the presence of dehydro-ascorbic acid, all other vitamins 
and minerals possibly present in multivitamin preparations, rutin, salicylamide, acetyl salicylic acid, 
paracetamol, caffeine, phenylephrine hydrochloride and dipyrone. Moreover, the proposed procedure was 
also successfully applied for the determination of ascorbic acid in some canned and fresh fruit juices, some 
vegetables and infant milk products without interference from coloured and other substances present in 
the plant extracts. 

Ascorbic acid is an essential vitamin with rec- 
ommended daily intake of about 70 mg. Contin- 
uing interest in the benefits of  a well-balanced 
vitamin intake has resulted in the fortification of 
many food products with a variety of  vitamins, 
including vitamin C or ascorbic acid. In the case 
of insufficient uptake the symptoms of scurvy 
appear.I Ascorbic acid occurs naturally in most 
fresh fruits, fruit juices and is often added 
during the manufacture of juices or soft drinks. 
Vitamin C degrades quickly and, therefore, 
there is special concern regarding the shelf-life 
of  these fortified foods. Consequently, there 
has been considerable interest in alternative 
methods of  determining the ascorbic acid con- 
tent of  food products. 

Since spectrophotometric methods are the 
instrumental methods of choice commonly used 
in industrial laboratories; a great number of  
coiourimetric methods have been proposed 
for the determination of ascorbic acid? -I1 The 
majority of these methods are based on its 
oxidation-reduction properties or its ability to 
couple with diazotized aniline derivatives. Some 
of  these methods are time consuming and suffer 
from lack of  specificity or good sensitivity es- 
pecially if they are used for the analysis of 
beverages, fruits or even some pharmaceutical 
preparations where colouring matter can inter- 

fere with the determination. Tedious pre- 
treatment is often needed to remove possible 
interferents. ~2'13 Therefore, the need for a fast, 
low cost and selective method is obvious, es- 
pecially for routine quality control analysis of  
ascorbic acid-containing products. 

In the present work, a facile, sensitive and 
selective method for the determination of as- 
corbic acid, based on its reaction with 4-chloro- 
7-nitrobenzofurazane in alkaline medium, is 
described. 

EXPERIMENTAL 

Instrument 

Perkin-Elmer, Lambda 3 B UV/Vis (U.S.A.) 
and Uvidec-320 (Japan) spectrophotometers 
with two matched l-cm quartz cells were used. 

Reagents and materials 

4-Chloro-7-nitrobenzofurazane (NBD-CI), 
(Fiuka AG, Switzerland): a 0.1% (w/v) fresh 
solution in acetone was prepared daily. A 0.2M 
aqueous solution of sodium hydroxide and 25% 
(w/v) aqueous solution of trichloroacetic acid 
were prepared, each in distilled water. Ascorbic 
acid (Sigma, Germany), was used as working 
standard without further treatment. A stock 
solution was prepared immediately before use in 
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cold aqueous solution of 0.5% (w/v) citric acid. 
This solution was diluted quantitatively with 
0.5% citric acid solution in order to obtain 
50-200 gg/ml final concentrations. All other 
chemicals, reagents and solvents were of analyti- 
cal grade. 

Dosage forms and food products 

The following commercial ascorbic acid for- 
mulations were subjected to analysis by the 
proposed procedure. Tablets containing only 
ascorbic acid: vitamin C tablets (Alex. Co., 
Egypt) and vitacid C effervescent tablets (CID 
Co., Egypt). Tablets containing ascorbic acid in 
combination with salicylamide: Cidal C tablets 
(CID Co., Egypt); in combination with rutin: 
Ruta C 60 (Kahira Co., Egypt); in combination 
with paracetamol, caffeine, phenylephrine 
hydrochloride: Rhino C (CID Co., Egypt). 
Tablets containing ascorbic acid with vitamins 
A, B complex, D 2, E, nicotinamide and calcium 
pantothenate together with minerals: Theregran 
Hematic (Squibb Co., Egypt). Effervescent 
tablets containing ascorbic acid and calcium 
carbonate: Vitacal forte and Vitacid Calcium. 
Tablets containing ascorbic acid and acetyl- 
salicylic acid: Aspocid C. Tablets containing 
ascorbic acid and multivitamins: Gericid (CID 
Co., Egypt). Multivitamin capsules containing 
ascorbic acid and vitamins A, B complex, D2 
and E with minerals: Viterra plus (Pfizer, 
Egypt). Syrups containing ascorbic acid and 
vitamins A, B complex, D 2, E, nicotinamide and 
calcium pantothenate: Beco C (Misr Co., 
Egypt), Fruital (CID Co., Egypt) and phospho- 
plex C (Kahira Co., Egypt). Ampoules contain- 
ing ascorbic acid only: Cevarol; ascorbic acid 
in combination with dipyrone: Cevagine 
(Memphis Co., Egypt). Drops containing 
ascorbic acid as a single component: Ceviline 
drops (Kahira Co., Egypt). Canned fruit juices: 
orange juice (Edfina Co., Egypt), orange juice 
(Kaha Co., Egypt); apple juice (Foodico Co., 
Egypt). Fresh fruits and vegetables such as 
parsley, green pepper, lemon and tomato were 
purchased from the local market and subjected 
to the described extraction procedure. Infant 
milk formula: Dialac-m (N.V. Nutricia, 
Holland), Neslac ~": (Nestl6, Holland) and 
Bebelac'": No. 1 (B.V. Lijempf, Holland). 

General procedure 

Into a 10-ml volumetric flask, 1.0 ml of 
standard or sample preparation was pipetted 
followed by 1.0 ml of 0.2M sodium hydroxide 

and 1.0 ml of 0.1% (W/V) NBD-CI solution. 
The contents of the flask were mixed well and 
diluted to volume with 50% (v/v) aqueous 
acetone. The absorbance of the resulting sol- 
ution was measured at about 582 nm against 
reagent blank prepared similarly. 

Tablets 

An accurately weighed amount of powder, 
obtained from 20 tablets, equivalent to about 
50 mg of ascorbic acid, was transferred into a 
100-ml volumetric flask. 0.5% (w/v) citric acid 
solution was added to volume and the content 
of the flask was shaken for about 5 min, filtered 
and the first portion of the filtrate was rejected. 
This solution was further diluted with 0.5% 
(w/v) citric acid to obtain 100 #g/ml. Then 
1.0 ml of this sample preparation was analysed 
as described under general procedure. 

Capsules 

The contents of 10 capsules were mixed and 
weighted. Then an amount of the mixed powder 
equivalent to 50 mg vitamin C was transferred 
into a 100-ml volumetric flask. The volume was 
completed with 0.5% (w/v) citric acid solution. 
The procedure was completed as described for 
tablet preparation. 

Ampoules, syrups and drops 

An accurately measured volume, equivalent 
to about 50 mg of ascorbic acid was transferred 
into a 100-ml volumetric flask. 0.5% (w/v) citric 
acid solution was added to volume and the 
contents were mixed well. This solution was 
further diluted with the same solvent to obtain 
a sample preparation containing 100 pg/ml. The 
procedure was completed as described under 
general procedure. 

Canned juices 

An accurately weighed amount equivalent to 
1.0 g from canned fruit juice was transferred 
into a 10-ml volumetric flask and diluted to 
volume with 0.5% (w/v) citric acid. The con- 
tents of the flask were mixed well, filtered if 
necessary and 1.0 ml from this solution was used 
for the analysis of ascorbic acid as described 
under general procedure. 

Fruit extracts 

About 50 g portions of each sample was 
squeezed or homogenized mechanically for 
about 5 min and then extracted separately with 
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about 75 ml of 0.5% (w/v) citric acid in divided 
portions. The extracts obtained were filtered 
into a 100-ml volumetric flask and the filtrate 
was made up to volume with the same solution. 
These solutions were used for the analysis or 
diluted quantitatively, if necessary, with 0.5% 
(w/v) citric acid solution to obtain suitable 
concentrations for the assay. For parsley and 
green pepper samples a pretreatment step was 
done before dilution where the extracts were 
shaken with petroleum ether several times fol- 
lowed by filtration into a 100-ml volumetric 
flask. 

Infant milk 

About 15 g of  the powder milk was accurately 
weighed in a 250-ml beaker, 80 ml of  0.5% (w/v) 
citric acid solution was added and the contents 
were mixed well with continuous stirring in 
order to obtain a homogenized preparation. A 
25% (w/v) aqueous solution of trichloroacetic 
acid was added dropwise until coagulation of 
milk started to occur. The mixture was allowed 
to stand for about 5 min, followed by filtration 
into a 100-ml volumetric flask. The residue was 
washed with citric acid solution and the filtrate 
as well as washing solution, after mixing, was 
completed to about 95 ml and was treated with 
1N sodium hydroxide dropwise so as to bring 
the solution to a final pH of about 6.5. The 
solution was made up to volume using 0.5% 
(w/v) citric acid solution and 1.0 ml of  this 
solution was used for the determination of 
vitamin C content as described under general 
procedure. 

RESULTS AND DISCUSSION 

Features of the reaction 

4-Chloro-7-nitrobenzofurazane (NBD-C1), as 
an activated halide derivative, was first intro- 
duced as an analytical fluorigenic reagent for the 
determination of some amines and amino 
acids. ~4 In a recent report NBD-CI was further 
used, for the first time, as a colourimetric re- 
agent for the determination of D-penicillamine 
in its bulk form and in the presence of other 
degradation products of penicillin and other 
possible ingredients that may be present in 
tablet formulation such as ascorbic acid. ~5 
Ascorbic acid was found to interfere with the 
suggested method/5 Therefore, owing to the fact 
that no reports could be found in the available 
literature regarding the use of the cited reagent 
for the analysis of  ascorbic acid in any available 

dosage forms or in food products, it was decided 
to extend our previous study to develop a novel 
approach for the determination of ascorbic acid 
in bulk drug, dosage forms and some food 
products. 

Optimization of conditions and absorption spec- 
trum of the reaction product 

Conditions under which the reaction of 
ascorbic acid with NBD-C1 fulfills the essential 
analytical requirements were investigated. All 
conditions studied were optimized at room tem- 
perature (25 _+ 5°C) and away from direct sun or 
artificial day light. Because an aqueous solution 
of ascorbic acid is known to be unstable, 0.5% 
(w/v) citric acid, was used as an aqueous 
medium for the cited drug throughout this work 
as an efficient stabilizer/6 To generate the 
nucleophile from ascorbic acid different in- 
organic aqueous bases were used, such as borax, 
sodium hydroxide, sodium carbonate or bicar- 
bonate, sodium acetate and sodium dihydrogen 
phosphate, all 0.1-0.5M. The best results were 
observed with about l ml of 0.2M sodium 
hydroxide. The solvents used for NBD-Cl as 
well as for dilution of the colour formed were 
carefully studied. A marked red shift was ob- 
served with acetone rather than other polar 
solvents such as alcohols. These results are in 
good agreement with our previous report. L5 For 
this reason 0.1% NBD-C1 (w/v), in acetone was 
recommended and about 1 ml was found to be 
satisfactory. Because dilution of the colour 
formed with pure acetone resulted in colloidal 
solution, probably owing to separation of 
the excess base, 50% (v/v) aqueous acetone is 
recommended to avoid any precipitation. Under 
these conditions the reaction between NBD-C1 
and ascorbic acid was found to be instantaneous 
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Table 1. Determination of ascorbic acid in various types of dosage forms 

Aseorbic acid % Recovery* _+ SD 
content 

Preparation mg Proposed Reported t F 

Tablets 
Vitamin C 500 99.55 + 1.74 98.22 + 1.03@ 0.365 2.86 
Vit C. efferv. 1000 100.00 __+ 1.60 104.90 + 1.22@ 0.423 1.72 
Theragran 100 99.22 + 1.26 98.54 __+ 0.69 1.058 3.335 
Gericid efferv. 200 101.09 __+ 1.75 99.08 __+ 0.78 2.343 5.034 
Vitacal forte efferv. 50 99.59 + 0.99 97.79 + 1.05@ 1.087 1.125 
Aspocid C efferv. 250 98.34 + 1.40 97.93 _ 0.71@ 0.235 3.87 
Vitacid calcium efferv. 1000 97.98 __+ 2.16 97.57 + 1.50@ 0.349 2.09 
Cidal C 50 99.07 + 0.89 98.46 + 0.79@ 1.188 1.58 
Rhino C 60 100.59 _+ 1.51 102.54 + 2.07 1.701 1.880 
Ruta C 160 95.39 _ 0.83 95.25 __+ 0.82@ 0.219 1.025 

Capsules 
Viterra plus 50 99.22 __+ 1.85 98.79 ___ 0.90 0.467 4.225 

Ampoules 
Cevagine 1000 95.59 + 0.92 94.51 + 1.37 1.461 2.22 
Cevarol 1000 98.39 __+ 1.10 98.15 _ 1.28 0.313 1.354 

Syrups 
Beco C 50/5 ml 99.96+ 1 .16  99.30+ 1.55 0.287 1.785 
Fruital 50/5 ml 97.51 __+ 0.68 97.31 _ 1.46 0.278 4.615 
Phosphoplex C 1500/100 ml 97.34 + 0.82 96.44 __+ 1.82 1.003 4.926 

Drops 
Ceviline 100/ml 99.12 + 1.47 98.76 + 1.46 0.389 1.01 

Theoretical value for t is 2.78 (P = 0.05) and for F is 6.39 (P = 0.05) 
*Average of five determinations, 
@B.P., 1988, p. 47. (Ref. 23); for other dosage forms, Ref. 10 was used as the reported method. 

and  s table  for  at  least 30 rain as long as it was 
kep t  f rom direct  sun or  artificial  light. F igure  1 
represents  the bluish-green co loured  p roduc t  
with two m a x i m a  at  a b o u t  458 and  582 nm. A t  
582 nm bo th  the reagent  and  ascorbic  acid have 
no absorp t ion .  In  addi t ion ,  being the more  
red-shif ted one it is expected tha t  measurement  
at  582 nm should  e l iminate  any interferences 
which m a y  arise f rom the presence o f  co lour ing  
ma t t e r  present  in fruits, vegetables  or  added  to 
l iquid pha rmaceu t i ca l  p repara t ions .  In our  pre-  
vious r epor t  15 it was p roved  tha t  reagent  b lank,  
p repa red  under  s imilar  condi t ions ,  has absorp -  
t ion values in the region o f  285-485 nm, with 
m i n i m u m  or  neglected abso rp t i on  at  558--612 
nm. j5 Therefore ,  the m a x i m u m  at a b o u t  458 nm 
p r o b a b l y  represents  the abso rp t ion  o f  the N B D  
moie ty  in the reac t ion  produc t .  

Table 2. Determination of ascorbic acid in some canned 
fruit juices 

Found* Reportedt 
Juice (lag/g +_ SD) (lag~g) 
Apple (Foodico) 8 + 0.31 2-36 
Orange (Kaha) 300 + 0.50 97-700 
Orange (Edvina) 350 + 0.28 97-700 

*Average of three determinations per sample. 
tRef. 18 

Quantification 

A linear  cor re la t ion  (r = 0.9990) was found  
between the abso rbance  at  582 nm and the 
concen t ra t ion  o f  ascorbic  acid in the range o f  
5 -20 /~g /ml .  Regress ion analysis  o f  Beer 's  p lo t  
gave the fol lowing l inear  regression equat ion:  

A582 = 0.02 + 0.036C (n = 6), 

where Ass2 is the abso rbance  at  582 nm and C 
is the concen t ra t ion  in/~g/ml.  This equa t ion  has 
a slope o f  0.036 with an intercept  o f  0.02. 

Application of  the proposed method to real 
samples 

The basic method ,  as descr ibed,  was appl ied  
for  the de t e rmina t ion  o f  ascorbic  acid in var ious  
pharmaceu t i ca l  p repa ra t ions  (Table  1). G o o d  
recoveries were ob ta ined  with tablets ,  capsules  
and  solut ions  wi thout  interference f rom vita- 
mins A,  B complex,  D and  E, minerals ,  rutin,  
acetylsalicylic,  sa l icylamide,  pa race tamol ,  
caffeine, phenylephr ine  hydrochlor ide ,  d ipyrone  
and tablet  excepients.  

Resul ts  in Tables  2 and 3 give the ascorbic  
acid contents  o f  some o f  the seasonal ly  avai lab le  
canned  fruit  juices or  fresh vegetables  analysed  
by the p roposed  method .  The values were found 
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Table 3. Determination of ascorbic acid in some fresh vegetables 

Vegetable 

Ascorbic acid Recovery of the added 
(mg/lO0 g) ascorbic acid 

Added Recovered* % Recovery 
Found* Reportedf (rag) (rag) (±SD) 

Lemon 48 49.7 50 50.14 
Tomato 12.3 10.2 15 15.09 
Parsley 110.2 130.6 115 114.68 
Green pepper 14.4 - -  15 14.60 

100.28 ± 2.06 
100.60 ± 0.67 
99.72 ± 1.04 
97.31 +_ 1.78 

*Average of three determinations. 
tRef. 17 

577 

to be consistent with the normal concentrations 
of  ascorbic acid reported. '7''8 No interference 
was observed from the presence of the very 
complex matrix of  the fruit juices or vegetables 
as indicated by the good recovery of ascorbic 
acid added to the studied samples. The only 
recommended pretreatment step was the extrac- 
tion of chlorophyll with petroleum ether in the 
case of  parsley and green pepper. 

Moreover,  analysis of  different products of  
dried infant milk for their ascorbic acid content 
were successfully carried out (Table 4). Tri- 
chloroacetic acid, used for milk protein precipi- 
tation, being a strong acid can affect the pH of 
the medium. Therefore, the pH of the studied 
solution was readjusted to its optimal value, 
about  6.5, using I M aqueous sodium hydroxide 
solution, prior to the application of  the 
suggested procedure. 

Possible mechanism 

Being an active halide derivative, NBD-C1 
was considered as a likely target for good 
nucleophile, under basic condition, such as 
amines, amino acids and thio-compounds. '4"t5 
This nucleophilic displacement reaction mech- 
anism (SN2) seems obvious in the case of  
ascorbic acid reaction with the cited reagent. 
Treatment of  ascorbic acid solution with 
aqueous sodium hydroxide should produce an 
ascorbate anion (Scheme 1), as reported, m-21 
which in turn can act as nucleophile to displace 
the C1- anion of NBD-CI to give the corre- 

sponding 4-substituted-7-nitro-benzofurazane 
derivative (Scheme 2). The suggested mechan- 
ism is proved by the experimentally negative 
results obtained upon the interaction of 
dehydroascorbic acid (Scheme 1), which rep- 
resents the oxidized form of the enediol group 
of ascorbic acid, with NBD-CI under exactly the 
same described condition. No colour is pro- 
duced even at concentrations several times more 
than that recommended for ascorbic acid. Fur- 
ther proof  was obtained through the application 
of  Job 's  method of continuous variation, 22 
which revealed a 1:1 ratio of  ascorbic acid 
to NBD-CI. These findings indicate that the 
ascorbate anion is the only nucleophile formed 
during the reaction. Accordingly, the presence 
of the enediol group makes this reaction highly 
specific for the determination of  ascorbic acid 
in the presence of other vitamins or/and 
dehydroascorbic acid. 

Another mechanism based on an ion associ- 
ation complex between the two reactants is 
unlikely owing to the fact that no report(s) 
could be found in the literature indicating 
the possible use of NBD-CI as a basic or acidic 
dye. 

Experimentally, trials have been carried out 
to extract the colour formed at 582 nm, before 
and after dilution with 50% (v/v) aqueous 
acetone, using some water immiscible solvents 
such as chloroform or toluene. No colour was 
observed in the immiscible solvents which 
strongly disagrees with the idea of an ion associ- 

Table 4. Determination of ascorbic acid in some infant milk preparations 

Ascorbic acid 
(mg/lO0 g) 

Recovery of the added ascorbic 
acid to 100 g product 

Milk Label claim Found* Added Recovered* % Recovery* 
product (rag) (mg) (mg) (rag) (±SD) 

Dialac-m 70 68.42 70 69.66 99.52 _+ 1.53 
Bebelac R No. l 49 48.06 49 48.94 99.89 ± 0.36 
Neslec ~ 41 41.07 41 40.46 98.69 ± 0.86 

*Average of three determinations 
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ation complex under the described experimental biological fluids which will be our target in the 
condition, future. 

CONCLUSION 

The proposed method offers several advan- 
tages over previously used procedures, as it has 
a high degree of specificity owing to the enediol 
group of ascorbic acid. With the proposed 
method, any reducible substances, e.g. sugars, 
should not interfere when present in quantities 
usually encountered in multivitamin prep- 
arations. The method holds good promise for 
the possible determination of ascorbic acid in 
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Summary--lt was proved that the N4-oxide group included in chlordiazepoxide (CDZ) is involved in its 
phototoxicity. At a wavelength of 350 nm, CDZ photoisomerizes only into oxaziridine (OXA) which is 
not available as standard. In the course of cytotoxicity investigations, the optimal CDZ irradiation 
conditions were established as acetonitrile as solvent, 10°C as temperature of the irradiated solutions and 
70-90 rain as irradiation time for solutions in the range of 12.2-152.0/~g/ml. The kinetic parameters of 
the CDZ photodegradation reaction order have been calculated using an appropriate algorithm. In all 
cases, the first order reversible or irreversible was selected by Akai'ke's criteria. The percentage of 
undecomposed CDZ and OXA generated after irradiation were determined by a reversed HPLC method. 
The latter also permitted the separation of CDZ major impurities in aqueous solutions (demoxepam and 
2-amino-5-chlorobenzophenone) as well as the oxaziridine of demoxepam. In this study, the experimental 
irradiation conditions allowed us to produce 98% pure OXA from CDZ. This HPLC method could be 
easily extended to the analysis of the molecules in pharmaceutical studies. 

Ch lo rd iazepox ide  (CDZ)  usual ly  used as a 
t ranqui l l izer ,  induces undes i red  side-effects after  
its c o n s u m p t i o n  and h u m a n  exposure  to 
sunl ight?  -4 The I-4 benzodiazepine  der ivat ive  
conta ins  a Na-oxide funct ion involved in the 
C D Z  photo tox ic i ty .  5,6 W h e n  exposed to day-  
light, C D Z ,  as well as its two ma jo r  metabol i tes ,  
desmethy lch lo rd iazepox ide  ( D E S - C D Z )  and 
d e m o x e p a m  ( D E M )  respectively,  pho to i somer -  
ize into a pho to lab i l e  oxazi r id ine  der ivat ive 7'8 
(Fig.  1). The epoxy  funct ion included in this 
molecule  is unstable .  When  exposed  to UV 
rad ia t ion ,  it is t r ans fo rmed  into quinoxal ine  and 
benzoxad iazoc ine  9'~° and  when submi t t ed  to 
high t empera tu re ,  it is conver ted  back to the 
pa ren t  drug.  7'z~ 

Accord ing  to Cornel issen et al., z°'~2 350 nm 
is the op t ima l  wavelength  to pho to i somer ize  
C D Z  into oxazi r id ine  and avoid  its subsequent  
p h o t o d e c o m p o s i t i o n .  In this work ,  we devel-  
oped  and  va l ida ted  on the one hand  a reversed- 
phase  high pe r fo rmance  l iquid c h r o m a t o g r a p h y  
m e t h o d  in o rde r  to quant i fy  the C D Z  degra-  
da t ion  and  the fo rma t ion  o f  its oxazi r id ine  

*Author to whom correspondence should be addressed. 

der ivat ive and  on the o ther  we de te rmined  the 
op t ima l  i r rad ia t ion  condi t ions  to quant i ta t ive ly  
p roduce  pure  O X A  as well as to calculate  the 
C D Z  p h o t o d e g r a d a t i o n  kinetic parameters .  
This s tudy is a ma jo r  step in the inves t igat ion o f  
the poten t ia l  in vitro ant icancer  act ivi ty o f  
oxazi r id ine  (unpubl i shed  data) .  

EXPERIMENTAL 

Reagents and solutions 

Chlord iazepox ide  (CDZ)  was k indly  suppl ied  
by H o f f m a n - L a - R o c h e  (Belgium). Chlor-  
d iazepoxide  hydroch lo r ide  ( C D Z  H C L )  was 
purchased  f rom Fede ra  (Belgium) and 2-amino-  
5 -ch lo robenzophenone  f rom Sigma (Belgium). 
D e m o x e p a m  was synthesized accord ing  to 
publ i shed  methods .  13'~4 D i s o d i u m  hydrogen  
p h o s p h a t e .  2 H 2 0  and  po tas s ium m o n o -  
hydrogen  phospha te  were o f  analyt ica l  g rade  
(Merck) .  Acetoni t r i le  was H P L C  grade  (Lab-  
scan analy t ica l  science). House-pur i f ied ,  H P L C  
grade  water ,  was used in all mobi le  phases  and  
solut ions.  The  mobi le  phases  were fil tered 
th rough  0.2 /~m membranes  and  sonica ted  
before  use. 
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Fig. 1. Structures of chlordiazepoxide (CDZ), its metabolites (DES-CDZ, desmethylchlordiazepoxide; 
DEM, demoxepam; DES-DIAZ, desmethyldiazepam; OXAZ, oxazepam) and its photoproducts (OXA 
CDZ, oxaziridine of chlordiazepoxide; OXA DES-CDZ, oxaziridine of desmethylchlordiazepoxide; OXA 

DEM, oxaziridine of demoxepam). 
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The HPLC system 

The HPLC system consisted of  a Gilson 
model 305 pump (Gilson) a model 7125 loop 
injector (Rheodyne) and a HM holochrome UV 
monitor (Gilson) connected to a recorder (Kipp 
and Zonen). The chromatographic column 
(100 x 4.6 mm i.d.) was packed with 5 /~m 
particles of  C~s Nucleosil (Chrompack) and 
operated at 20°C with a flow rate of 1 ml/min. 
The mobile phase consisted of a mixture of 
0.07M phosphate buffer at pH 5.4 and CH3CN 
(70:30), 20-70 #1 samples were injected and 
detection was performed at 280 nm. 

The irradiation system 

The irradiation system was built in our 
laboratory (Fig. 2). The materials (Oriel, 
Stratford, U.S.A.) used were: (a) an arc lamp 
power supply 68806 which operates with a 150 
W xenon lamp; (b) a photomax lamp housing 
60100 with the xenon lamp in the vertical 
position, a reflector provided with a demineral- 
ized water circulation cooling system, a system 
of mirror RAL-UV and lens; (c) a mono- 
chromator with a band pass of  6 nm and settled 
at 350 nm; (d) a sample vessel (1 cm i.d., 1 cm 
height), 0.7 ml volume and thermostatted at a 
fixed temperature. 

Purity and identification analysis 

The IR spectra were recorded on a Perkin- 
Elmer 1720 x spectrophotometer equipped 
with a liquid nitrogen cooled TGA detector, 
having a resolution of 2 cm -1. The oxaziridine 

was generated after irradiation of a CDZ base 
solution at a concentration of  ca. 30/ag/100/~1 
acetonitrile. The CDZ and oxaziridine solutions 
were deposited on a thallium plate and dried 
gently under N 2 stream before analysis. 

The N M R  spectra of oxaziridine dissolved in 
CDCI 3 was recorded on a Bruker 2.50 WM; the 
amount of drug used for N MR spectra was 
obtained by pooling solutions of six successive 
CDZ irradiations. 

The diode-array analysis [Beckman 
Instruments: module 168 system gold and 
system gold chromatography software (ASW- 
2)] were used for purity determination as well 
as UV analysis. 

Conditions for the CDZ UV irradiation 

Irradiation was carried out at 350 nm (power 
supply of the lamp setting at 6.5 A for a tension 
of 18 V). The energy measured with a OL 730 
digital radiometer (Optronic, Orlando, USA), at 
the surface of the sample, was 0.22 mW/cmL 

Different parameters were investigated: (a) 
influence of the sample volume (solution 
volumes between 0.1 and 0.7 ml were tested); (b) 
influence of the nature of the solvent (organic 
solvent: acetonitrile and chromatographic 
mobile phase); (c) influence of the temperature 
(two different temperatures, 20 ° and 10°C were 
considered). 

Kinetic study and data analysis 

Different initial concentrations of CDZ base 
dissolved in acetonitrile (12.2, 38.0, 60.8, 76.0, 
152.0 and 304.0 #g/ml) were irradiated at 10°C. 

M•O 
Lens 

G Sample 

D 

y ~ , f / / / / / / / i  

Photomax 
~ lamp housing 

Monochromator 

Fig. 2. Irradiation system. 
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Fig. 3. HPLC separation of chlordiazepoxide (2), its photoproduct (4) and its decomposition products, 
namely demoxepam (1), as well as its oxaziridine (3) and 2-amino-5-chlorobenzophenone (5) after 

irradiation. 

Firstly, the data were computed to classical 
kinetic models namely order O, order 1 revers- 
ible or not, order 2. For  each concentration 
studied, the first order reversible or not was 
selected. Secondly to improve the estimation of  
CDZ photoizomerization kinetic parameters 
three software packages were compared: (a) 
Linreg ~5 is based on a least square linear 
regression analysis. In this regression analysis, 
data were converted to provide a logarithmic 
linear transformation. First order reversible 
equation: 

In(At - Ao~) = ln(Ao - A ~ )  - K t ,  (1) 

where A t is CDZ concentration at time t 
(pg/ml), A~ is CDZ concentration at time 
infinity (pg/ml), Ao is initial CDZ concentration 
(pg/ml), K is apparent rate constant (min -t) ,  t 
is time (min). Here, a value for A ,  is required 
to allow the logarithmic transformations to 
In(At-A®).  In the case of  first order 
irreversible, A~ = 0. 

Generally, Ao~ is not known and the usual 
programs such as Linreg ~5 only calculate an 
approximative concentration at infinity which is 
then used in the linear regression analysis. In 
this way, estimations of  kinetic rate constants 
are often erroneous. The best value of  A~ can 
only be estimated after non-linear least squares 
regression analysis by optimization of  the 
parameters in equation (2). 

(b) Nonreg ~5 and FADHA 16 are based on 
non-linear least squares regression analysis. 
Data are fitted to first reversible and irreversible 
(A~ = 0) equations (equation 2). First order 
reversible equation: 

A t = A o e  -k '  + Ao~(1 -- e-k'). (2) 

Nonreg estimations of  parameters are based 
on matrix calculations. ~5 In FADHA, we 
developed an algorithm based on the simplex 
method which minimizes a non-linear cost 
function by a sequence of  elementary geometric 
transformations.t6-~8 

(c) The Akai'ke information criteria (AIC) 19 
selected the equation describing the best fit to 
the data. It is viewed as the sum of  a measure 
of  the model fitting criterion and a penalty 
function proportional to the number of par- 
ameters p in the model. In weighted least square 
analysis with Gaussian errors, the criteria is 
AIC = N In F + 2p in which F is the weighted 
sum of deviations squared with the pth set of 
parameters ( F = c o s t  function). The lowest 
value of AIC selects the best model. 

RESULTS AND DISCUSSION 

The main objective of  this analytical section 
was to develop a HPLC method suitable 
to determine the best irradiation conditions to 
generate OXA-CDZ (peak 4, Fig. 3) and to 
study the kinetic parameters of  this photo- 
isomerization. This method was also used to 
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Table I. Unweighted calibration curve of CDZ 

Range Slope Intercept 
Compounds ( gg /ml)  (m ) (c ) r* 

CDZ 1.1-225.4 0.4811 0.3243 0.9996 
0.4850 0.1908 0.9999 
0.4832 0.8859 0.9992 
0.5434 0.6557 0.9997 
0 .5346 -0.1677 0.9997 
0.5225 1.1096 0.9995 
0.5428 0.5921 0.9991 

Mean + SD 0.51+0.03 0.5+0.4 0.9995_+0.0003 

r*: Regression coefficient. 
y = c + m x  where y is injected concentration (/ag/ml), x is peak area (cm2). 
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follow the photoisomerization kinetic of CDZ 
metabolites (DEM and DES-CDZ) into their 
oxaziridine derivatives, OXA-DEM and OXA- 
DES-CDZ (see Fig. 1) (unpublished data). The 
HPLC methods described in the literature 
determined the kinetic parameters of the CDZ 
hydrolysis in aqueous solutions 2°'2~ and 
quantified its impurities, namely demoxepam 
(DEM) and 2-amino-5-chlorobenzophenone 
(BENZ). 22 Our method permitted the separation 
of CDZ, DEM and BENZ and the 
photoproducts of DEM and of CDZ (Fig. 3). 

However, the total analysis time is rather high 
because of the differences in the chromato- 
graphic behaviour between CDZ (peak 2), 
DEM (peak 1) and their oxaziridine derivatives 
(peaks 4 and 3, respectively). The latter appear 
to be more lipophilic drugs. 

Selectivity of the method and purity of the 
peaks were controlled by the diode array Gold 
system. 

The linearity of the calibration curve was 
checked over the range of 1.1-225.4 /~g/ml of 
CDZ dissolved in acetonitrile. The equation of 
the mean calibration graphs and the mean 
regression coefficients as well as standard 
deviations are given in Table 1 (results of seven 
successive days). The absolute detection and 
quantification limits were: 4 ng (for a concen- 
tration yielding a signal-to-noise ratio of 2:1) 
and 20 ng (for concentration yielding a signal- 
to-noise ratio of 10:1), respectively. Intra- 
and inter-days determinations of CDZ before 
irradiation by this HPLC method show a good 
precision with a mean RSD lower than 4.0%. In 
order to evaluate the precision of the HPLC 
assay coupled with the irradiation procedure, 
three initial CDZ concentrations were irradiated 
during 70 min (12.2 and 60.8/~g/ml) or 90 min 
(304.0 /~g/ml) in CH3CN before injection. 
Under these conditions intra-day precisions for 
CDZ and OXA results were very good since the 

mean percentage of RSD was below 5%. The 
inter-day precision for CDZ was maintained 
under 6% in spite of the low concentration of 
this drug remaining in solution (0.28 /~g/ml) 
after a complete as possible isomerization. 

This irradiation procedure involves the gener- 
ation of high concentrations of oxaziridine 
which can then be measured with an inter-day 
precision lower than 9%. 

Our results showed that the variances 
were concentration dependent after Fisher- 
Snedecor's F test (P <0.05). The overall 
accuracies within the concentration range 
determined ( 3.9-175/~ g/ml) were 97-104 % with 
an inter-day RSD less than 5%. 

The oxaziridine of CDZ was identified by IR, 
UV and NMR analysis. UV and NMR spectra 
were previously published 7'~° and our results 
have confirmed these works. However, the IR 
spectra of this drug had not been reported 
(Fig. 4). The CDZ spectrum showed a 
characteristical peak of the symmetric stretching 
of the N--O bond at 1173 cm L, whereas the 
oxaziridine spectrum indicated two characteris- 
tical peaks of the epoxy function: one at 957 
cm ~ for the asymmetrical ring deformation and 
the other at 884 cm-' for the symmetrical ring 
deformation. 

One of the main objectives of this study 
was to produce large amounts of very pure 
oxaziridine. Experimental conditions which 
influence CDZ photodegradation were thus 
particularly investigated, i.e. sample volume, 
solvent influence, temperature~ time of 
irradiation, sample concentrations. 

Several volumes of the sample vessel were 
investigated. Results showed that 41.3/~g/ml of 
CDZ HCI and of CDZ base dissolved in the 
chromatographic mobile phase (30% aceto- 
nitrile) and in pure acetonitrile, respectively, and 
irradiated for 10 or 34 min at 20~'C produce the 
same percentage of oxaziridine independently of 
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Fig. 4. IR spectra of (a)oxaziridine and (b)chlordiazepoxide in the range of 400-2000 cm L at a resolution 
of 2 cm-I (a) Characteristic bands of the epoxy function at 884 and 957 cm-J. (b) Characteristic band 

of the N-oxide at function 1173 cm- ~. 

sample volume within the range o f  0.2--0.7 ml 
(Student 's  t test P > 0.05). Under  these con- 
ditions, the larger volume was chosen (0.7 ml) 
and used for all experiments. 

The C D Z  isomerization time course curves 
were studied at 20 + I°C when the drug was 
dissolved in the chromatographic  mobile phase 
and acetonitrile. Under  these experimental con- 

ditions and at a concentrat ion o f  30.5 /~g/ml, 
Fig. 5 shows that degradat ion o f  C D Z  is faster 
when the drug is dissolved in acetonitrile. After 
47 min o f  irradiation, the percentage o f  C D Z  
was still 29% in the mobile phase and only 5% 
in acetonitrile. The results were confirmed when 
a concentrat ion 10 times higher was tested. 
Acetonitrile, which allowed us to obtain high 
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Fig. 5. Influence of  solvent composition of  CDZ solutions 
on degraded CDZ fraction during irradiation. (a) CDZ HC1 
dissolved in chromatographic mobile phase; (b) CDZ base 
dissolved in acetonitrile. Initial CDZ concentrations = 30.5 

/~g/ml. 
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efficiency in producing oxaziridine and to avoid 
aqueous hydrolysis of CDZ was thus chosen for 
kinetic studies. 

Isomerization of CDZ is faster at 20°C than 
at 10°C, but the temperature can also influence 
the stability of the generated oxaziridine and 
quickly displace the equilibrium to the parent 
molecule (CDZ) when irradiation is stopped. 
Therefore, a temperature of 10°C was chosen 
to quantitatively transform CDZ base into 
oxaziridine (Fig, 6). 

The kinetics of CDZ isomerization was 
studied at five initial concentrations. Kinetic 
and fitting parameters were determined by 
the F ADHA algorithm (Table 2). For each 
concentration, the Aka'ike's criteria (AIC) 
selected the first order reversible or irreversible 
model but fitting parameters were very similar 
for both estimation. 

At the end of the irradiation period, CDZ 
concentrations were very low and estimated 
values of A~ in the first order reversible model 
were close to zero. These observations 
showed that UV light strongly displaces the 

4o- 
3 5  ¸ 

3O 

25 

} 20 

~°i5 b 
0 25 50  75  

time (rain) 

Fig. 6. Influence of irradiation temperature on CDZ pho- 
toisomerization kinetic in acetonitrile. (a) 20"C, CDZ (38.0 

#g/ml); (b) 10~C, CDZ (30.5 #g/ml). 

i s %  

~ 50 
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. I 

0 25 50 75 100 
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Fig. 7. Evolution of  CDZ concentrations as a function of 
irradiation time. (a) 12.2 #g/ml, (b) 38.0 gg/ml, (c) 60.8 

~g/ml (d) 76.0 #g/ml, (e) 152.0 gg/ml. 

isomerization equilibrium towards the for- 
mation of oxaziridine. As indicated by Fig. 7, 
synthesis of rather pure oxaziridine from CDZ 
is thus possible. 

A surprising finding is that K is concentration 
dependent. Actually following a first order 
kinetic rate constant K should be independent of  
the initial reactant concentration. Table 2 shows 
that the apparent kinetic rate constant decreases 
when CDZ concentration is raised from 12.2 to 
152 /~g/ml. Percentages of non-transformed 
CDZ are situated in the range of 2 to 15 after 
90 rain of irradiation. However, in all cases the 
first order equations are best fitting to the 
experimental data. Moreover, the photoisomer- 
ization of DEM and DES-CDZ was also a first 
order reaction (unpublished data). Variation of  
the rate constant could result because the 
photoreaction becomes limited by the number 
of incident quanta of energy and because in 
concentrated solution quenching of  the excited 
CDZ molecules becomes more efficient. -~ 

Data analysis by linear (Linreg) and non- 
linear (Nonreg and FADHA) least squares 
regression analysis were compared. Non-linear 
software has the advantage of estimating values 
for all parameters of the models. In the linear 
regression method precise estimation of A~ is 
not possible and users have to approximate its 
value to calculate other parameters. However, 
the Nonreg software does not always lead to the 
absolute minimum or does not assume the 
convergence. This latter case is illustrated in 
Table 3, where one can see that appropriate 
initialization parameters (K: 0.05 min ~ and Ao: 
12.2/ag/ml) lead to results. Yet, by selecting 0.2 
min ~ as the increment of the initial K value, no 
convergence is observed. Moreover, Nonreg 
estimations are generally dependent on the 
initial parameter values. Consequently, kinetic 
parameters were estimated by FADHA which 
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ensures convergence independently of initial 
estimations. It proved that the algorithm, based 
on successive geometric transformations to 
minimize a cost function, is more efficient than 
those using matrix calculations. 

In conclusion, experimental conditions to 
generate 98% of pure oxaziridine from CDZ 
have been established. The determination of the 
photoisomerization reaction order has permit- 
ted us to plan and to quantify the production of 
OXA from the undegraded CDZ fraction for 
defined irradiation conditions. Indeed, it is 
reasonable to consider that at 350 nm each mole 
of oxaziridine is stoechiometrically generated 
from 1 mole of the parent benzodiazepine. 
The HPLC method developed allows the 
separation of CDZ from its major impurities 
and photoproducts. The analytical approach is 
particularly suited to control the synthesis 
efficiency and its application could be 
advantageously extended to other pharmaceuti- 
cal fields. It is interesting to point out that 
photoproducts are generally not determined in 
quality control of CDZ. Furthermore, very few 
assays are suitable to quantify the unstable 
drugs studied here. The development of the 
proposed method and the optimal irradiation 
conditions had been a major step for the 
investigation of oxaziridines cytotoxicity in vitro 

(unpublished data). 

Acknowledgements--This study was supported by the 
"Institut de Recherche Servier" (3 rue de la R6publique, 
92150 Suresnes, France). We thank F. Vanhorenbeke 
for the infrared spectra, G. Verbeeck for the loan of 
digital radiometer, R. Ottinger for the NMR spectra and 
Dr R. Collin for helpful scientific discussion. The gift of 
chlordiazepoxide from Hoffman-La-Roche (Basle) is 
gratefully acknowledged. 

REFERENCES 

1. T. B. Fitzpatrick, M. A. Pathak, L. C. Harber, M. Seiji 
and A. Kukita, Sunlight and Man, p. 3. University of 
Tokyo Press, Tokyo, 1974. 

2. I. A. Magnus, Dermatological Photobiology, Chap. 16. 
Blackwell, London, 1976. 

3. O. Widmer, K. Z/ircher and A. Krebs, Dermatologica, 
1976, 152, 193. 

4. A. Bakri, G. M. J. Beijersbergen van Henegouwen 
and J. L. Chanal, Photochem. Photobiol., 1983, 38, 
177. 

5. G. M. J. Beijersbergen van Henegouwen, Arch. Toxicol. 
Suppl., 1988, 12, 3. 

6. A. Bakri, G. M. J. Beijersbergen van Henegouwen and 
J. L. Chanal, Photodermatology, 1985, 2, 205. 

7. L. H. Sternbach, B. A. Koechlin and E. Reeder, J. Org. 
Chem, 1962, 27, 4671. 

8. P. J. G. Cornelissen, G. M. J. Beijersbergen van 
Henegouwen and G. R. Mohn, Photochem. Photobiol., 
1980a, 32, 653. 

9. G. F. Field and L. H. Sternbach, J. Org. Chem., 1968, 
33, 4438. 

10. P. J. G. Cornelissen, G. M. J. Beijersbergen van 
Henegouwen and K. W. Gerritsma, Int. J. Pharm., 
1979, 3, 205. 

11. H. De Vries, G. M. J. Beijersbergen van Henegouwen 
and P. J. H. H. Wouters, Pharm. Weekblad Sci. Ed., 
1983, 5, 302. 

12. P. J. G. Cornelissen, G. M, J. Beijersbergen van 
Henegouwen, Pharm. Weekblad Sci. Ed., 1980, 
2, 39. 

13. L. H. Sternbach, E. Reeder, O. Keller and W. Metlesics, 
J. Org. Chem., 1961, 26, 4488. 

14. S. C. Bell, T. S. Sulkowski, C. Gochman and 
S. J. Childress, J. Org. Chem., 1962, 27, 562. 

15. W. J. Irwin, Kinetics of Drug Composition. Basic 
Computer Solutions, p.I .  Elsevier, Amsterdam, 
1990. 

16. F. Abikhalil, J. Dubois, M. Hanocq, G. Atassi, Eur. J. 
Drug Metab. Pharmacokinet., 1986, 11, 51. 

17. J. Dubois, F. Abikhalil, M. Hanocq, G. Atassi and 
R. Arnould, J. Pharm. Belg., 1989, 44, 181. 

18. J. Dubois, M. Hanocq, G. Atassi, R. Arnould and 
F. Abikhalil, Eur. J. Drug Metab. Pharmacokinet., 1991, 
16, 119. 

19. H. Akai'ke, IEEE Trans Autom. Contr., AC 19, 1974, 
716. 

20. W. Mayer, S. Erbe und R. Voigt, Pharmazie, 1972, 27, 
32. 

21. W. W. Han, G. J. Yakatan and D. D. Maness, J. 
Pharm. Sci., 1976, 65, 1198. 

22. S. L. Ali, Int. J. Pharm., 1980, 5, 85. 
23. K. A. Connors, G. L. Amidon and V. J. Stella, Chemical 

Stability of Pharmaceuticals, p. 105. John Wiley, New 
York, 1986. 

TAL 4 2 ! ~  



Pergamon 0039-9140(95)01452-7 

Talanta, Vol. 42, No. 4, pp. 591-596, 1995 
Copyright ~) 1995 Elsevier Science Ltd 

Printed in Great Britain. All rights reserved 
0039-9140/95 $9.50 + 0.00 

P R E P A R A T I O N  A N D  A N A L Y T I C A L  P R O P E R T I E S  O F  A 

C H E L A T I N G  R E S I N  C O N T A I N I N G  B I C I N E  G R O U P S  

KAPIL DEV and G. N. RAO* 

Department of Chemistry, Indian Institute of Technology, Hauz Khas, New Delhi-110016, India 

(Received 4 March 1994. Revised 12 September 1994. Accepted 18 October 1994) 

Summary--A polystyrene divinyl benzene based resin containing bicine groups has been prepared and its 
analytical properties investigated. The pH dependence of sorption of metal on the resin has been 
determined for Cu(II), Fe(II), Ni(II), Co(II), Zn(II), Hg(II) and Pb(ll). The important characteristics of 
the resin are fast equilibrium, high selectivity and small volume change between its hydrogen and metal 
forms. These enable it to be applied to the rapid concentration of trace amounts of these metal ions. It 
shows promise for the separation of lead from other metal ions. 

Metal chelating resins have found widespread 
application for the concentration of trace metals 
from natural waters owing to their selectivity. 
Use of these resins has allowed field sampling 
and has eliminated the need for collection and 
storage of large sample volumes. Many different 
approaches have been used for the immobiliz- 
ation of metal chelating functional groups on 
natural and synthetic solid supports for the 
concentration and/or separation of trace metals. 

Muzzarelli and co-workers chemically modi- 
fied the natural polymer chitosan. L2 A number 
of chelating resins containing aminocarboxylic 
acid groups (e.g. ethylenediamine tetraacetic 
acid, 3 iminodiacetic acid ~6) have been prepared 
and their analytical properties investigated. 
Fritz and co-workers synthesized resin con- 
taining sulphonic acid, amide and hexyl- 
thioglycolate groups. 7~ Atushi Sughi et al. 
synthesized and applied polystyrene resin con- 
taining phenylalanine groups? ° Schlogl and 
Fabitschowitz have reported polystyrene resin 
containing glycine groups. ~ 

In the present work, the macroporous resin 
XAD-4 (polystyrene divinyl benzene) has been 
functionalized with bicine [n,n-bis (2-hydroxy- 
ethyl) glycine], which contains both alcoholic 
and carboxylic functionalities. Higher selectivity 
is expected with bicine ligands over chelating 
resins having iminodiacetic acid ligand which 
has only carboxylic groups. The resin has been 

*Author to whom correspondence should be addressed. 

characterized and sorption behaviour of differ- 
ent metal ions on the resin studied. 

EXPERIMENTAL 

Apparatus 

A Varian AA 475 atomic, absorption spec- 
trometer equipped with a CRA 90 graphite 
furnace atomizer was used for all metal 
measurements. An Elico (India) digital pH- 
meter LI-120 was used for pH measurements. 
IR spectra were recorded on a Nicolet DX 
FTIR with KBr pellets. A mechanical shaker 
(Scientific Instruments, India) with a speed 
of 200 strokes/rain was used for batch 
equilibration. 

Reagents 

The stock metal ion solutions were prepared 
by dissolving the reagent grade nitrates and 
chlorides in water or the matrix acid. Poly- 
styrene divinyl benzene resin (XAD-4) and 
bicine were obtained from Fluka. The following 
buffered solutions were prepared: hydrochloric 
acid-glycine (pH 1-3); acetic acid-sodium 
acetate (pH 3-5); disodium hydrogen 
phosphate-potassium dihydrogen phosphate 
(pH 5 8); and sodium borate-hydrochloric acid 
(pH 8-9). 

Preparation of XAD-4-bicine resin 

Styrene divinyl benzene polymer (XAD-4) 
was functionalized through an esterification 
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route. XAD-4 beads (10 g) were refluxed with 
acetic anhydride (20 ml) and anhydrous alu- 
minium trichloride (1 g) in petroleum ether 
(60-80°C) at 70°C for 30 hr. The product was 
filtered off and washed with 50 ml hexane. The 
intermediate product (II) was then stirred in 
500 ml water containing 8.5 g potassium per- 
manganate and 10 g sodium hydroxide at 40°C 
for 1 hr. The product was filtered off, washed 
with water and then treated with hydrochloric 
acid (1:1). It was then refiuxed with 50 ml 
thionyl chloride at 60°C for 30 min. The inter- 
mediate resin (IV) was refluxed with bicine 
(2.5 g) and sodium ethoxide (11.3 mM) in 
toluene at 100°C for 6 hr. A pale yellow resin 
was obtained. A total of 20 g resin was prepared 
and the 200-250 mesh fraction of the resin was 
used for metal sorption studies. 

Optimum pH of metal ion uptake 

The optimum pH of metal ion uptake was 
determined by batch equilibration technique. 
Excess metal ion (50 ml, 50/~g/ml) was shaken 
with 100 mg of resin for 2 hr. The pH of 
the metal ion solution was adjusted prior to 
equilibration over a range of 2-9 with buffer 
solutions. After the equilibration, the concen- 
tration of the metal remaining in the solution 
was determined by atomic absorption spec- 
trometry (AAS). Adsorption experiments were 
carried out in duplicate each time. 

Resin capacity 

The capacity of the resin was determined by 
shaking the excess metal ion (50 ml, 100/~g/ml) 
with 100 mg resin (50 mg for mercury and lead) 
for 6 hr at optimum adsorption pH. Resin was 
filtered off and concentration of the remaining 
metal ion in the solution was determined by 
AAS. The capacity was also checked after soak- 
ing the resin in 1N HCI/1N alkali for 24 hr. 

pH dependence of trace metal ion uptake 

A 50 ml volume of a buffered solution con- 
taining 5/zg/ml of metal ion was shaken with 
100 mg of resin for 2 hr in a glass stoppered 
bottle. The resin was filtered off and the amount 
of metal ion remaining in the filtrate was deter- 
mined by atomic absorption spectrometry 
(AAS). Concentration of the adsorbed metal ion 
was also determined after eluting with 1N 
hydrochloric acid (10 ml) and diluting the resul- 
tant sample solution to 50 ml with distilled 
water. 

Equilibrium time 

To determine the time of equilibrium for the 
metal under investigation, the metal ion sol- 
ution (50 ml, 10 #g/ml), at a constant pH, was 
sampled in six bottles. The first bottle was 
removed from shaker after 5 min and the re- 
maining bottles at intervals of 15 min. The last 
bottle was removed after 2 hr. The concen- 
tration of the metal ion was determined by 
AAS. The time of equilibrium for all the metal 
ions was determined in a similar manner. The 
duplicate values agreed with a precision of 
+2%. 

Effect of diverse ions 

Standard solutions of 50 ml of Pb, Cu and Ni 
(1-5 #g/ml each) containing sodium chloride, 
Mg and Ca ions as interferents were analysed. 

Concentration and separation of metal ions 

Batch equilibration study was used to concen- 
trate the trace metal ions. Sample solution 
(250-500 ml) containing 0.1 #g/ml metal ion 
was adjusted at optimum pH of adsorption with 
buffer solution and then shaken with 100 mg of 
resin for about 10 rain. Sorbed metal ions were 
eluted with 1N hydrochloric acid (10 ml) and the 
concentration of the metal ion in the eluent was 
determined with AAS. 

Based on the sorption behaviour of metal ions 
on the XAD-4-bicine resin at different pH 
values, separation of these metals in the binary 
mixtures were carried out. A 50 ml solution 
containing lead (5/~g/ml) and other metal ion 
was shaken with 100 mg resin at pH 5. Lead 
retained on the resin was eluted with IN hydro- 
chloric acid (10 ml). Copper, cobalt, nickel and 
zinc was determined in the effluent and lead in 
the eluate. 

Separation of these metal ions was also 
carried out by a column method. The dry resin 
(0.5 g) was loaded into a glass column, im- 
mersed in the buffer solution and the metal ion 
solution was passed through the column at a 
flow rate of 2.0 ml/min t . The adsorbed metal ion 
was desorbed from the resin with IN HCI. 

RESULTS AND DISCUSSION 

The resin was synthesized according to 
Scheme 1. Spherical macroreticular styrene- 
divinyl benzene beads were used as starting 
material, 

In the IR spectrum of intermediate IV 
(Scheme 1, Fig. 1), an absorption band appears 
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at 670 cm -~ (Vc-c0 which disappears in the 
spectrum of  resin V. Another feature in the 
spectrum of IV is the absorption band at 
1740-1765 cm -~ , probably resulting from Fermi 
resonance between the carbonyl band and 

the overtone of  a longer wavelength band near 
875 cm- t .  ~2 

Both the above bands appear in the spectrum 
of intermediate resin IV and disappear in the 
final resin V. Comparison of the spectrum of 
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Fig. I. Infrared spectra of resins (KBr disks). (HI) Carboxylated resin, (IV) acid chloride resin, (V) bicine 

resin. 
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Table I. Metal uptake capacities 

Optimum Capacity (SD) 
Metal pH (mmol/g resin) 

Cu (II) 7.06 0.38 (0.01) 
Ni (II) 8.43 0,39 (0.02) 
Co (II) 6.55 0.42 (0.01) 
Fe (If) 5.52 0.44 (0.01) 
Zn (II) 6.85 0.38 (0.01) 
Pb (II) 5.58 0.40 (0.02) 
Hg (II) 5.52 0.32 (0.02) 

final resin V with the spectrum of pure bicine 
also confirms the presence of bicine groups since 
all the major absorption bands in the spectrum 
of bicine are present in the spectrum of resin V 
with reduced intensities. 

Nitrogen analysis of the resin gave 0.61% 
nitrogen. Assuming that all nitrogen is part of 
intact bicine groups, the capacity for metal ion 
should be 0.44 mmol/g of resin for the resin. The 
values actually obtained are reported in Table 1. 
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Fig. 2. Effect of pH on metal sorption with bicine resin. 

o ° 
v 
t -  
O 

t3. 

(/1 

100 

75 

50 

25 

100 

75 

50  

25 

0 

100 

75 

50  

25 

0 

c) 

• S;" ' 

Lf7 

1°°Icg /- 25 so _ 
0 L_if, J J 

0 2 3 4 5 6 7 8 9 

pH 

.(b) 

. ( f )  

f ( - i  I 

0 2 3 4 5 6 7 8 
pH 

Fig. 3. pH dependence of the uptake of trace metals. (a) Cu(II), (b) Ni(II), (c) COOI), (d) Fe(lI), (e) Pb(II), 
(f) Zn(lI) and (g) Hg(II). 
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The resin was found to be very stable 
on successive treatment with dilute acid and 
alkaline solutions. The stability was checked 
by change of the hydrogen-metal exchange 
capacity and the nitrogen content. 

In a preliminary experiment, the sorption 
behaviour of  some metal ions on XAD-4--bicine 
resin at different pH values has been examined 
by the batch method, and the results are shown 
in Fig. 2. In general, the adsorption of metal 
ions increases with increasing pH, reaching a 
limiting value in each instance, followed by a 
decrease in adsorption, beyond the limiting 
value. 

The capacity of the resin is an important 
factor to determine how much resin is required 
to quantitatively remove a specific metal ion 
from the solution. The capacity of each metal 
ion is reported in the Table 1. 

Adsorption behaviour of the trace amount of 
metal ion on the resin is shown in the Fig. 3. The 
complete adsorption for the trace metal ions are 
in the region of pH 6-7.5 for Cu(II); 7-8.5 for 
Ni(II); 6-8.5 for Co(II); 5-6 for Fe(II); 7-9 for 
Zn(II); 6.5-9 for Hg(II) and 5-9 for Pb(II). A 
special feature in these breakthrough curves is 
the complete adsorption of Pb(II) at lower pH, 

Table 2. Effect of diverse ions 

Recovery (%) 
Interfering 
ion (conch) Pb Cu Ni 
Ca (40 pg/ml) 98.8 98.7 101.0 
Mg (40 #g/ml) 98.5 102.0 98.5 

which should enable its separation from other 
metal ions in this pH region. 

The kinetics of  the resin-metal interaction are 
of considerable importance if the resin is to be 
used in a dynamic system such as a packed 
column and a flowing stream. If  the complex- 
ation is not sufficiently rapid for certain metals, 
then their concentration on a packed column is 
unlikely owing to the short contact time be- 
tween the resin and the solution. In those cases 
a batch extraction with a large excess of resin 
should be conducted over an extended period. 

Kinetic experiments were performed at the 
optimum pH of adsorption for metal ions and 
the results are plotted in Fig. 4. 

In most cases the kinetics are rapid; Ni(II); 
Co(II), Pb(II), Hg(II) and Zn(II) are at least 
80--90% extracted within 5 min of interaction 
with the resin. At pH 7.06, Cu(II) is extracted 
upto 76% after 5 min equilibration with resin. 
Fe(II) is relatively slower requiring 90 min to 
reach the 90% extracted level. Considering the 

Table 3. Preconcentration of metal ion (amount of metal ion 
taken 0.1 /~g/ml) 

Sample volume Metal found* 
Metal (ml) (#g/ml) 

Ni (II) 250 2.42 
Ni (II) 500 4.90 
Cu (II) 250 2.50 
Cu (II) 500 5.02 
Co (II) 250 2.48 
Co (II) 500 4.98 
Zn (II) 250 2.43 
Zn (II) 500 4.89 

*Values agreed with a precision of +__1%. 
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Table 4. Separation of lead (II) from other metal ions performed at pH 5.0 (amount of 
lead (II) taken, 5/zg/ml, batch method) 

Amount of metal Amount of Pb (II)* Metal ion* 
Metal added (l~g/ml) recovered (ltg/ml) recovered (Izg/ml) 

Cu (II) 5 4.95 4.90 
Cu (II) 10 4.92 9.85 
Ni (II) 5 5.02 4.95 
Ni (II) 10 5.00 10.05 
Co (1I) 5 4.93 4.89 
Co (II) 10 4.98 9.90 
Zn (II) 5 5.04 5.01 
Zn (II) 10 4.98 9.96 

*Values agreed with a precision of + 1%. 

Table 5. Separation of lead (II) from other metal ions performed at pH 5.0 (amount of 
lead (II) taken, 5/~g/ml, column method) 

Amount of metal Amount of Pb (II) Metal ion 
Metal added (#g/ml) recovered (Itg/ml)* recovered (izg/ml)* 

Ni (I1) 10 4.88 9.82 
Co (II) 10 4.94 9.91 
Zn (I1) 10 4.90 9.89 

*Values agreed with a precision of +1%.  

slow reaction kinetics of the Fe(II), separation 
of small amounts of this metal ion in the 
presence of some other metal ion by conven- 
tional column techniques appeared promising. 

Alkali and alkaline earth metals do no effect 
the recovery of metal ion from the solution. The 
results in Table 2 show the recovery rates in the 
presence of excess of these foreign ions. This 
suggests the use of this resin for trace concen- 
tration from natural samples. 

Preconcentration of the metal ions on the 
resin was carried out and results are shown in 
Table 3. Metal ions could be enriched upto 
40-50 times with XAD-4-bicine resin. The sep- 
aration of trace amounts of lead in the presence 
of diverse metal ions was examined, both by 
batch and column methods (Tables 4 and 5). 
Lead is separable from copper, nickel, cobalt 
and zinc because they are not retained on the 
resin at pH 5.0. Lead retained on the resin is 
eluted with 1N hydrochloric acid. Though the 
elution is easier and complete with column 
method, but batch method was preferred for the 
XAD-4--bicine resin as it was found to be less 
time consuming. 

CONCLUSIONS 

These investigations indicate that the XAD- 
4-bicine resin has good potential for the enrich- 
ment of trace metals and their separation from 
aqueous solutions. Resin can be used for the 

trace concentration of metal ions from seawater, 
which has high concentrations of alkali and 
alkaline earth metals. Enhanced selectivity is 
observed with XAD-4-bicine resin for lead as 
compared to Dowex A-I resin. Equilibration is 
fast as 80-90% metal ions are sorbed within 5 
min of interaction. Resin has high mechanical 
and chemical strength which makes it useful 
after recycling. 
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Summary--Monte Carlo simulations are employed to investigate the bias in linear regression parameters 
for cases in which both variables are subject to normally distributed errors. Both homoscedastic and 
heteroscedastic errors are treated. The results show that, in general, the arithmetic mean, geometric mean, 
and angle mean (tangent of the mean of the arctangents) of the slopes are biased and non-normally 
distributed. The arithmetic and geometric means of the intercepts are generally biased and non-normally 
distributed as well, However, for all the cases considered, the medians of the slopes and of the intercepts 
are found to be unbiased. In view of the non-normal distributions of the slopes and intercepts, a 
nonparametric method is used to determine confidence intervals for the slopes and intercepts. 

As many previous authors have noted, ordinary 
least squares regression (OLS) cannot be used to 
determine slopes and intercepts if there are 
errors in both the dependent and independent 
variables? -9 This situation arises in a number of 
chemical applications. In many experiments, the 
values of  the independent as well as the depen- 
dent variables are obtained by measurement. In 
experimental design, calculations performed to 
determine the optimal choice of the distribution 
and values of the independent variable must 
take into account the experimental uncertainties 
in both variables. 

There are several methods for determining the 
regression parameters for the linear equation 
y o = a O + b O X  o with errors in both X ° and 
yo.I  3,5,7.9 We use the superscript ,o. in referring 
to the 'true' values. The Williamson 2 modifi- 
cation of  the York ~ method is particularly con- 
venient. Denote the data points by (Xi, Yi) and 
their respective uncertainties by (axe, ar~). Next, 
set x i = X i - ( X )  and y~= Y i - ( Y ) ,  where 
( X )  and ( Y )  are the weighted mean values of 
Xi and IT,., respectively, The York-Williamson 
(YW) regression slope, b, is given by 

Y~ W2i a2ixiyi'+" b Z U/'2,, i ff xiY 2 
b = 2 2 2 2 2 ' (1) 

E Wi a rix~ + b E Wi axiXiy~ 

*Author to whom correspondence should be addressed. 

where 

W, = (a~, + b a~,) . (2) 

The intercept, a, of  the regression is given by 
a = ( Y ) -  b ( X ) .  

In their careful study of the YW regression, 
Christian and Tucker (CT) used Monte Carlo 
simulations to study the regression parameters 
derived from the model equation yo = X O + 1.9 
They set X ° = - 2 ,  - 1 , 0 ,  + 1, + 2 and created 
simulated data sets by assuming axi and ay, to 
be gaussian deviates each with mean 0 and 
standard deviation 0.5. They found that the 
difference between the arithmetic mean of the 
slopes obtained from 20,000 simulated data sets 
and the 'true' slope of 1 was statistically signifi- 
cant (P < 0.01). However, the geometric mean 
of the slopes did not exhibit this bias. 

In this work, we extend the CT study to more 
general data sets. We find that for the cases 
studied, the arithmetic mean, geometric mean 
(the antilog of the mean of the logs), and angle 
mean (the tangent of the mean of the arc- 
tangents) of the slopes are all biased in the sense 
described above. To interpret the angle mean, 
recall that the arctangent of the slope is the 
angle the regression line forms with the X axis. 
Unlike these various means, the median of the 
slopes is consistently unbiased. Similarly, for the 
general case, only the median of  the intercepts 
is unbiased. 
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The biases in the slopes and intercepts arise 
from the fact that when there are errors in both 
variables, the distributions of  the slopes and of  
the intercepts are not normal. This non-normal- 
ity has the additional consequence that the 
standard errors of  the slopes and intercepts 
cannot be used to calculate confidence intervals. 

SIMULATIONS AND CALCULATIONS 

Following the CT example, we set 
X ° = - 2 , - 1 , 0 , 1 , 2  and y o = l + X i  °. Simu- 
lated data points, 2",. and Y~, were generated 
from these exact variables by means of the 
equations 

X~ = X ° + Ex~xi; Y~ = Y'~ + Eyitr~,~, 

where E is a gaussian random deviate with mean 
0 and standard deviation 1, and ax~ and try~ 
are the uncertainties in X~ and Y~, respectively. 
The gaussian deviates were obtained using 
the method of  Box and Muller) ° The pseudo- 
random numbers required by the Box-Muller 
algorithm were calculated from the well 
established congruential multiplicative genera- 
tor based on 231- 1 and 75.11-13 

Since several hundred thousand random 
numbers were used in this study, it was import- 
ant to check for deviations from randomness 
and from normality. We examined X 2, means, 
standard deviations, skews, run frequencies and 
lengths, and several autocorrelations. ~4-j7 These 
tests were conducted for the entire set of  num- 
bers as well as for the subsets added to each 
X ° and yo. For each test, deviations from 
randomness or normality were statistically not 
significant (P > 0.05). 

For  each data set we obtained the regression 
slope and intercept using the YW method de- 
scribed above. For each group of  data sets 

derived from the same model we calculated the 
following statistics of  the slopes: mean and its 
standard deviation, skew, kurtosis, and ;(2 per 
degree of freedom. In addition, we obtained the 
geometric mean and its standard deviation, the 
tangent of  the mean arctangent and its standard 
deviation, the median and the nonparametric 
estimates j8 of  its central 68.3 and 90% confi- 
dence intervals. The same statistics, with the 
exception of  the tangent, were obtained for the 
intercepts. All calculations were performed in 
VS/APL on a mainframe Amdahl 5870, in 
double precision. 

RESULTS 

The C h r i s t i a n - T u c k e r  data set 

The CT data set has been described above. 
Table 1 gives the results of  the ordinary least 
squares (OLS) and the York-Williamson (YW) 
treatment of 10,000 simulated CT data sets of 
five points each. These results are in excellent 
agreement with those reported by CT: CT 
report -0 .0507 and 0.029 for the biases in the 
OLS and YW slopes; we obtain -0.0498 and 
0.0288. In order to assess the precision of  the 
results, l0 groups of 10,000 data sets were 
analyzed. Each of the values shown in Table I 
is an average over the l0 groups. Typically, 
fluctuations in the median and the various 
means from one group to another were less than 
+ 0.002. 

Standard deviations, tr, for the slopes and 
intercepts were calculated using Williamson's 
expressions. 2 These estimates of a obtained from 
axi and trri using propagation-of-variance are 
approximately 10% too low. For example, O'am 
for the slope obtained using the propagation-of- 
variance procedure is 0.2236; the observed value 
is 0.247. The difference arises because the propa- 

Table 1. Regression statistics for the Christian and Tucker data sets*t 

OLS YW 

Bias a t Bias tr t Countst 

Slopes 
Arithmetic mean -0.0498 0.217 -22.9 0.0288 0.247 11.6 46.5 
Mean of angles - 0.0719 0.208 - 34.6 0.00058 0.233 0.3 26.0 
Geometric mean --0.0738 0.212 -34.8 0.00061 0.238 0.3 26.0 
Median -0.0703 0.218 -32.3 0.00083 0.249 0.3 25.6 

Intercepts 
Arithmetic mean 0.00016 0.313 0.5 0.00017 0.326 0.05 24.7 
Geometric mean -0.0564 0.364 - 15.5 0.0616 0.388 - 15.9 0.4 
Median -0.00002 0.313 -0.01 -0.00023 0.326 -0.07 26.0 

*All values are averages over 10 runs of 10,000 data sets. 

tBased on the division of each run of 10,000 data sets into 50 groups of 200 data sets each. The number of counts is the 
average number of estimates (out of a total of 50) that lie below the true value. 
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gation-of-variance procedure, which neglects 
contributions higher than first-order, is inaccur- 
ate when the errors in X and Y are large. For 
smaller values of  the errors (0.05 rather than 
0.5), the propagation-of-variance estimates 
agree more closely with the observed values. 
Additional calculations confirmed CT's  obser- 
vation that a is essentially proportional  to ax or 
a r and that the bias in the arithmetic mean of 
the slopes is proportional  to tr~ or a~. In the 
present context, the bias of  an estimator of  a 
parameter  is the expectation value of that esti- 
mator  minus the true value of the parameter  
calculated from the exact data set. The values of  
a given in Table 1 are calculated from the means 
of the variances observed for each of the l0 
groups. These values of  a are quite stable; their 
range is no greater than + 2 %  of the mean. 

The statistical significance of a bias is tra- 
ditionally tested by means of the Student t- 
statistic, the bias divided by the standard error 
of  the mean of the slopes or intercepts. The 
values of t in the table are averages over the l0 
groups. The observed standard deviation of 
each t over the 10 groups was approximately l 
as expected. ~6 I f  the absolute value of t for a 
particular estimator is less than 1 or 2, the bias 
is less than 1 or 2 standard errors from the ' true'  
value. In this work, we consider such an esti- 
mator  to be unbiased. This criterion is in accord 
with the usual threshold of statistical signifi- 
cance, i.e. P = 0.05. 

On the other hand, if the absolute value of t 
is greater than say, 10, the estimator is almost 
certainly biased. Assuming that the calculated 
slopes and intercepts are normally distributed 
and that the estimator were unbiased, an absol- 
ute value of t as large as l0 would occur by 
chance with a probability of  < 10-23. ~9 Even 
though, as will be shown below, the actual 
distributions of  the slopes and intercepts are not 
normal as is required for the application of the 
t-test, we can say with confidence that this 
extremely small probability indicates a biased 
estimator. 

In contrast, the mean values of the intercepts 
obtained from either the OLS and YW treat- 
ments are unbiased. This result is a consequence 
of the fact that the mean of the values of  X ° is 
0, and as a result, the intercept ( ( Y ) -  b ( X ) )  
equals the mean of the values of  Yi- The corre- 
lation between the slopes and their respective 
intercepts is 0 for the exact data set. For the 
actual CT data sets, correlation coefficients 
averaged 0.006 with an observed range of 0.02. 

The medians of  the intercepts for both re- 
gression methods are also observed to be un- 
biased estimators, but the geometric means are 
clearly biased and so are not included in the 
subsequent tables. 

As mentioned above, tests of  bias using the 
Student t-statistic assume that the parameters 
are normally distributed. To test this assump- 
tion, we calculated Z2/(degrees of freedom), the 
skew, and the kurtosis of the parameters for 
each group of 10,000 data sets. For a normal 
distribution, these statistics take on the values 1, 
0, and 3. For the 10 groups, the means and 
standard deviations of these statistics for the 
YW slopes were 3 4 + 3 ,  0 .90+0.09,  and 
47 + 20, respectively, indicating a decidedly 
non-normal distribution that is asymmetric 
and heavy-tailed. However, the corresponding 
means and standard deviations of  these statistics 
for the intercepts, 0.9 + 0.4, -0 .009  + 0.028 
and 3.8_+ 1.4, are consistent with a normal 
distribution. 

A more detailed characterization of the distri- 
butions of the slopes and intercepts can be 
obtained by numerically ordering each group of 
10,000 slopes. In a normal distribution, 68.3% 
of the values lie within + a of  the mean value. 
To obtain corresponding values for the actual 
distribution, we select the median, the 8414th 
and the 1587th entries, which we label M, Bu, 
and BL, respectively. If  the distribution were 
normal, both ( B , - M )  and ( M -  BL) would 
equal a. For the 10 groups of YW slopes, 
we find (M - BE) = 0.828(+0.008)a and 
(B u -  M) = 1.043(+0.021)a. The correspond- 
ing differences for the 90% interval should, in a 
normal distribution, be + 1.64a. For the actual 
distribution, we find the differences to be 
1.30(+_0.019)a and 1.90(+0.032)a. Thus, the 
distribution of slopes is clearly non-normal. For 
the intercepts, (Bu - M) and (M - BL) differ on 
average from a by less than 0.4(+2.9)%, con- 
sistent with a normal distribution. 

The direct examination of the distributions of  
slopes and intercepts provides a nonparametric 
method for evaluating the bias. We first par- 
tition each group of 10,000 slopes (or intercepts) 
into 50 bins of 200 each. For each bin, we 
calculate the following estimators of  the slope: 
the mean, geometric mean, angle-averaged 
mean (tangent of the mean of the arctangents), 
and median. For the intercepts, we determine 
the mean, geometric mean, and median. The 
Central Limit Theorem states that, in the limit 
of large N, the means of samples drawn from a 
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population with finite tr become normally, and 
thus, symmetrically distributed. Since each of  
the estimators obtained from a bin of  200 slopes 
or intercepts is either a mean, a monotonic 
function of a mean, or a median, the estimator 
will have equal probability of being either 
greater than or less than the mean of the entire 
population of  calculated slopes or intercepts. 
Consequently, approximately 25 of  the 50 
values of  the estimator will lie above (or below) 
the value of  the estimator obtained from the 
total population of  slopes or intercepts. 

We test for bias by counting the number of  
the 50 values that lie above or below the true 
value of  the slope or intercept. If the estimator 
is unbiased, this count should also be approxi- 
mately 25. The values in Table 1 labeled 'counts' 
are the number of times (out of 50) that the 
estimators, averaged over the 10 groups were 
smaller than I, the true value of both the slope 
and intercept. For example, on averaging over 
the 10 groups, we find that 46.5 out of the 50 
arithmetic means of 200 slopes lie below the true 
value of  1. The variation in these 'counts' 
among the 10 groups ranged from 2 to 4. These 
results confirm the conclusion suggested by the 
t-tests that the arithmetic mean is a biased 
estimator of  the true slope. 

It is natural to ask whether these results for 
the CT data sets depend on the number of 
points in each set. To address this question, 
10,000 data sets were constructed each with 17 
points whose values of  X ° were evenly spaced 
between - 2  and +2.  Setting trx = ar  = 0.5, the 
OLS slopes were characterized by tr = 0.121 and 
t = 100 for the arithmetic mean estimator. A 
second group of 10,000 consisted of data sets 
with four points, each with its own value of  X~ 
and Yi, scattered from X ° = - 2 ,  four scattered 
from X ° = - 1, etc., for a total of  20 points in 
each set. For OLS regression, a =0.100 and 
t = 99. As expected, in both cases the value of  
a was smaller than that for the 5 point data set 
(a ~ 0.2, see Table 1). However, the bias of  the 
arithmetic mean of  slopes increased markedly, 
resulting in a much larger value of t. For  both 
of  these cases, the arithmetic mean OLS slope 
differs from the true slope by approximately 
1.0tr. Thus, increasing the size of the data set 
does not reduce the bias if an inherently in- 
correct regression method is used in the 
analysis. 

These two groups of  data sets were then 
analyzed using the YW method. The values of  
tr, the bias, and t for each group decreased from 

the values obtained from the sets with five data 
points. However, although the magnitude of  the 
bias was reduced, the t-statistic showed that 
the bias remained statistically significant. The 
median estimators of  the slope and intercept of  
the larger data sets remained unbiased. 

We can summarize the analyses of  the CT 
data sets as follows: when there are errors in 
both coordinates, the arithmetic mean of  the 
slopes obtained by OLS regression is a biased 
estimator. The arithmetic mean of  the slopes 
obtained using the YW procedure is also biased 
although considerably less so. However, the 
geometric mean, angle-averaged mean and 
median of  the YW slopes are unbiased. The 
arithmetic mean and median provide unbiased 
estimators of  the intercepts. Thus, for the 
cases studied, only the median is an unbiased 
estimator for both slope and intercept. 

Other homoscedastic data sets 

We now investigate data sets for which 
X, ° = 1, 2, 3, 4, and 5 and yo = 1 + b X  °, where 
b = 1/4, 1/2, 1, 2, or 4. ax and a r  are chosen 
from the set 0.125, 0.25, and 0.5. In these 
examples, determining the intercept involves a 
short extrapolation. These types of  data sets 
arise in numerous practical situations such as 
analytical calibrations or dose-response plots 
where the blank is not determined. In this 
connection, we emphasize that the present treat- 
ment, like that of CT, assumes independent 
errors in each value of  X~ and Y~. This assump- 
tion implies that each value of these variables is 
a measured rather than a preset quantity. 

The results shown in Table 2 are based on 
YW regressions on a single group of  10,000 data 
sets for each case. The results of  the preceding 
section show that this number of simulations is 
sufficient. For the sake of  clarity, this table 
includes only a selection of the many possible 
combinations of  slope, trx, and try. Since the 
values of tr for the various averaging methods 
are equal to within a few per cent, only the 
values of  tr based on the arithmetic mean are 
shown. 

In general, estimators of  the slope based on 
the arithmetic mean, geometric mean and angle- 
averaged mean are all biased. For  the special 
case, trx = err, the angle-averaged mean is an 
unbiased estimator of the slope. If the slope 
is equal to ar/trx, the geometric mean is an 
unbiased estimator. However, the estimator 
based on the arithmetic mean is always biased 
while the estimator based on the median is 
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Table 2. Regression statistics for selected homoscedastic data sets*t 
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Slope I 1/4 4 1 

ax, a r 0.5 0~5 0.5 0.125 0.5 0.5 0.5 0.125 

Slope statistics:~ 
gain 0.244 0.0612 0.731 0.184 
tam, counts 10.4 48 12.1 47 15.5 49 15.2 46 
q, counts --0.9 23 10.8 47 0.6 29 7.2 43 
tg, counts --0.9 23 0.8 25 7.8 45 7.4 43 
tree d, counts 0.9 25 0.7 28 0.2 27 -- 0.6 25 

Intercept statistics~. 
aam 0.803 0.200 0.238 0.597 
t~m, counts -10.2 5 --11.1 1 -14.1 2 -14.3 1 
tm~, counts -0.4 23 -- 1.6 20 -0.8 21 -0.5 25 

*All values are for 10,000 data sets using YW regression. 
"tam = Arithmetic mean, a = angle average, g = geometric mean, med = median. 
:~The bias in each case is approximately equal to W,m/100 (see text). 

always unbiased.  Both the parametr ic  and non-  
parametr ic  methods  for detecting bias agree in 
all cases. 

As was the case with the CT data set, the 
median  is also found to be an unbiased esti- 

ma to r  of the intercept. However,  the ari thmetic 
mean  is now significantly biased. Since the mean  
of the values of X ° is no longer 0, the slopes and 
intercepts are correlated (p = - 0.915 + 0.001), 
resulting in a biased intercept. 

Direct examina t ion  of the 10,000 intercepts 
ranked in numerical  order shows that  their 
d is t r ibut ion is clearly asymmetric  and thus non-  
normal .  The ratio ( M -  B L ) / ( B u - M  ) varied 
between 1.2 and  1.33. ~2 per degree of freedom 
exceeded 25, the kurtosis exceeded 30, and the 
absolute value of the skew exceeded 0.7 in all 
cases studied. 

As was the case for the CT data  sets, increas- 
ing the n u m b e r  of points  in each data  set had no 
quali tat ive effect on the results. The bias de- 
creased somewhat,  but  it remained statistically 
significant. 

In summary ,  for data sets with homoscedastic 

errors, if ax is not  equal to a r  and a r / a x  is 

unequal  to the slope, only the medians  are 
found to be unbiased estimators of the slope and 
intercept. 

Heteroscedast ic  errors 

In  view of the large number  of possible 
combina t ions  of slopes and values of  ax and  ay, 
we focus, somewhat  arbitrarily,  on data sets for 
which the slope is equal to 1, cr x is unequal  to 

a t ,  and the mean of the X ° is not  equal to 0. 
These data  sets avoid the special cases in which 
the angle-average or the geometric means of the 
slopes are unbiased.  

Table 3 shows the results of  the analysis of 
three data  sets i l lustrating heteroscedastic errors 
in one or both  variables. In the first case, 
crx~ = 0.5 and  a,i = 0.05i, i = 1 , . .  5. In the sec- 

ond case, axi = 0.2i and ~rri = 0.5i. Finally,  in the 
third case, a x i = 0 . 2 i  and av~=0.125i.  In all 
cases the exact slopes and intercepts were set 
equal to 1. The YW regression method was 
used throughout .  Table 3 shows that,  as in all 
previous cases, the median  of the slopes and 
intercepts are unbiased.  The ari thmetic and 
geometric means of the intercept and the arith- 

Table 3. Regression statistics for selected heteroscedastic data sets* 

axl, ax~ 0.5 0.5 0~2 1 0.2 1 
arl,ar5 0.05 0.25 0.05 0.25 0.125 0.125 

Slope statistics 
O'am 0.187 0.199 0.196 
/am, counts 13.9 49 17.3 50 15.1 47 
t o, counts 5.7 38 9.0 46 6.7 43 
ts, counts 5.9 38 9.3 46 6.9 44 
tree d, counts -0.9 26 1.6 28 - 1.1 21 

Intercept statistics 
a~,, 0.600 0.357 0.378 
tam, counts -- 13.1 2 -- 14.4 3 - 12.2 3 
treed, counts -0.4 27 - 1.1 28 0.1 23 

*See footnotes of Table 2. 
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metic, geometric, and angle-averaged means of 
the slopes all show significant biases. The values 
of Z2 per degree of freedom, the skew, kurtosis 
and Bo and B L indicate that the distributions 
of the slopes and intercepts are significantly 
non-normal. 

Calculations with data sets containing a 
greater number of points show similar results. 
The bias and the values of t decreased only 
slightly and not uniformly. The 'count' values 
were not significantly changed. 

To summarize, as was the case with the other 
types of data sets, for the data sets involving 
heteroscedastic errors studied here, only the 
medians provide unbiased estimators of the 
slopes and intercepts. The magnitude and stat- 
istical significance of the bias of the other 
estimators are not strong functions of the num- 
ber of data points. 

DISCUSSION 

The present results reinforce the conclusion of 
CT 9 that ordinary least squares regression 
should not be used when both X and Y are 
subject to errors because, in general, the slopes 
and intercepts will be significantly biased. As 
was shown above for the data sets with 17 and 
20 points, the mean OLS values for the slope 
differ from the true value by approximately 
1.0a. We believe that this bias is sufficiently 
large to necessitate the use of the YW algorithm 
in data analysis especially in cases where repli- 
cate measurements are used to offset the effects 
of low precision data. While the YW algorithm 
significantly reduces the biases of the slope and 
intercept (based on the arithmetic mean), it does 
not entirely eliminate the biases. Estimators 
based on the arithmetic mean, geometric mean 
and angle-averaged mean all remain biased. 
Only the median provides unbiased estimators 
of the slope and intercept for all the cases 
studied here. 

The presence of bias indicates that the distri- 
butions of the slopes and intercepts are not 
normal. As shown by the various statistics 
discussed above, such as the skew, kurtosis, and 
the values of B u - M ,  and M -  BL, the devi- 
ations from normality are significant. Recall 
that M is the median, and the interval [BL, B~] 
encompasses 68.3% of the total number of 
slopes or intercepts. This result implies that 
the customary parametric estimates of the 
errors of the slope and intercept will be in- 
correct. Thus, for the CT data set, the 68.3% 

confidence interval for the slope is given by 
[M - 0.83a, M + 1.04a]. The symmetric inter- 
val, m + a, where m is the mean, is appropriate 
only if the calculated slopes are normally 
distributed. 

Although the biases in the parameters ob- 
tained by YW regressions are clearly statistically 
significant, their magnitudes relative to the stan- 
dard deviations of the slopes and intercepts are 
small. In most cases, it is unlikely that these 
biases would lead to serious errors in the analy- 
sis of a single set of experimental data. How- 
ever, these biases may become important in data 
analyses involving functions of the slopes 
and/or intercepts. Moreover, they may also 
become important in the calculations involved 
in determining the optimal design of an exper- 
iment. In such calculations, the analysis of many 
hypothetical data sets might be required to 
select the appropriate values of the independent 
variable. The standard errors of the parameters 
such as the slope and intercept may become 
small enough so that the bias becomes import- 
ant as well as statistically significant. For these 
cases, the use of biased, and thus incorrect, 
values of parameters like the slope and intercept 
may lead to a non-optimal choice of the X °'s. 
In addition, since the distributions of the par- 
ameters are non-normal, estimates of confidence 
intervals for the parameters should be based on 
(o. at least checked by) nonparametric methods, 
such as the one outlined above. 

The present study is restricted to normally 
distributed errors in the dependent and indepen- 
dent coordinates and to straight line regressions. 
For more general situations, the question of 
whether any averaging procedure, including the 
median, provides unbiased estimators of the 
regression parameters remains for future inves- 
tigations. However, even in these more general 
situations, the nonparametric method described 
above will continue to be applicable for the 
estimation of confidence intervals. 
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Summary--The light originating from seven light-emitting diodes of different colours is guided, one 
at a time, into a measuring cell by means of a fibre optic coupler. Detection is carried out with photodiodes 
which are connected to a log-ratio amplifier yielding direct absorbance readings. Optical filters are 
used to narrow the emission band from blue light emitting diodes as these bands are relatively wide 
compared to those of the emitters of other colours. An inexpensive and compact multi-wavelength 
photometer covering the visible range is thus obtained, which in many cases can replace a conventional 
spectrophotometer for absorbance measurements. The performance for a range of commonly used 
photometric analytical procedures is described and compared to conventional measurements with a 
spectrophotometer. 

Light-emitting diodes (LEDs) produce light 
with bandwidths of typically 25 nm which is 
comparable to the combination of wideband 
sources with interference type optical filters. 
It is, therefore, possible to carry out photometry 
with LEDs without the use of wavelength 
discriminating devices, the use of LEDs in 
photometric detectors has often been re- 
ported ~-2t and its application in flow-through 
methods has been reviewed. 22'23 The LEDs are 
commonly combined with photodiodes which 
measure the light intensity after passage through 
the sample. Geometric arrangements reported 
include dip-type probes and flow-through cells. 
The detectors have usually been connected to 
operational amplifiers in the current follower 
configuration which yield an output voltage 
directly proportional to the photo-current and 
hence light intensity. This signal represents 
transmittance measurements, m value corre- 
sponding to absorbance can be obtained by 
connection to a logarithmic amplifier. This is 
more appropriate because it is this value that is 
directly related to concentration according to 
Beer-Lambert's law. Such devices have been 
reported more recently. ~7 2~ LEDs with colours 
ranging from the blue to the infrared are avail- 
able and, therefore, with the exception of the 
near-UV cover all the wavelength range that is 

*Author to whom correspondence should be addressed. 

commonly used for analytical spectropho- 
tometry. Absorbance bands for molecular ab- 
sorption spectroscopy are usually fairly wide, 
typically 100 nm, and it is therefore almost 
always possible to find a matching LED. A 
range of six LEDs of the colours blue, green, 
yellow, orange, red and near-infrared can thus 
in many cases replace a conventional visible- 
range spectrophotometer. However, most LED- 
photometers described to date have only 
employed a fixed wavelength for a predeter- 
mined purpose. A change of wavelength had to 
be effected by physically changing the light 
source. This limitation has been caused by the 
difficulty in coupling light from more than one 
source into a single detector cell. Bi-colour 
LEDs are available which contain two light 
emitting substrates in one body and have been 
used for a dual wavelength detector) 3 A tri- 
colour device has been constructed by using a 
green/yellow bi-colour LED and a number of 
red LEDs arranged concentrically around the 
bi-colour LED in order to pass red light into the 
cell as well) 4"~5 The coupling of the light from 
two separate LEDs into a single cell with bifur- 
cated optical fibres for the purpose of correction 
for turbidity has recently been described, t6 Here 
a multi-LED photometer is described that em- 
ploys a fibre optic coupler to guide the light 
from up to seven LEDs into a single measuring 
cell. 
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EXPERIMENTAL 

Electronic and optical components 

The 2 × 7 fibre optic coupler star coupler 
(15 × 4.5 x 1 cm) was purchased from Luxmatic 
(PF-SC 2 × 7/1000, Baar, Switzerland) and has 
cladded plastic fibre pig tails with 1 mm core. 
LEDs were obtained from Farnell Electronic 
Components (Auckland, New Zealand) (blue, 
Part No. 233-511), Radiospares (Auckland, 
New Zealand) (orange, Part No. 578-200), 
Hewlett-Packard (Palo Alto, CA) (yellow, 
HLMA-DLOO)  and from Siemens (Wellington, 
New Zealand) (green, SFH 751; red, SFH 750; 
infrared, SFH 452). The photodiodes were also 
obtained from Siemens (SFH 250). The com- 
ponents from Siemens are specifically designed 
for easy coupling with the 1 mm plastic optical 
fibres. Conventional LEDs were connected by 
removing the plastic body close to the active 
substrate and polishing the surface. Special 
adaptors made from perspex allowed butting of  
the fibre end onto the emitter. The log-convertor 
(LOG100JP) was obtained from Burr-Brown 
(Tucson, AZ, U.S.A.). The digital panel meter 
(OEM 33) was from Anders (London, U.K.) 
and the optical filters were obtained from East- 
man Kodak (Wratten Gelatine Filters No 32, 58 
and 87, Kodak, Rochester, NY, U.S.A.). Pho- 
tocurrents were measured by temporarily con- 
necting one of  the photodiodes to an 
operational amplifier in the current follower 
configuration (OPA 121, Burr-Brown). 

Spectra and conventional absorbance measure- 
ments 

Absorbance spectra and conventional ab- 
sorbance values were obtained with a Shimadzu 
UV-160A spectrophotometer using 1 cm cu- 
vettes. The emission spectra of the LEDs were 
acquired on a Hitachi F-2000 spectrofluorome- 
ter by mounting them individually in the cell 
holder. The spectra were redrawn from the 
scaled numerical output of the instrument. The 
quoted relative sensitivity values were obtained 
by comparing the slope of the LED calibration 
curve (using a mean where this was not con- 
stant) with the one obtained on the spectropho- 
tometer. 

Estimated absorbance values 

The measured emission intensities for the 
LEDs (for 5 nm intervals from 400 to 600 nm) 
were corrected for the wavelength dependent 
sensitivity of  the silicon photodiode detector. 

The sensitivity was taken as 0.327 at 400 nm and 
to be linearly increasing to I at 600 nm. 24 The 
resulting values were scaled to a peak intensity 
of  unity. Absorbance spectra for the dye repre- 
senting the different measured concentrations 
were obtained by scaling (again at intervals of  
5 nm from 400 to 600 nm) against the spectro- 
photometer values for the wavelength of highest 
absorptivity. The individual values were then 
transformed into transmittance. A numerical 
estimate of  the light intensities for the different 
wavelengths measured by the detector was ob- 
tained by multiplying the intensity with the 
transmittance values, since T = I/Io and 
I = T .  Io, where T is the transmittance, Io the 
original intensity (emission intensities of  the 
LED) and I the intensity after passage through 
the cell. Adding the result for all wavelength 
intervals gave an estimate for the total intensity 
over the entire wavelength range. By comparing 
the total for the different concentrations with 
the total initial intensity (sum of the values for 
the LED emission spectrum) an estimate for the 
integrated overall transmittances was obtained. 
These values was then transformed back into 
absorbance according to .4 = - l o g  T. 

Solutions 

For the A1 determination by the Chrome 
Azurol S method standards were prepared with 
an appropriate amount of a stock solution of 
KAI(SO4)2, 4 ml of 1% ascorbic acid, 10 ml of 
0.1% Chrome Azurol S solution, 4 ml of  20% 
sodium citrate and this was diluted to 100 ml? 5 
The standard solutions for the Cu determi- 
nation by the Cuprizone method were made up 
with an appropriate amount of a stock solution 
of  CuSO4, 5 ml of buffer (pH 8-9, 10% citric 
acid, pH adjusted with ammonia), 12 ml of 
0. 1% Cuprizone solution and this was diluted to 
100 ml. 25 For the NH 3 determination by the 
Indophenol method, standard solutions were 
prepared from an appropriate amount of a 
stock solution of NH4CI, 10 ml of sodium 
phenolate (70 g of phenol in 15 ml of  ethanol 
plus 20 ml acetone this was diluted wi.th ethanol 
to 100 ml, then 10 ml of  this solution was mixed 
with 10 ml of 30% aqueous NaOH and diluted 
with water to 50 ml), 4 ml of 2% sodium 
hypochlorite and this was diluted to 100 ml. 25 
The standard solutions for the Cu determi- 
nation by complexation with ethylenediaminete- 
traacetic acid (EDTA) were made up with an 
appropriate amount of a stock solution of 
CuSO4, 5 ml of ammonia, 2 ml of0 .05M EDTA 
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and diluted to 100 ml. 26 The standard solution 
for the Ca determination were made up from an 
appropriate amount  of a stock solution pre- 
pared from CaCO3, 10 ml of  0.03% 
Chlorophosphonazo III, 4 ml of  buffer solution 
(pH 7.5, 50 ml of 0.1M KH2PO4 and 41 ml of 
0.1M NaOH diluted to 100 ml) and dilution to 
100 ml? 5 The standard solutions for the chro- 
mium calibration curves were prepared from an 
appropriate amount of a stock solution of pot- 
assium dichromate mixed with 20 ml of  H E S O  4 

(1:3) and diluted to 100 ml. 25 For the nitrite 
determination by a modified Griess method, the 
standards were prepared from an appropriate 
amount of a stock solution of NaNO2, 2 ml of 
0.5% sulphanilamide in 20% (v/v) HC1, 2 ml of 
0.3% N-(1-naphthyl)-ethylenediamine dihy- 
drochloride in 1% (v/v) HCl and dilution to 100 
ml]  7 The standards for phosphate determi- 
nation were made up with an appropriate 
amount  of a stock solution of KHaPO4, l0 ml 
of molybdate ascorbic reagent (10 ml of 1% 
ammonium molybdate in 0.5M nitric acid and 
l0 ml of 0.7% ascorbic acid diluted to 100 ml) 
and diluted to 100 ml. 2~ 

RESULTS AND DISCUSSION 

Construction 

The circuit diagram for the multi-LED photo- 
meter is shown in Fig. 1. One out of a range of 
up to seven LEDs is selected with a rotary 
switch. The LEDs are connected to 1 mm plastic 
optical fibres leading to the coupler. The 7 × 2- 

plastic fibre star coupler which is based on the 
same type of 1 mm plastic fibres is used to merge 
the light from the seven input channels into two 
output fibres. One of  these is brought to the 
measuring cell. The cell consists of a black 
perspex body into which the fibre is inserted and 
has a 1 cm pathlength and a cell volume of  8 ~ 1. 
Details have been given elsewhere. 2° It would of 
course also be possible to pass the light through 
a conventional cuvette rather than employing 
the cell used here. The other fibre leads to the 
reference photodiode. The amplifier is wired in 
a log-ratio configuration which emulates ab- 
sorbance measurements according to 
Vo = log(iref/i), where Vo is the output voltage 
and irer and i are the currents from the reference 
and signal photodiodes, respectively. 29 The ar- 
rangement corresponds therefore to a double 
beam configuration and corrects for drifts in 
emission intensity of single LEDs and differ- 
ences in intensity for the individual LEDs. The 
photocurrents resulting were found to be be- 
tween about 5 and 18 nA for the green to 
infrared LEDs. Blue LEDs are presently only 
available with low intensities and a value of 410 
pA was determined for the blue LED used here. 
This difference in currents for the different 
LEDs is within the dynamic range of the log- 
ratio amplifier and does not pose a problem. 29 
The output voltage is brought to a digital panel 
meter for direct display of the measured ab- 
sorbance. A metal box with dimensions of 
20 × 6 x 15 cm (width x height × depth) is used 
to house the complete circuitry. The measuring 
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Fig. 1. Electronic circuitry of the instrument. 
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cell is mounted on the outside of  the case for 
separation of  the wet chemistry from the electri- 
cal part. 

Spectral considerations 

The emission spectra of  the LEDs used for the 
photometer are given in Fig. 2. Note, that the 
intensities have been scaled. Incidentally, the 
spectral window almost exactly covers the vis- 
ible range of  the electromagnetic spectrum 
(380-780 rim). 

The centre range from about 560-4560 nm is 
covered by the widely used LEDs with coiours 
from green to red. A large variety of types with 
different peak wavelengths, intensities and bod- 
ies are available for this range. The particular 
devices chosen here were picked in order to give 
a good distribution of  peak wavelengths at 563, 
590, 620 and 660 nm. The bandwidths for these 
LEDs are in the order of  20-25 nm (full width 
at half maximum). 

For  the longer wavelength range between 
about 700 and 800 nm few LEDs are available 
which is the reason for the gap at around 730 
nm. Note, that the near-infrared LED with a 
maximum at 770 nm was combined with an 
optical filter (Kodak Wratten 87) in order to 
eliminate low emission intensities which were 
found at shorter Wavelength for this device. 

The wavelength range below 550 nm is cov- 
ered by blue LEDs. These have only recently 
become readily available and show an emission 
band of  typically 70 nm bandwidth. This is 
relatively wide compared to the LED spectra of  
other colours, as illustrated by the dashed line 
in Fig. 2. The peak wavelengths of  the available 

types are all between 450 and 480 nm and, 
therefore, there is also a lack of  flexibility in the 
visible region below 550 nm. To alleviate this 
situation it was chosen to combine blue LEDs 
with optical filters. By combination with a long 
wavelength cut-off filter with appropriate prop- 
erties (Kodak Wratten 32) it was found possible 
to obtain a band with a peak at 461 nm (first 
spectrum from the left in Fig. 2) which is close 
to the peak of  the unfiltered emission, but shows 
a bandwidth of  only 38 nm as compared to the 
70 nm of  the unfiltered band. The combination 
with a short wavelength cut-off filter (Kodak 
Wratten 58) yielded a band at 513 nm with a 
bandwidth of  40 nm (second spectrum in Fig. 2). 
These bandwidths do not quite match the values 
obtained with the conventional LEDs but are a 
considerable improvement to the unfiltered 
emission band. The wavelength filters cause a 
reduction of  the photocurrent on the detector 
from the 410 pA for the unfiltered blue LED to 
180 and 80 pA for the shorter and the longer 
wavelength bands, respectively. 

Performance 

The system was tested with several photo- 
metric procedures. The calibration curves ob- 
tained with the LEDs in the centre range 
(560-660 nm) are given in Figs 3-7. Generally 
the LEDs that gave the highest sensitivity were 
employed and for comparison conventional 
measurements with a spectrophotometer using 
the wavelength of  peak absorbance were also 
carried out. As the pathlength is 1 cm in both 
cases, it is possible to directly compare the 
results obtained with the two methods. 

; ',, 

t 

! I 

400 500 600 700 800 

Wavelength / nrn 

Fig. 2. Emission spectra of the LEDs employed. From left to right: blue without filter (dashed line), blue 
with long wavelength cut-off filter, blue with short wavelength cut-off filter, green, yellow, orange, red, 

near-infrared. 
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Fig. 3. Calibration curves for the determination of alu- 
minium by the chrome azurol S method obtained for the 
wavelength of highest sensitivity on a spectrophotometer 
and for the LED-photometer. The inset shows the ab- 
sorbance spectrum of the complex (solid line) and the 

emission band from the LED (dashed line). 

The calibration curve obtained for the deter- 
mination of  aluminium by the chrome azurol S 
method is given in Fig. 3. A considerable loss of 
sensitivity (60%) is observed as it is not possible 
to match the absorbance peak at 546 nm (see 
inset of Fig. 3) with an LED having an emission 
band closer than the one of the green emitter 
(peak at 563 nm, dashed line inset of Fig. 3). A 
much closer match of the calibration curves was 
found for the determination of  copper ions by 
the cuprizone method, see Fig. 4, where the 
sensitivity of the LED calibration curve is 90% 
of the spectrophotometer value. This is not 

0 .6"  

0.5" 

0.4" 

~ 0.3" 

< 

0.2" 

0.1'  

0.0"~ , , , 

0,05 0.1 0.15 0.2 

Concentration ( p p m )  

Fig. 5. Calibration curves for the determination of ammonia 
by the indophenol method. 

surprising since the emission band of the yellow 
LED comes close to the peak of the wide 
absorbance band of the complex as illustrated in 
the inset of Fig. 4. The situation is very similar 
for the ammonia determination by the indophe- 
nol method using an orange LED as illustrated 
in Fig. 5. Not quite such a good match was 
possible for the copper determination by 
measuring the absorbance of its complex with 
ethylenediaminetetraacetic acid (EDTA), see 
Fig. 6, were the red LED shows a relative 
sensitivity of 75%. The match is poorer again 
for the calcium complex with chlorophospho- 
nazo III using the same LED leading to a 40% 
loss of sensitivity as shown in Fig. 7. 

The red wavelength region between 660 and 
770 nm is perhaps not often used and the lack 

0 2  
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Fig. 4. Calibration curves for the determination of copper 

by the cuprizone method. 
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Fig. 6. Calibration curves for the determination of  copper 

by complexation with EDTA. 
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Fig. 7. Calibration curves for the determination of calcium 
by the chlorophosphonazo HI method. 

of LEDs with different colours for this range is 
not a major hindrance. A common analytical 
procedure employing this wavelength region, 
however, is the molybdate method for phos- 
phate. As illustrated in Fig. 8, excellent results 
can be obtained by using the near-infrared LED 
with a peak-wavelength at 770 nm. 

As was reported previously, the light from a 
blue LED may be used for the determination of 
absorbing species with peaks in the region of 
450-510 nm. 2° It is demonstrated here that the 
sensitivity with this LED can be improved in 
certain cases by combination with inexpensive 
optical filters. The calibration curves for dichro- 
mate with a peak absorbance at the low edge of 
the emission from the blue LED (442 nm) are 
given in Fig. 9. An improvement of the relative 

0.25 ° 
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Fig. 8. Calibration curves of the determination of phosphate 
by the molybdate method. 
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Fig. 9. Calibration curves of the determination of chromium 
by the dichromate method obtained for the wavelength of 
highest sensitivity on a spectrophotometer and for the 
LED-photometer using the blue LED with and without long 
wavelength cut-off filter. The inset shows the absorbance 
spectrum for dichromate (solid line) and the emission bands 
for the blue LED with and without filter (dashed lines). 

sensitivity compared to the spectrophotometer 
from 40 to 60% was found for this system on 
introducing the optical filter. More pronounced 
is the effect for the determination of nitrite by 
a modified Griess method as illustrated in 
Fig. 10. The dye has an absorbance peak at 535 
nm which falls into the relatively wide gap in 
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Fig. I0. Calibration curves for the determination of nitrite 
by the modified Griess method obtained for the wavelength 
of highest sensitivity on a spectrophotometer and for the 
LED-photometer using the blue LED with and without 
short wavelength cut-off filter and the green LED. The inset 
shows the absorbance spectrum for the dye (solid line) and 
the emission bands for the blue LED with and without filter 
and the green LED (dashed lines from left to right, respect- 

ively). 
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emission between the unfiltered blue and the 
green LEDs as seen in the inset of Fig. 10. Both 
the blue and the green LEDs led to a sensitivity 
of less than 50% of the result of  the monochro-  
matic wavelength of 535 nm. The use of the 
optical filter which eliminates low wavelengths 
from the blue LED emission led to a sensitivity 
of  90% of the spectrophotometer result for this 
important  photometric procedure. 

The relative sensitivity cannot be anticipated 
from the closeness of the peaks of absorbance 
and emission bands alone. This for example 
would predict a lower sensitivity for the copper 
determination by complexation with EDTA 
(Fig. 6, A2 = 75 nm) than for the calcium 
determination with the chlorophosphonazo III  
method (Fig. 7, A), = 10 nm) when in fact the 
opposite is observed. Similarly, by considering 
the spectral match for the nitrite determination 
(Fig. 10) it is not apparent why the blue LED 
with filter should give a curve of higher sensi- 
tivity than the green LED. It is however possible 
to fairly closely predict the experimental cali- 
bration curves by numerically integrating Lam- 
bert-Beer 's  law over the entire spectra of LEDs 
and dyes as well as considering the variation of  
the detector sensitivity with wavelength. When 
applying this procedure (see Experimental Sec- 
tion) to the data for Fig. 10 a good prediction 
for the three different LED calibration curves 
was obtained as is illustrated in Fig. I I. The 
curvature obtained with some of the LED cali- 
bration graphs is also predicted and it can be 
shown that this is due to the fact that the 
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Fig. 11. Calibration curves for the nitrite determination as 
predicted theoretically from the spectra of the dye and the 
LEDs (dashed lines) in comparison with the experimental 

data (solid lines). 

absorptivities are not constant across the spec- 
tral emission bands for the LEDs. The loss of  
sensitivity of  the silicon photodiode detector 
towards the short wavelength range has the 
effect of causing a slight apparent  skewing of the 
LED emission spectra towards the high wave- 
length side of  the bands. 

The precision obtained with the LEDs was 
generally 0.002 absorbance units or better (stan- 
dard deviation, n = 5) which is close to the 
resolution of the instrument (0,001 absorbance 
units) and comparable with the spectropho- 
tometer results. The relative error in terms of 
concentration depends on the slope of  the cali- 
bration curve and varies between about 0.2% in 
the best case and about 5% for the worst case 
reported here. Whether the loss of sensitivity 
encountered with the LEDs is significant de- 
pends therefore on the desired relative precision 
in terms of concentration but should not be a 
concern in most cases. 

CONCLUSION 

It was found that by combining different 
LEDs covering a wide wavelength range a ver- 
satile, inexpensive, compact  and portable pho- 
tometer for absorbance measurements in the 
visible wavelength range can be obtained. The 
instrument may also be used in the field as it can 
be powered by a battery. The lack of strict 
adherence to Lambert-Beer 's  law in terms of  
non-linearity of  many of  the calibration curves 
is not a limitation provided the user is aware of  
this fact and the calibration is carried out 
appropriately. 
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Summary--Four different calibration methods were used for quantitative analysis of quartz and calcite 
in atmospheric aerosols by diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS): (A) 
conventional calibration with one measurement on each standard (single calibration); (B) calibration with 
an internal standard; (C) calibration with parallel (n = 4) measurements on each standard (multiple 
calibration); (D) multiple calibration followed by reference reflectance correction. The accuracy and the 
precision of the methods were compared and it was found that by using method D the reliability of the 
conventional pellet preparation transmission technique can be achieved. 

Recently, the number of the quantitative appli- 
cations of diffuse reflectance infrared Fourier 
transform spectroscopy (DRIFTS) has been in- 
creased. This is owing to the simplicity, speed 
and the unique potential of the method com- 
pared to the time-consuming conventional pellet 
preparation technique. In DRIFTS, the sample 
preparation is usually simple, the sample can be 
investigated in its original physical-chemical 
state providing the opportunity for in s i tu  inves- 
tigations. Nevertheless, the precision of 
DRIFTS is usually less that of the transmission 
IR spectroscopy. 

The relationship between the reflectance (Ro~) 
and the absorbing and scattering properties of 
the sample can be obtained by the solution of 
the radiation transfer equation/ One of the 
solutions used most often in DRIFTS is 
called the Kubelka-Munk (K-M) function 
(f(R~)): 

(1 - R~) 2 k 2.303a 
f ( R ~ . )  = . c, (1) 

2R~ s s 

where k is the absorption, s is the scattering 
coefficient of the sample, a and c are the absorp- 
tivity and the concentration of the analyte, 
respectively. The K-M function is linear with 
the concentration of the analyte if the scattering 
coefficient is kept constant. 

*Author to whom correspondence should be addressed. 

Reinecke et a l?  studied dioctyl phthalate 
quantitatively as follows. They filled the sample 
cup with KBr and deposited the analyte on the 
surface of the KBr from tetrahydrofuran sol- 
utions of different concentrations. The quantifi- 
cation of the measurements was based on the 
K-M function, however, the experimentally ob- 
tained K-M function was modified with the 
absolute reflectance of the reference material. 
This modification should be performed since the 
reflectance of the sample (R~.~) can only be 
measured against the reflectance of the reference 
(R~,r): 

ROL ,S 
R ..... P - R~,~" (2 )  

where R .... p is the experimentally observed 
reflectance. Kortiim ~ has already pointed out 
that in the lack of an ideal reference material 
with R~.r = 1, the exact value of R~_~r has to be 
known to calculate the true value of the K-M 
function. Reinecke et  al. developed a method to 
determine the value of R~,r from experimental 
data. It was found that by this modification the 
intercept of the calibration curve changed from 
the unreliable negative value to a positive one 
close to zero and the linear regression coefficient 
(r) increased from 0.9980 to 0.9992 indicating 
the improvement in accuracy and the precision 
of the method. 
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Another possibility to improve the precision 
of  an analytical method is to use an internal 
standard. Wiberley et al. 3 applied potassium 
thiocyanate (KSCN) in transmission IR tech- 
nique for quantitative determination of  co- 
polymers and free fatty acids. In DRIFTS,  
the quantitative determination of  (3-amino- 
propyl)triethoxysilane on silica gel surface was 
carried out using the 1870 cm -~ Si-O combi- 
nation band of the support as a reference 
absorption band, and r = 0.9980 was obtained 
with linear calibration. 4 Similarly, a normaliza- 
tion against glass absorption bands was made 
by McKenzie and Koenig 5 for surface analysis 
of  coatings on standard E-glass. 

Nevertheless, to obtain reliable quantitative 
results in DRIFTS is not an easy task. In this 
work (i) different calibration methods were ap- 
plied for the quantitative analysis of  inorganic 
crystalline compounds, and (ii) the accuracy and 
the precision, i.e. the reliability of  the methods 
were compared by study of  standard samples 
and environmental aerosols. 

EXPERIMENTAL 

Materials and sample preparation 

Standard quartz and calcite (Department of 
Mineralogy, University of  Veszpr6m) and spec- 
troscopic grade KBr (Merck) were used to 
prepare the calibration mixtures. The concen- 
tration of the mixtures ranged between 0.023 
and 1 w/w%. The mixtures in the 0.023-0.2 
w/w% range and in the 0.2-1 w/w% range were 
prepared from 1 w/w% and 5 w/w% stock 
mixtures, respectively. The particle size for 
quartz and calcite was <3  #m and <6  pm, 
respectively. The particle size distribution of 
KBr was determined by Jeol JSM-50A (Japan) 
scanning electron microscope and was found as 
d < 10 p m. The aerosol samples were collected 
in a one-month period at different places in 
Veszpr6m county. First, the samples were 
mechanically removed from the filter, then alco- 
holic treatment was performed to separate the 
aggregates and to reduce the particle size. After 
evaporation of  the alcohol the samples were 
mixed with KBr. For DRIFTS measurements 
1 w/w% mixtures of the original samples were 
prepared. The sample cups in DRIFTS were 
filled by applying 1 MPa pressure for 1 min 
using home-made sample filling accessories. 6 
The mass of the sample and the depth of the cup 
were 70 __+ 1.5 mg and 2 mm, respectively. For 
the IR transmission measurements, pellets con- 

taining 2-3 mg sample and 797-798 mg KBr 
were prepared. 

Infrared measurements 

The spectra were recorded by a Digilab FTS 
45 and a Digilab FT 60A Fourier transform 
spectrometer (U.S.A.) with a DTGS detector. A 
resolution of 4 cm -~ was used and 64 scans 
averaged. The diffuse reflectance spectra were 
transformed to K-M units. Intensities of  the 799 
cm-~ and 780 cm-~ (Vs Si-O--Si) and 695 cm- 
(deformation) bands of  quartz and the 876 cm-J 
(7 C O2-) as well as 713 cm -I (fl CO32-) bands 
of calcite were determined after a two-point 
baseline correction. The concentrations of  
quartz and calcite in the aerosols were calcu- 
lated from the concentrations of  those in the 
measured 1 w/w% mixtures. 

Calibration methods 

The calibration curves were prepared by four 
different methods as follows. 

Method A, single calibration. One measure- 
ment was carried out on each standard sample 
and the values of  the K-M function of  the 
absorption bands were determined. 

Method B, application of an internal standard. 
One measurement was done on each standard 
sample containing 0.2 w/w% K 2 S O  4 as an in- 
ternal standard. The K-M values of the absorp- 
tion bands were normalized against the K-M 
value of  the 621 cm- ~ 6 SOl- absorption band. 

Method C, multiple calibration. Parallel 
measurements (n = 4) were carried out on each 
standard sample. The sample cups were 
reloaded between the parallel measurements. 
The average value of the K-M functions of  
the absorption bands was calculated and used 
as the calibration point at each standard 
concentration. 

Method D, multiple calibration and reference 
reflectance correction. The first step of  this cali- 
bration was the multiple calibration (method 
C), then the real value of  R~, r was  determined 
from the experimental results according to the 
method of Reinecke et al., 2 and the experimen- 
tally measured K-M functions were modified by 
the calculated value of R~, r. 

RESULTS AND DISCUSSION 

Reliability of  the methods 

For the investigation of the reliability of the 
methods, first calibration curves for the different 
absorption bands of  quartz and calcite were 
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prepared. It was observed that  using the 
methods  A, B, and C for calibration the inter- 
cepts o f  the calibration curves were relatively 
large negative values in all cases. This is in 
accordance with the observat ion o f  Reinecke 
e t  al.  2 The negative values for the intercept 
cannot  be explained by the K - M  theory. The 
deviation has been found so large in some cases 
that the calibration curves have crossed the 

x-axis at the c = 0.06-0.08 w/w% range. In this 
case, by the calibration curve, the value o f  the 
calibration points at the lowest concentrat ions 
should have a negative number.  For  example, in 
case o f  the 799 c m -  1 band o f  quar tz  at c = 0.023 
w/w% the measured value o f  the K-M function 
with method A was 0.0023, however, calculated 
f rom the calibration curve it should have been 
-0 .0112 .  This considerable and always negative 
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Table 1. Values of  k* and R~s for the different absorption bands of  quartz and calcite 

Absorption bands of  quartz Absorption bands of  calcite 

799 c m - I  780 crn -I  695 c m  i 876 c m  -~ 713 c m  -I  

k* 0.472 0.353 0.148 0.444 0.218 
R~. r 0.825 0.818 0.752 0.878 0.853 

bias presumably means that the analytical 
method is distorted by a systematic error. 

The systematic error is presumed to exist 
owing to the incorrect determination of  the 
K-M function assuming R~,r = 1. In order to 
study the effect of  this type of  error on the 
quantitative analysis theoretical calculations 
were performed. 

The relative value of  the systematic error of  
the K-M function (A~) caused by the absence of 
the exact value of  R . . . .  can be written as 

Ar =f(R~)exv -- f(R~)moO 
f(R~)mod , (3) 

where f(R~o)mod is the modified K-M function 
with R~=R~,r*R~,ex p and f(R~)ex p is the 
experimentally measured K-M function with 
R~ = R~oxxp. If  the K-M functions in equation 
(3) are replaced according to equation (1), the 
following expression is obtained: 

1 2 
- -  R ~ , r R  . . . .  p (4) 

Ar = - - ( |  - -  R ~ ' r )  (1 - -  R~,rR . . . .  p)2" 

It can be seen from equation (4) that A, is 
determined both by R ~ ,  r and R .. . .  p. The sign of  
Af is always negative, but if R~s = 1, the system- 
atic error is zero. Furthermore, if R .. . .  o---~ 0 
(total absorption) then /~r-'--~ 1 -  R~, r and if 
R .... p ~ l(c---* 0) then A~ ~ -- 1 or -- 100%. 

Based on equation (4) theoretical functions 
between A r and the sample concentration were 
also determined for the condition of  c ~< 1 
m/m%, where the K-M function is linear with 
the concentration and f(R~)exp = k* .  c. In this 
case, along with the sample concentration, the 
value of  the systematic error is determined by 
R~,r and k* (the sensitivity of  the analytical 
method). Theoretical curves for the concen- 

tration dependence of Ar at different values 
of  k* (R~,r=0.8) and at different values of  
Ro~,r (k* =0.5)  are plotted in Figs 1 and 2, 
respectively. It can be seen that in the 
1 w/w%/> c >/0.2 w/w% range the value of  
the relative systematic error is only slightly 
increasing, but in the 0.2 w/w% > c > 0 w/w% 
range the increase of  the error is rather sharp. 

After the theoretical calculations, experimen- 
tal values of Ar as a function of the sample 
concentration for the different absorption bands 
of quartz and calcite were determined. The 
curves for quartz and calcite obtained from the 
results of  method C (f(R~)exp) and method D 
(f(R~)moO) are plotted in Fig. 3A, B, respect- 
ively. Based upon the shape of the curves it can 
be concluded that the experimental curves are 
similar to that of  the theoretical ones. The 
magnitude of  A~ was also changed by the theor- 
etical calculations and was increased both by 
decreasing R~,r and k*. The values of R~, r and 
k* determined from the experimental results of  
method C are summarized in Table 1. Since R ~ ,  r 

is considerably <1 ( R ~ ,  r = 0.752-0.878) the 
- 100% limit for the values of A r is approached 
if c = 0.023 w/w%. 

The presence of  the systematic error using 
method A, B, or C was also proved both by the 
investigation of standard samples and environ- 
mental aerosols. The standard samples contain- 
ing quartz and calcite in known concentration 
were used to validate the analytical methods. 
The results for aerosols were compared to those 
of  obtained by the pellet preparation trans- 
mission IR technique used as a reference 
method. 

Based on the results of  the validation, the 
relative error of the quantitative determination 
(Ac) was calculated as 

Table 2. Relative error and its mean value for the determination of quartz and calcite in 
standard samples in the different DRIFTS methods 

Concentration of  the analyte [w/w%] 
Absolute value o f  

14).2 0.24).075 <0.075 the mean error 

Method A - 5 % - + 5 %  - 1 0 % - + 1 0 %  + 2 0 % - + 2 2 2 %  31% 
Method B - 5 % - + 5 %  - 5 % - + 5 %  - 2 0 % - + 2 5 %  9% 
Method C - 4 % - + 3 %  - 1 4 % - + 9 %  + 2 3 % - +  143% 21% 
Method D - 3 % - + 3 %  - 5 % - + 3 %  - 1 0 % - + 3 %  3% 
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Ac __ C . . . .  - -  Ctrue , ( 5 )  

¢true 

where Cmeas and  c,~oe are the measured  and  the 
true concent ra t ions ,  respectively.  

The d a t a  for  A t are listed in Table  2. I t  can be 
seen tha t  the magn i tude  of  the er ror  is s t rongly  
influenced by the sample  concen t ra t ion  and the 
results can be separa ted  into three groups.  In the 
1 w / w %  >/ c /> 0.2 w /w% range A c is small  
independent ly  o f  the analyt ica l  me thod  used 
which means  that  in this region the sys temat ic  
e r ror  is still negligible. I f  0.2 w / w %  > e >~ 0.075 
w / w %  the er rors  for  me thod  A or  C are two to 
five t imes higher  than  those for me thod  B or  D. 

I f  c < 0.075 w /w% the sys temat ic  e r ror  can be 
extremely high result ing even in 150-200% devi- 
a t ion  f rom qrue" The devia t ion  in this concen-  
t ra t ion  range is posi t ive in all cases in 
accordance  with the negative bias  in the calcu- 
la t ion o f  the K - M  function.  However ,  in case o f  
the me thod  B, A~ is relat ively small  having  bo th  
posi t ive and  negative values even if c < 0.075 
w/w%.  This  means  that  the app l ica t ion  o f  an 
internal  s t anda rd  par t ia l ly  compensa tes  the 
effect o f  the sys temat ic  error .  The  best  results 
were ob ta ined  by me thod  D where 
- 5% < Ac < 5% was ob ta ined  in most  cases in 
the entire concen t ra t ion  range and  the average 
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Table 3A. Concentration of quartz in aerosol samples determined by the different methods of 
DRIFTS and pellet preparation technique for the 799 cm -t absorption band (w/w%) 

Sample Method A Method B Method C Method D Pellet technique 

1 15.04-3.0 14.64- 1.5 15.2__+2.0 14.6__+ 1.0 14.0+ 1.1 
2 12.6+3.0 12.4+ 1.5 13.44-2.0 11.8+ 1.0 9.54-0.5 
3 12.4_+2.6 12.9_+ 1.3 12.1 + 1.8 10.74-0.9 10.9-+0.6 
4 10.1+3.1 7.3+1.5 10.64-2.0 7.3+0.9 7.0__+0.7 
5 9.2 4- 2.7 6.3 4- 1.4 9.5 ___ 1.8 6.5 4- 0.9 5.0 + 0.7 

absolute value of  the relative error was found to 
be 3%. 

Based on the results it can be concluded that 
in cases of  the method A, B and C the analysis 
is influenced by a nonlinear systematic error 
that is mainly caused by the inadequate calcu- 
lation of  the K-M function assuming R®,r = 1. 
However, if the exact value of  R~.~ is determined 
and the modified value of  the K-M function is 
calculated (method D), the systematic error of  
the determination can be omitted and the 
average relative error of  the analytical method 
is + 3%. 

The four DRIFTS methods and as a refer- 
ence, the transmission IR technique were used 
for the determination of  quartz and calcite of  
aerosol samples and the results are summarized 
in Table 3A and B, respectively. The effect of  the 
systematic error on the results can most evi- 
dently be seen when the quartz concentration 
has been determined by method A or C and the 
concentration of  quartz has been relatively low 
(Table 3A, samples 4 and 5). In these cases the 
measured mean values for quartz concen- 
trations are significantly higher because of  the 
significant systematic error compared to that of  
either method D or the pellet technique. How- 
ever, the values obtained for calcite are in a 
good agreement independently of  the method 
used. This is owing to the relatively high calcite 
concentration of  the samples, when the effect of  
the systematic error on the analytical result 
using method A or C is within the magnitude of  
the random error. 

The confidence interval was also calculated as 
an additional parameter to describe the re- 
liability of the whole analytical procedure. For 
method D, the magnitude of  the confidence 

limits were found to be three to six times smaller 
than those for the other DRIFTS methods and 
about the same compared to the conventional 
IR transmission technique. This indicates that 
the reliability of the two different techniques is 
comparable. 

After these general observations the particu- 
lar features of  the modified calibration 
procedures are discussed in more detail. 

Application of an internal standard 

Potassium sulphate was selected as an in- 
ternal standard because of its similar refractive 
index to KBr and relatively simple IR spectrum. 
The deformation band of  SO~- at 621 cm- ~ has 
been chosen as the reference one because this 
band is of  a well-defined shape and relatively 
intense absorbance and it does not interfere with 
the absorption bands of  the investigated com- 
pounds (Fig. 4). The utility of the internal 
standard was tested first by carrying out parallel 
measurements (n = 5) on the samples contain- 
ing 0.5 w/w% analyte and 0.2 w/w% K2SO4. 
The RSD of  the intensity of  the selected absorp- 
tion bands was decreased from ___4.2% to 
_+ 1.5% and from +3.7% to _+ 1.3% for quartz 
and calcite, respectively, proving the effect of 
the internal standard on the increase of 
measurement repeatability. However, the appli- 
cation of  the internal standard has some disad- 
vantages. One of these is the increase of the 
detection limit of  the method, since the total 
concentration of the sample for the absorbing 
substances should not exceed 1 w/w%. Further- 
more, the sample must be free of  sulphate or 
other compounds absorbing at the wavelength 
domain of  the reference band. The presence of 
sulphate or spectral interferences should usually 

Table 3B. Concentration of calcite in aerosol samples determined by the different methods of 
DRIFTS and pellet preparation technique for the 876 cm- '  absorption band (w/w%) 

Sample Method A Method B Method C Method D Pellet technique 

I 50.8+4.0 55.7__+ 1.7 49.0__+2.1 48.9+0.7 47.2+ 1.1 
2 29.6+3.6 29.7+ 1.6 28.8+ 1.9 25.8+0.6 25.1 +0.6 
3 24.8+3.5 22.2+ 1.5 25.3+ 1.9 25.4+0.6 26.1 +0.7 
4 16.94-3.9 17.9+ 1.7 18.1 +2.1 16.2__+0.7 16.8+0.5 
5 15.8___3.7 15.6___ 1.6 17.0_+2.0 14.7+0.6 15.3+0.6 
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be checked by preliminary investigation of the 
sample. 

Multiple calibration 

The performance of parallel measurements on 
the same sample and averaging the spectra in 
order to obtain more reliable results is a well- 
known procedure in DRIFTS.  However, the 
aim of this procedure has been primarily to 
compensate for the failure of  inadequate sample 
preparation, e.g. the irreproducibility of  the 
sample packing. Furthermore,  it should be real- 
ized that the requirements for a multiple cali- 
bration to improve the precision of quantitative 
D R I F T S  also comes from the mathematical 
behaviour of the relative error of  the K-M 
function. A mathematical model was developed 
for the concentration dependence of the relative 
error of  D R I F T S  measurements and the follow- 
ing equation was obtained: 7 

df(R~) / 2 dR~,s 
~ ]  - ~/  l + k , c .  R~.~" (6) 

From equation (6) one can see that if both the 
sample concentration and the sensitivity of  the 
method are small (e.g. c <~0.1 w/w% and 
k* < 0.2), the relative error for a single measure- 
ment can be >_+_10% even if the sample 
preparation is appropriately reproducible 
(dR.,_,s/R~,~ = _+ 1%). This is a theoretical expla- 

nation for the high relative error of a single 
measurement and the necessity of  spectral aver- 
aging to determine the reliable position of the 
calibration points. On the other hand, the disad- 
vantage of the multiple calibration is the time 
consuming procedure compared to the single 
calibration methods. 

CONCLUSION 

DRIFTS  can appropriately be used for quan- 
titative determination of quartz and calcite in 
aerosol samples diluted in a nonabsorbing 
matrix. However, keeping the experimental par- 
ameters (e.g. particle size, packing density, 1 
w/w% sample concentration, KBr matrix) con- 
stant, accurate and precise quantitative analysis, 
especially in low analyte concentration range, 
can only be performed if multiple calibration 
and subsequently reference reflectance correc- 
tion is carried out. In this case the reliability 
of  the pellet preparation technique can be 
achieved. 
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Summary--Potentiometric stripping analysis (PSA) was used for determination of conditional stability 
constants (fl ') of copper(lI) complexes. Glycine was used as a model of a non-adsorbable ligand on the 
mercury electrode that forms well defined 1:1 and 1:2 copper(ll) glycine complexes, which are labile 
within the time scale of the analytical technique. The calculations were performed by the DeFord-Hume 
method, which was applied to the shifts in peak potential (dt/dE vs. E) provoked by the presence of 
different concentration of  the ligand in the metal solution. For comparison purposes, the study was also 
carried out by differential pulse anodic stripping voltammetry (DPASV). The results obtained by PSA both 
at pH 6,0, logf l 'L=5.0+0.2  and 1ogf l~=7.6+0.2 ,  and at pH 6.5, I o g f l i = 5 . 7 + 0 . 6  and 
log fl~ = 8.5 + 0.4 (standard deviations are given), were in agreement with those obtained by DPASV and 
from the literature, which indicates that PSA is suitable for this type of study. 

The main application of potentiometric strip- 
ping analysis (PSA) technique has been for 
determination of the total concentration of 
heavy metals in diverse types of samples. H 
Anodic stripping voltammetry (ASV) tech- 
niques have been frequently used for speciation 
studies, owing to their selectivity and high sensi- 
tivity. 5'6 However, the similarity between PSA 
and ASV suggests PSA may also be used for 
speciation purposes. The initial step of the 
analytical techniques is the same: the metal(s) as 
hydrated form or/and as labile complexes is 
(are) deposited on the working electrode at a 
controlled potential. However, instead of apply- 
ing an anodic potential scan to strip the metal(s) 
as is used in ASV, in PSA a chemical oxidant 
from the solution is allowed to diffuse to the 
working electrode and to oxidize the amalga- 
mated metal(s). In this case, the potential of the 
working electrode is followed as a function of 
the stripping time (t). The identity of the metal 
and/or the extension of its complexation (in 
the case of labile complexes) are given by the 
peak potential obtained from the curves: 
current-- f[potential (E)], in ASV, and 

*Permanent address: Chemical Engineering Department, 
Faculty of  Engineering, P4099, Porto Codex, Portugal. 

tAuthor  to whom correspondence should be addressed. 

dt/dE = f(E), in PSA. In standard solutions, 
each metal generates a peak whose height is 
proportional to the metal concentration. There- 
fore, it can be expected that both techniques 
give the same type of information. In addition, 
since redox couples v and surface-active sub- 
stances s from the solution do not interfere to the 
same extent in PSA as they do in ASV methods, 
PSA may have advantages for studies involving 
metal speciation. On the other hand, in PSA, an 
oxidizing agent [mercury(II) in many cases] 
must be present in the solution, in large excess 
relatively to the analyte, during the stripping 
step. Therefore, if the solution also contains 
ligands and the characteristics of the signal 
depend on the stripping step, the oxidizing agent 
might interfere in the metal speciation. Thus, 
comparative studies of PSA and ASV suitabili- 
ties for heavy metal speciation, 9 particularly for 
determination of conditional stability constants 
of complexes in natural waters, deserve interest, 
but are hard to find in the literature. 

These facts prompted us to investigate the 
suitability of PSA for determination of con- 
ditional stability constants of copper complexes 
with organic ligands. Copper was chosen be- 
cause we are involved in projects whose purpose 
is the study of the influence of copper speciation 
on its toxicity for microalgae ~° and bacteria t~ in 
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synthetic culture media. Glycine, an amino acid 
that is not adsorbed at the mercury electrode, 
and humic acid, which is marked adsorbed, 
were selected as model ligands, because both 
can he considered decomposition products of 
living organisms in aqueous medium. 

For copper(II)-humic acid, the results of the 
study in progress ~2 suggest that, for humic acid 
concentrations lower than 0.1 mM, the adsorp- 
tion phenomena do not interfere in the determi- 
nation of the conditional stability constants by 
PSA, but interfere markedly if DPASV is used. 

In this paper, the results obtained for the 
copper(II)-glycine system are discussed. 

THEORY 

In the case of monomeric ligands, L, if there 
are no adsorption phenomena on the electrode, 
DeFord-Hume's  ~3 method has been used for 
determination of stability constants of metal 
complexes by voltammetric techniques) 4'15 

For the reaction (the electric charges were 
omitted for the sake of simplicity, except for the 
metal ion whose charge is important for 
equation 3): 

M "+ + j L  *-+ MLj, (1) 

whose overall conditional stability constant is: 

fl; = [ML;I/([M "+ ][L]J). (2) 

The values of fl~ can be obtained by the 
following equation: ~6,J7 

A G = - = ( 2 . 3 0 3 R r / n r )  

x [ log (  l +j~ofl;[L~) + log(i~/i~) ],  (3) 

where AEp denotes the difference between the 
peak potentials measured in metal solutions 
without and with the ligan& Ep p and ip p, and E~, 
and ig are the peak potentials and current for 
the metal in the presence (p) and in the absence 
(a) of the ligand, respectively; n, R, Tand Fhave 
their usual meaning. 

Equation (3) presupposes that: (i) MLj are 
labile; (ii) the system is electrochemically revers- 
ible; and (iii) the ligand concentration at the 
electrode surface is equal to the bulk concen- 
tration. In addition, if the diffusion coefficient(s) 
of the complex(es) (DML,) is (are) similar to 
those for the free metal ion (DM), log(i~/ip) = 0 

"p -a (because tp/lp ~ 1 since DM ~ DMLj). The last 
condition is only valid for small simple ligands 

such as CI-, OH-  and amino acids, ~s like gly- 
cine. In this case, equation (3) takes the form: 

A G = - = 

(2.303RT/nF) l o g ( l  +j~ofl;[L]/) .  (4) 

Theoretical studies of Chau et al. ~9 showed 
that equation (4) is also valid for PSA, but as far 
as we know, this technique has not been applied 
for determination of stability constants before. 

From equations (3) or (4), it follows that a 
polynomial fits the experimental data (titrations 
of metal solutions with a ligand solution). Its 
degree gives the number of complexes and the 
coefficients correspond to the overall formation 
constants. 

Buffle et al. 2°'2J concluded that DeFord-  
Hume's method can only be applied when the 
ratio between the total ligand and the total 
metal concentrations in the analytical solution 
([L]t/[M]~) is higher than 1000 and the depo- 
sition time (td) is low enough to avoid surface 
effects during the anodic step. In fact, during the 
stripping step, the metal concentration at the 
mercury electrode surface ([M] °) is much higher 
than in the bulk solution, the exact value de- 
pending on the ta and the [M] present in the bulk 
solution. If the ligand concentration in the 
solution is not large enough to guarantee excess 
even at the mercury electrode surface, ligand 
saturation by the metal at the mercury electrode 
surface will occur. 22 As a result, the chemical 
conditions at the electrode surface may change 
drastically by complex formation at the elec- 
trode surface, which are different from those in 
the bulk solution. 22 This phenomenon gives rise 
to a non-linear ip vs. td function (S-shaped curve) 
and a decrease of AE~ with to (ALp should be 
independent of to)) 2 

When [L],/[M], is lower than 1000, the deter- 
mination of stability constants by equation (3) 
requires a previous extrapolation of AEp vs. to 
curve for t d = 0 .  20"21 

EXPERIMENTAL 

Reagents and material 
For the preparation of solutions, reagent of 

analytical grade or equivalent without further 
purification were used, together with deionized 
water with resistivity > 14 Mr2 cm. Glycine, 
from Sigma, ref. G-7126 was used. Copper 
solutions were prepared from a stock standard 
solution 0.787 mM CuCI2. 
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All glass and plastic ware was cleaned by 
soaking in 20% nitric acid for 24 hr and then 
rinsing several times with water. 

Apparatus 

PSA and DPASV measurements were per- 
formed by using an Eco Chemie Autolab multi- 
mode polarograph with an IME module 
connected to a Metrohm 663 VA device and a 
M T E K  computer.  The Metrohm multimode 
was used in the static mercury drop mode 
(SMDE). 

Alternating current polarography (ACP) 
measurements were carried out with a dropping 
mercury electrode (DME) on a Metrohm E506 
polarograph combined with a Metrohm 663 VA 
device. 

In all experiments, a conventional three- 
electrode arrangement, consisting of a glassy 
carbon electrode, as a counter electrode, an 
Ag/AgCl(s) 3M KCI electrode, as reference, and 
a multi-mode electrode were used. 

Procedures 

The measurements were performed at 20"C in 
0.01M potassium nitrate, at pH 6.0 and 6.5, 
buffered with 0.01M piperazine-N,N-bis[2- 
ethane-sulfonic acid] (PIPES). Previously, it was 
verified that PIPES forms no complexes with 
copper(II). Twenty milliliters of  the working 
solution was used for each experiment. The 
dissolved oxygen was purged from the solution 
by using a nitrogen gas stream for 10 min. 

Metal losses owing to adsorption on the cell 
walls 23 were quantified by calibrating the 
voltammetric system at the same pH and during 
the same time as the samples but without ligand. 

DPASV measurements were carried out using 
the following instrumental settings: deposition 
potential, Eo = --0.3 V vs. Ag/AgCl(s) 3M KCI, 
50 mV pulse height, 60 msec pulse duration, l 
sec pulse repetition time and 5 mV/sec scan rate. 
In PSA, the same to and Ed were used. In all 
experiments performed by PSA, 47.2 /~l of  2 
m M  of mercury(II) chloride as the oxidizing 
agent, which corresponded 4.72/~M mercury(lI)  
concentration, were added to the cell solution 
only just at the end of the deposition period, in 
order not to disturb the chemical equilibrium in 
the bulk solution. 

PSA and DPASV complexation measure- 
ments were carried out by the batch mode on 
solutions with a concentration of copper(Il l  of  
0.787 /~M copper(II),  which was about four 
times higher than the limit of detection of both 

techniques in the experimental conditions 
(td = 120 sec and E d = - 0 . 3  V) used. 9 The con- 
centration of glycine was varied between 1.12 
and 31.6 mM. From the values of  E r obtained 
in the absence (a) and in the presence (b) of  the 
ligand, AE o = E~, - E p were calculated and used 
for deriving the conditional complex constants 
131 and fl; by equation (4). For this purpose it 
was assumed that [L] = [L],, since the ligand 
concentrations were in very large excess rela- 
tively to the metal. 

To test the non-occurrence of adsorption 
phenomena at the mercury electrode, exper- 
iments by ACP were performed. For this pur- 
pose, an amplitude of the alternating potential 
of  10 mV, 75 Hz of frequency, a dropping time 
of 0.8 sec and a scan rate of  5 mV/sec were used. 
The alternating component  of  the current (i~c) 
was recorded at a phase angle (~o) of  90' for 
solutions with 1.12 or 17.8 m M  glycine. The 
total potential range scanned in an experiment 
was from 0 to - 1 . 2  V. 

The occurrence of surface effects at the mer- 
cury electrode was tested by DPSAV for tj 
between 30 and 1400 sec. Solutions with 0.787 
/~M copper(II)  and two different glycine concen- 
trations, 0.55 and 1.12 mM, were used. 

R E S U L T S  A N D  D I S C U S S I O N  

Adsorption and surface effects 

Erroneous stability constants are obtained by 
the D e F o r d - H u m e  method applied to voltam- 
metric data 24 26 when adsorption phenomena 
take place on the working electrode. Therefore, 
in a first stage of this work, the absence of 
glycine adsorption at the Hg electrode was 

[O.OSoA 
~o 

~a 

'% 

°%q,,,,o g~ 

0.00 -0~40 -0.80~; -1120 
,ml~ E/V 

Fig. I. AC polarograms for glycine solutions: ampli- 
tude = 10 mV; frequency = 75 Hz; scan rate = 5 mV/sec; 
~o = 90 . [Glycine] = (,~) 0.00; (~) 1.12 raM, (O) 17.8 raM. 
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Fig. 2. Influence of glycine (A without ligand, [] 0.55 mM, 
and • 1.12 raM) on the DPASV response for a 0.787 #M 
copper(II) solution. E d = -0.3 V vs. Ag/AgCl(s), 3M KCI. 
This is a typical example of an experiment performed twice. 

(A) ip = f(td); (B) AEp = f(td). 

experimentally confirmed. For  this purpose, 
curves of  i,c = f(E) by ACP with a phase angle 
of  90 ° were recorded. At this phase angle, iac is 
capacitive in nature and proportional  to the 
double-layer capacity. Figure l shows that 
i,, = f(E) curves for the two different ligand 
concentrations are superposed with the curve 
without ligand, which indicates that no adsorp- 
tion of  glycine occurs, j8 

To evaluate the surface concentration of 
the oxidized metal during the stripping step, 
recordings of  ip = f(td) and ALp = f(to) j8 were 
performed by DPASV, for two different 
[glycine],/[copper], ratios. For [glycine],/ 
[copper], = 699, an S-shaped curve for ip vs. td 
was obtained (Fig. 2A) as well as a decreasing 
ALp with t~ (Fig. 2B). For the higher ratio, 1423, 
the ip vs. ta recording was linear and superposed 
with the curve recorded without glycine until 
td = 400 sec (Fig. 2A). This result indicated that 
no important  surface effects occurred when 

[glycine],/[copper], = 1423, and therefore, this or 
higher values were used in the complexation 
studies. Furthermore, that result (Fig. 2A) 
showed that the diffusion coefficient of  the metal 
ion was not significantly influenced by complex- 
ation, as expected, because the ligand is a 
relatively small amino acid. )~ 

Complexat ion  

Potentiograms and vol tamograms carried out 
for solutions with 0.787 # M  copper(II)  without 
and with 1.41, 7.94 or 31.6 m M  glycine are 
presented respectively in Fig. 3A and B. This 
shows that the values of  i F obtained for the 
different glycine concentrations were close and 
similar to that obtained in the absence ofglycine 
(i~,), which shows that the copper(II)-glycine 
complexes were labile within the time scale of  
these techniques. This figure also shows that the 
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Fig. 3. Potentiograms (dPSA mode) (A) and DPASV 
voltammograms (B) for 0.787 ttM copper(li) and different 
glycine concentrations: (a) 0.0; (b) 1.41; (c) 7.94; and (d) 31.6 

mM. 
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Table 1. Values of peak width (W,/2) and potential (Ep) 
obtained for solutions with 0.787/aM of copper and various 

glycine concentrations by PSA and DPASV at pH 6.5 

DPASV (mV) 
Curves in Glycine PSA (mV) 
Fig. 3 (raM) WI: 2 Ep E~ 

a - -  60 -16 -15 
b 1.41 55 -94 -98 
c 7.94 54 - 134 - 136 
d 31.6 54 - 189 - 185 

Ep became more cathodic when the glycine 
concentra t ion increased. Comparab le  results 
( d U d E  values) were obtained by PSA (Fig. 3A). 
The AEp = E~ - E~ values were also similar for 
both  techniques (see Table 1). These cathodic 
shifts resulted f rom the fast complexat ion of  
copper(II)  by glycine during the stripping step) 8 
Therefore,  the cathodic shift depends on the 
[L],/[M],, but  not  on Ed, which should be only 
negative enough to allow the reduction o f  the 
free metal ion. Figure 3A and B and Table 1 
show that, in the absence o f  ligand, an 
E p ~ - 0 . 0 1 5  V was obtained by both  tech- 
niques. Therefore,  the overpotential  selected, ca. 
- 0 . 3  V, can be considered sufficient for the 
present study purposes. 6 

In addition, results obtained by D P A S V  
(Table l) indicate that  in the absence o f  glycine, 
a peak width (Wj/2) in agreement with theoreti- 
cal predictions 27 was attained under our  
experimental conditions. In the presence o f  gly- 
cine, W~/2 may still be considered according to 
theory, 27 a l though slightly smaller values were 
obtained (Table 1). Therefore, as no broadening 
o f  the peaks was found,  the chemical system can 
be considered reversible) 6 As PSA and D P A S V  
have similar response times (log t(sec) between 
- 0 . 5  and - 1.228), one can also assume that  the 
system has similar electrochemical behaviour in 
both  techniques. Therefore,  under the exper- 
imental condit ions used, the copper(II)-glycine 
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,_, u I!! 
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80 • l l l IBBi  
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Fig. 4. Mean values and standard deviations (n = 3) of AEp 
vs. lglycine] for 0.787/~M copper(ll) obtained by PSA ([]) 

and DPASV (@) at pH 6.0. 

Table 2. Conditional stability constants determined* by 
PSA and DPASV and calculated from the literature 

Log fl~ PSA DPASV Literaturet 

pH 6.0 
fl~ 5.0 __+ 0.2 4.9 __+ 0.6 4.58 
fl~ 7.6 __+ 0.2 7.7 _+ 0.3 7.89 

pH 6.5 
fl', 5.7 + 0.6 5.5 + 0.5 5.08 
/3~ 8.5 +__ 0.4 8.6 + 0.4 8.89 

*Standard deviation (n ~> 3) are given. 
~'Calculated from ref. [29] (see text). 

system seems to fulfill the condit ions for 
application o f  the D e F o r d - H u m e  me thod )  3 

A E o =  f(log[glycine]) plots, obtained from 
both  PSA and DPASV experimental data  at p H  
6.0, are present in Fig. 4, which show that  curves 
rather than straight lines were obtained, because 
o f  the presence o f  more  than one cop- 
per(II)-glycine complex. The data  obtained by 
both techniques fitted a second degree poly- 
nomial  well, the overall condit ional  stability 
constants  being obtained from the coefficients o f  
the polynomial  (see Table 2): 

AEp = (2 .303RT/nF)  

x log(l + fl~[glycine] + fl~[glycine]2). (5) 

Table 2 shows that PSA and D P A S V  orig- 
inate practically identical stability constants.  
F r o m  these results, it can be concluded,  that  the  
presence in the solution o f  mercury(II)  during 
the stripping step, had no significant interfer- 
ence in the analytical signal, probably  because 
the glycine was in large excess. 

F r o m  stoichiometric stability constants  in the 
literature 29 log fll = 8.5 and log f12 = 15.4 
(T = 20°C, I = 0.01M), the fl~ at values at pH  
6.0 and 6.5 were calculated (see Table 2), and 
were similar to those obtained in this study. In 
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Fig. 5. Mean values and standard deviation (n = 3) of AEp 
vs. [glycine] for 0.787/tM copper(II) obtained by PSA ([]) 
and calculated (full line) from known fl' values from the 

literature at pH 6.0 (see Table 2). 
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addition, Fig. 5 shows that the AEp values 
estimated from known fl~ values (pH 6.0) were 
similar to the analytical AEp values obtained by 
PSA. 

The agreement between the experimental 
results and literature data indicates that 
copper(II), instead of copper(I) (which is fre- 
quently involved in the mechanism of oxidation 
of copper(0) to copper(II) on stripping of amal- 
gamated copper), is formed directly (i.e. by a 
two-electron process) in the stripping step. 
This fact corroborates literature information 
about the electrochemical behaviour of the 
copper(II)-glycine system, 3° and makes the 
stripping techniques suitable for determination 
of the respective stability constants. 

Table 2 also shows that, in the pH range 
studied, the fl~ values of the copper(II)-glycine 
complexes depend markedly on the pH value, as 
expected since carboxylic groups are involved in 
the complexation. 

CONCLUSION 

The present work showed that PSA is suitable 
for estimating quantitatively the stability of 
metal-organic complexes, since the ligand is 
non-adsorbable at the mercury electrode surface 
and the conditions for application of the 
DeFord-Hume method are fulfilled. 
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Summary--A new method has been developed for the spectrophotometric determination of L-dopa in 
pharmaceutical formulations. The method is based on the reaction between the open-chain quinone of 
L-dopa, obtained in NaOH, and the benzoqinoneimine form of p-aminophenol, in the presence of KIO4. 
The reaction product is determined at 574 nm by using both alternately procedures, one based on the 
stopped-flow and another on a flow injection approach. Under the best experimental conditions L-dopa 
can be determined with a limit of detection of 52 ng/ml and a relative standard deviation of 0.2% for 
three replicate measurements of a solution containing 4/~g/ml. 

L-Dopa or levodopa (3-hydroxy-L-tyrosine) is a 
catecholamine with the amine group attached to 
a benzene ring bearing two hydroxyl groups. 
L-Dopa is a forerunner of dopamine, which is 
depleted from the brain in Parkinson disease 
and is commonly employed in the treatment of 
this disease. L-Dopa is effective in relieving 
hypokinesia and may also decrease rigidity, 
oculogyric crises and tremor) The compound is 
rapidly absorbed through the bowel at the level 
of the small intestine after oral adminstration 
and widely distributed in the tissue and metab- 
olized to dopamine by a decarboxylation pro- 
cess. Dopamine is further metabolized to other 
metabolites and for this reason, carbidopa 
and benserazide are used as inhibitors for the 
decarboxylase activity? 

Many methods have been developed for the 
determination of L-dopa and its metabolites in 
biological and pharmaceutical formulations, 
such as chromatography techniques and thin- 
layer chromatography (TLC) has been used for 
the separation and determination of L-dopa. 3'4 
Gas chromatography (GC) has also been em- 
ployed to study the effect of L-dopa and dopa- 
mine in rat brain. 5 High-performance liquid 
chromatography (HPLC) has been widely used 
for the determination of L-dopa in brain, 

*Permanent address, University of Baghdad, Iraq, 
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plasma, urine, liver, serum, tissues and biologi- 
cal fluids using electrochemical detection, 6-~9 
or fluorescence detection at 325 nm ~° and 
322 nm. '-~ 

Spectrophotometric methods have also been 
used for the determination of catecholamines 
in pharmaceutical formulations and hence, 
direct measurement of L-dopa in tablets was 
carried out at 280 and 290 nm, 22 or by derivative 
spectrophotometry at 276 nm, '-3 and in 
the presence of boric acid, 24 Na2B407, 25 
Na2HPO4, 26 and germanium dioxide 27 which 
provide maximum absorbance at 239.5, 287, 
292.5 and 292 nm, respectively. 

L-Dopa has been determined in the visible 
region based on the use of several derivative 
reagents such as PdCI2, 28 metaperiodate, 29 
o-phenathrolinefl ° molybdophosphoric acid, 3~ 
ninhydrine, 32 NH4VO333 and enzymatic incu- 
bation with tyrosinase 34 to yield coloured 
species which show absorption maxima at 392, 
520, 510, 825,582, 430 and 540 nm, respectively. 
A photokinetic method, based on the photo- 
chemical reaction of Rose Bengal with EDTA in 
the presence of catecholamines has also been 
proposed 35 for the analysis of pharmaceuticals. 

Flow-injection analysis (FIA) was originally 
designed to carry out several on-line analytical 
processes, and in spite of the great improvement 
in the analytical figures of merit provided by 
the FIA methodology, there are only few 
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papers dealing with the automatization of the 
L-dopa or other catecholamines. L-Dopa was 
determined based on FIA-chemiluminometric 
oxidation with KMnO4, 36 and also by flow 
injection stopped-flow kinetic spectrophotom- 
etry using a micellar-catalyzed reaction with 
l-fluoro-2,4-dinitrobenzene to produce a com- 
plex which is measured at 340 nm. 37 

L-Dopa has also been determined fluoro- 
metrically in pharmaceutical preparations by 
means of the photochemical inhibition of the 
reaction between phloxin and EDTA, 3s and a 
flow system has been developed for the study of  
the catecholamine secretion from bovine 
adrenal medulle cells which permits the electro- 
chemical determination of catecholamines. 39 

The purpose of  the present investigation is to 
develop a simple and sensitive method for the 
determination of  L-dopa in pharmaceutical for- 
mulations by FIA-spectrophotometry. The pro- 
posed method is based on using p-aminophenol 
(PAP) as a derivative reagent which has been 
successfully employed for the determination of 
phenolic compounds with a free para-position, 
obtained from the alkaline hydrolysis of 
carbamate pesticides, 4~43 and also for the direct 
determination of cresols, 44 and other phenols 45 
in natural waters. 

The connections between any two channels 
of  both manifolds employed were made by 
Y-shaped merging zones in order to ensure good 
mixing between reagents. 

Flexible poly(vinyl chloride) tubes of  1.52 mm 
internal diameter, suitable for peristaltic 
pump, were used to provide a flow-rate up to 
4.2 ml/min in each channel. 

A reaction coil of 45 cm (R j) was used to 
ensure a good mixing between p-aminophenol 
(PAP) and L-dopa. Another reaction coil of  8 m 
(R:) was employed to provide a good reaction 
yield between L-dopa and PAP in the presence 
of  sodium hydroxide. The coloured species ob- 
tained were measured at 574 nm. 

All the reaction coils used in the manifolds 
were made of  Teflon with an internal diameter 
of  0.8 mm. 

Reagents 

All reagents were of  analytical grade and 
demineralized distilled water was used 
throughout. 

The L-dopa stock solution (24 /~g/ml) was 
prepared by dissolving 0.00625 g L-dopa (Fluka) 
in 250 ml boiled and cooled distilled water. This 
solution was stored in a refrigerator, being 
stable for many days. 

E X P E R I M E N T A L  

Apparatus 

A Hewlett-Packard 8452A diode array spec- 
trophotometer, equipped with an HP 89530A 
MS-DOS software (with a response time of  0.1 
sec) was used for the spectrophotometric deter- 
mination. A flow cell with 50 #1. internal volume 
and 1 cm pathlength was used for the absorb- 
ance measurements. 

Two manifolds of  three channels (Fig. 1) were 
employed to carry out the spectrophotometric 
determination of  L-dopa in the stopped-flow 
(Fig. IA) and in the FIA mode (Fig. 1B). 

A Gilson P2 minipulse peristaltic pump was 
used in all cases to transport the carrier sol- 
utions. Standard solutions and samples were 
injected, in the FIA mode, using a Rheodyne 
type 50 rotary injection valve. As can be seen in 
Fig. 1A, channel 1 was used to transport p- 
aminophenol and channel 2 to introduce L-dopa 
in the stopped-flow mode or to inject samples 
and standards in the FIA mode in a water 
carrier stream. Channel 3 was employed to 
transport a sodium hydroxide solution. 

P 

PAP "-" 
I 

L-Dopa ' 

NaOH 

1 

3 

1 A W a s t e  

P 

PAP N 

1 B W a s t e  
Fig. 1. Manifolds employed for the spectrophotometric 
determination of L-dopa, (IA) stopped-flow mode and (IB) 
FIA mode, (P) pcristalitic pump, (D) detector, (R I and R~) 

reaction coils, (l) injection valve. 
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The p-aminophenol (PAP) standard solution 
(100 /~g/ml) was prepared daily by dissolving 
0.025 g PAP (Fluka) in 250 ml of boiled and 
cooled distilled water, being stable for more 
than 8 hr. Stock solution (IM) of sodium 
hydroxide (Probus) was prepared in distilled 
water and working solutions were prepared by 
diluting the stock one. 

General procedure 

For the solid formulation of Madopar ~ , the 
tablets were ground and, from the final fine 
powder, 0.0172 g was accurately weighed and 
dissolved in 250 ml of boiled and cooled distilled 
water using an ultrasonic water bath for l0 min 
to ensure complete dissolving of L-dopa in 
water. The solution was filtered using a 
Whatmann filter paper No 42 to avoid any 
suspended excipient. Low concentrated sol- 
utions were prepared by diluting the afore- 
mentioned filtered solution with boiled and 
cooled distilled water in order to avoid any 
oxidation of L-dopa by the dissolved molecular 
oxygen of water. The spectrophotometric 
measurements were carried out in stopped-flow 
mode by introducing sample solutions in chan- 

R E S U L T S  AND D I S C U S S I O N  

Preliminary study of L-dopa stability in aqueous 
solutions 

L-Dopa(levodopa) is slowly soluble in water 
(66 mg/40 ml H20) 46 but it undergoes oxidation 
processes even by the dissolved molecular oxy- 
gen, and for these reasons, special attention was 
taken for the preparation of standard solutions. 

In this work, the standard solution of e-dopa 
was prepared in boiled and cooled distilled 
water and the UV/Vis spectrum of the prepared 
solution was daily monitored by using the diode 
array spectrophotometer for more than 15 days; 
and results obtained showed that the aqueous 
solution of L-dopa is highly stable. 

On the other hand, it is well known that, 
L-dopa (I) is first oxidized to the open-chain 
quinone (II) which gives a yellow coloured 
solution 47 which has a very transitory existence 4s 
and evolves to leucodopachrome (III); this sub- 
stance is in turn oxidized to dopachrome (IV) 
which can be then undergo further transform- 
ation by an internal oxidation-reduction mech- 
anism to 5,6-dihydroxyindole-2-carboxylic acid 
(V), or to 5,6-dihydroxyindole (V|) 49 according 
to the following scheme. 

" ° ~ c . ,  o.v"~.__.c.. . O ~ c . ,  
I " - ' *  I - - " *  I .o lJ~ ~.coo. ~J- ) .coo . .oJ~,~ , ,  c"coo" 

NH~ NH 2 I 

I 
H 

H 
II IlL 

! 
o, ._ov/ r ' 

I I 
H H 

V IV 

nel 2, as indicated in Fig. 1A, using 0.2M of 
sodium hydroxide solution and 100 #g/ml of 
PAP, and after mixing all these solutions stop- 
ping the flow and carrying out the measure- 
ments after 1 min, while in the FIA mode, 
samples and standards were injected in the 
manifold indicated in Fig. I B using 600 /~1. 
injection volume and distilled water as carrier 
stream with a flow rate of 3.2 ml/min. In both 
cases, the spectrophotometric measurements 
were carried out at 574 nm against a standard 
calibration graph obtained from standard sol- 
utions of L-dopa treated in the same way. 

The behaviour of L-dopa in sodium hydrox- 
ide 0.2M was studied, using the manifold indi- 
cated in Fig. I A, in which distilled water was 
introduced in channel 1 and l0 /lg/ml of a 
L-dopa solution was introduced continuously by 
channel 2 and 0.2M NaOH solution by channel 
3. Figure 2 shows that the interaction between 
L-dopa and sodium hydroxide produces a 
yellow solution which presents two absorption 
bands at 302 and 440 nm. However, the band at 
440 nm decreased gradually and, after 3 rain, a 
new absorption band appeared at 326 nm. This 
behaviour can be explained by the oxidation of 
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Fig. 2. UV-Vis spectra of 10 mg/ml of L-dopa in 0.2M 

NaOH after 20 sec (...) and after 3 rain ( ). 

L-dopa to the open-chain quinone (II) which 
showed an absorption at 440 nm, and after that 
evolves to leucodopachrome (11I). 48 

Reaction between L-dopa and p-aminophenol 

It has been mentioned that when PAP (1) is 
oxidized, by the dissolved molecular oxygen or 
by other oxidizing agents such as KIO4, the 
benzoquinoneimine form of  PAP (2) produced 
readily reacts with the free para-position of  
phenolic compounds by an electrophilic attack 
which produces complex species which absorb in 
the visible region. 5° Thus, the aim was to couple 
benzoquinoneimine (2) with the open-chain 
quinone (II) in order to produce a complex 
compound (3). The spectrum in Fig. 3 indicates 

that the reaction between 100 #g/ml of  PAP and 
10/~g/ml of  L-dopa in an alkaline medium of  
0.2M NaOH carried out in the stopped-flow 
mode, using the manifold indicated in Fig. I A, 
shows a high absorption intensity at 574 nm. 
The full colour development was achieved after 
60 sec, and it remained stable for more than 20 
min. On the other hand, when KIO4 was pre- 
viously mixed with PAP, the colour was formed 
and decomposed very rapidly. 

A possible reaction mechanism is shown in 
the scheme of  the reaction between PAP and 
L-dopa. 

Some evidence about the aforementioned re- 
action was obtained by additional experiments. 
When L-dopa is mixed with a NaOH solution 
and coupled with PAP after 2, 3, 4, and 5 min, 
results obtained show that there was no reaction 
between L-dopa and PAP, owing to the for- 
mation of  leucodopachrome (III), in which the 
para-position is blocked. 

The reaction between L-dopa and PAP carried 
out in an alkaline medium of 0.2M NaOH 
provides a higher sensitivity and selectivity than 
that obtained for the direct spectrophotometric 
determination of  L-dopa prepared in distilled 
water and measured in the UV-region (see 
Fig. 3). 

Stopped-flow spectrophotometric determination 
of L-dopa 

The effect of NaOH concentration (from 0.1 
to 1M) and PAP (from 25 to 300/,g/ml) on the 
reaction between L-dopa and PAP was studied 
using the manifold shown in Fig. 1A. 

0.20 

0.16 ~ - / 

/ /  
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1/ 
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0 . 0 0  
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¢-, 0.12 

o 
Or) O . O 8  
.gl 
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W a v e l e n g t h  ( n m )  

Fig. 3. UV/Vis spectrum of a solution of 10 mg/ml of L-dopa in distilled water ( ) and the spectrum 
of the reaction product between l0/~g/ml of L-dopa and 100/~g/ml of PAP in 0.2M NaOH (...). 
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Results obtained showed that the use of 100 
pg/ml of PAP and 0.2M NaOH provide the 
highest absorption intensity after a reaction 
time of 60 sec and hence, a calibration graph 
was carried out for a series of standard solutions 
(from 2 to 8 #g/ml L-dopa) which provided a 
typical calibration line with the following re- 
gression characteristic features: 

A574 = 0.0020 + 0.01495C (Cin ~tg/ml of L-dopa) 

with the regression coefficient r of 0.9999. The 
limit of detection obtained was 60 ng/ml and the 
relative standard deviation of three replicate 
measurements of a solution containing 4 #g/ml 
of L-dopa was 1%. 

The stopped-flow method was applied to the 
determination of L-dopa in real pharmaceutical 
formulations and hence, Madopar ~ tablets, 
which contain 250 mg L-dopa and 50 mg benser- 
azide, was used as a test sample, using the 
recommended general procedure. 

Table 1 shows that the recovery percentages 
obtained were from 98 to 102% of L-dopa in 
Madopar" which provided high accurate results 
and evidence that there is not any effect of 
benserazide on the final recovery because 
benserazide does not react with PAP. 

In order to verify the validity of the method- 
ology developed, some synthetic samples were 
prepared by adding known amounts of L-dopa 
to commonly used excipients, such as starch and 
lactose, or to pharmaceutical preparations con- 
taining other products, such as paracetamol. 

Table I. Determination of L-dopa by stopped-flow spectro- 
photometry in MadoparH tablets 

Nominal value Found by proposed method Recovery 
(~g/ml) (#g/ml) (%) 

2 1.95 + 0.09* 98 
4 4.05 4. 0.10 100.4 
5 5.1 4-0.2 101.3 
6 6.12 _+ 0.06 102 

*Average values found 4- SD corresponding to five indepen- 
dent analyses. 

Table 2 summarizes the results shown and as 
can be seen very good recovery values were 
found, thus indicating that excipients should not 
provide real problems in the determination of 
L-dopa by means of its reaction with PAP. 

Study of some possible interferences 

As indicated before all free para position 
phenols can react with PAP to form coloured 
species, and from our own experience it can 
concluded that PAP is a general derivative 
reagent for all these compounds. However, each 
phenol requires different reaction conditions 
and reacts with PAP at different rates. Table 3 
summarizes the experimental conditions found 
for the reaction between PAP and o-cresol, 
m-cresol, phenol, resorcinol and m-amino- 
phenol in the stopped flow mode. As can be seen 
each compound requires different conditions, 
and they also provide different absorption max- 
ima, thus indicating the tremendous possibilities 
offered by this reaction for the simultaneous 
determination of a series of phenols. 

On the other hand, and compared with the 
reaction between L-dopa and PAP it is shown 
that simple phenolic compounds need the use of 
KIO4 and that in the absence of this oxidizing 
reagent reactions take place very slowly 
which also contributes to providing a selective 
method for the determination of L-dopa in 
pharmaceuticals. 

FIA -spectrophotometric determination of L-dopa 

The effect of flow injection analysis (FIA) 
parameters were evaluated under the best con- 
ditions found for the determination of L-dopa 
by stopped-flow; such as the reaction coil length 
R2 (from 1 to 8 m), flow rate (from l to 4 
ml/min) and the injection volume (from 100 to 
800/~l.). The reaction between L-dopa and PAP 
was studied using the manifold indicated in 
Fig. lB. Results obtained show that a reaction 
coil of 600 cm, with a flow rate of 3.2 ml/min 
and an injection volume of 600/~l. provide the 
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Table 2. Analysis of L-dopa in synthetic samples in the presence of some commonly 
used excipients 

Concentration added Concentration found Recovery 
Excipients ( #g /ml ) ( Itg /ml ) (%) 

Starch 3.94 4.00 + 0.003 101.5 
Lactose 2.99 2.92 -+ 0.02 97.7 
Paracetamol 1.44 1.46 + 0.04 101.4 

Table 3. Experimental conditions found for the stopped-flow determination of a series of phenols with PAP 

Experimental conditions o-Cresol m-Cresol Phenol Resorcinol m-Aminophenol 

PAP (~g/m/) 100 300 500 50 115 
IO 4 (M) 0.004 0.004 0.004 0.0002 0.004 
NaOH (M) 0.06 0.06 0.005 0.006 0.05 
Reaction time 35 min 12 rain 45 min 45 sec I0 rain 
2 (nm) 614 632 626 540 576 

best absorption intensity. An R2 coil of 45 cm 
was used only to provide a radial homogeniz- 
ation between PAP and L-dopa. A calibration 
graph obtained for a series of standard solutions 
of L-dopa (from 2 to 8 /~g/ml) using the above 
parameters provided a typical calibration line 
with the following analytical regression features: 

A574 = -0.0097 + 0.01323C 

(C in/~g/ml of L-dopa) 

with a regression coefficient r of 0.9999. The 
limit of detection obtained in these conditions 
was 52 ng/ml and the relative standard devi- 
ation for three replicate measurements of 4 
pg/ml of L-dopa was 0.2%. The proposed FIA- 
method provides high reproducible results and 
permits the measurement of low concentration 
levels of L-dopa with a sample throughput of 
120 injections/hr. The above FIA-methodology 
has been applied to the determination of L-dopa 
in Madopar '~ tablets using the recommended 
method and the recovery percentages obtained 
were from 99.4 to 102.7% (Table 4) which 
means that there is no significant difference 
between the results obtained by the proposed 
method and those reported. 

CONCLUSION 

The proposed two procedures (stopped-flow 
and FIA-methods) offer clear advantages for 

Table 4. F1A-spectrophotometric determination of L-dopa 
in Madopar" tablets 

Nominal values Found values 
( Itg /ml ) ( #g / ml ) Recovery 

2 2.01 + 0.06 100.7 
4 4.11 +0.06 102.7 
5 5.11 -+ 0.01 102.2 
6 5.97 -+ 0.04 99.4 

the fast determination of L-dopa in the presence 
of related compounds, such as benserazide in 
pharmaceutical formulations. The method is 
very simple, does not require any chemical 
sample pretreatment, is highly economic and 
very fast and provides highly accurate results 
with low detection limits. 
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Summary--A method is proposed for the extraction and mutual separation of quadrivalent titanium, 
zirconium and hafnium from hydrochloric acid using triphenylphosphine oxide dissolved in toluene as an 
extractant. The optimum conditions for the extraction and separation have been evaluated from critical 
study of acid concentration, extractant concentration, period of equilibration and effect of diluent. The 
effect of foreign ions on the extraction and determination is also discussed. The probable composition of 
the extracted species has been deduced from logD-logC plots. The method affords mutual separation of 
titanium, zirconium and hafnium and is applicable to the analysis of alloy samples, 

Titanium, zirconium and hafnium have in- 
creased rapidly in commercial importance. Tita- 
nium and its alloys are useful in defence 
applications, particularly in aircraft, missiles 
and in rocketry. Zirconium is used in nuclear 
reactors as a structural and container material. 
It also finds use in a variety of  alloy steels and 
when added to niobium, forms a superconduct- 
ing alloy. Hafnium is used as a control material 
in water cooled nuclear reactors and rectifiers 
and hence a method is desired for separation 
and determination of  these metal ions. 

Several oxygen containing solvents such as 
dibutyl hydrogen phosphate, ~ bis-(2-ethyl- 
hexyl)phosphate, 2'3 tri-n-butyl phosphate ~7 trib- 
utylphosphine oxide, 8 tri-isoamylphosphate, 9'~° 
trioctylphosphine oxide, 1~ mesityl oxide, 12 
2,mercaptopyridine-1-0xide, ~3 dioctyl methylene 
diphosphate, ~4 2-ethylhexyl dihydrogen phos- 
phate, ~5 petroleum sulphoxide, ~6 N,N-diethyl 
carbamoylphosphate and N,N-diethyl car- 
bamoyl methylene phosphate, ~7 4-benzoyl-3- 
methyl-l-phenyl pyrazolin-5-0ne ~s and tetra- 
phenyl imidodiphosphate, ~9 have been used for 
extraction studies of quadrivalent titanium, zir- 
conium and hafnium. The methods using high 
molecular weight amines are also critically dis- 
cussed in earlier communication. 2° The existing 
methods have limitations such as longer extrac- 
tion period, 1'5"7"1°'1L'14"16"17"19 u s e  of salting out 
agents, 3"~2'~s incomplete extraction, 6"s9 critical 

*Author to whom correspondence should be addressed. 

controlling of temperature ~°'~6'~9 and coextrac- 
tions. L3'~5 In our laboratory we have explored the 
utility of triphenylphosphine oxide for separ- 
ation of group elements such as gallium, indium 
and thallium 2~ and vanadium, niobium and 
tantalum. 22 An extension of this study showed 
that triphenylphosphine oxide dissolved in tolu- 
ene can also be used for extraction and 
separation of  group IVB elements, namely tita- 
nium(IV), zirconium(IV) and hafnium(IV). The 
proposed method has the following advantages: 

1. Extraction time is in seconds. 
2. Extraction is possible both at trace and 

macrolevel. 
3. Extraction occurs in single step and recov- 

eries of elements are >99.0%. 
4. Provides mutual separation of titanium, 

zirconium and hafnium. 
5. Method is applicable to the analysis of 

alloy samples. 
6. Method is reproducible and accurate. 

EXPERIMENTAL 
Apparatus 

The absorbance and pH measurements were 
taken on spectronic 20-D (Milton Roy and Co.) 
and Control Dynamics digital pH meter with 
combined glass electrode. ICP-AES was carried 
out using a Plasmalab 8440 Labtam instrument. 

Reagents and chemicals 

The stock solutions of  titanium(IV), zirconiu- 
m(IV) and hafnium(IV) were prepared by dis- 
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Table 1. Optimum extraction conditions for titanium(IV), zirconium(IV) and hafnium(IV) 

Acid concentration/ Extraction Stripping Determination 
Metal ion total volume Organic phase period (sec) solution procedure 

Titanium(IV) 9.0M HC1/10 ml 2 × 5 ml of 6.5% 60 2 x 5 ml Spectrophotometry 
(5-15/~g) TPPO in toluene water using H20226 

Zirconium(IV) 7.0M HCI/10 ml 5 ml of 6.0% TPPO 50 2 x 5 ml Spectrophotometry using 
(1-10/Jg) in toluene water Alizarin Red S as reagent 26 

Hafnium(IV) 3.5-5.0M HC1/10 ml 5 ml of 3.5% TPPO 35 2 x 5 ml Spectrophotometry 
(1-I0/tg) in toluene water using Xylenol Orange 26 

solving l g potassium titanyl oxalate (together 
with 2 g of ammonium sulphate in 25 ml 
concentrated sulphuric acid), 0.1 g zirconium 
nitrate (in 25 ml concentrated nitric acid) and 
0.45 g hafnium dioxide (Koch-light) (in 9 ml of 
48% hydrofluoric acid and l ml concentrated 
sulphuric acid), respectively, and diluting to 250 
ml with distilled water. The solutions were 
standardized by known methods 23-25 and diluted 
as required. 

Triphenylphosphine oxide (TPPO) (Fluka 
grade) dissolved in toluene was used for extrac- 
tion and separation of titanium(IV), zirconiu- 
m(IV) and hafnium(IV). 

All other chemicals used were of analytical 
reagent grade. 

General extraction procedure for titanium(IV), 
zirconium(IV) and hafnium(IV) 

To an aliquot of a solution containing micro- 
gram amounts of metal ions, hydrochloric acid 
was added to give the desired molarity in a total 
volume of l0 ml (the optimum extraction con- 
ditions are reported in Table I). The solution 
was transferred into a separating funnel and 
extracted with TPPO dissolved in toluene for 
the required shaking time. After removing the 
aqueous layer, the metal ions were stripped 
from the organic layer with two 5 ml portions 
of water and subsequently determined spec- 
trophotometrically. 

For titanium(IV), 2 ml of 3% hydrogen per- 
ox ide  26 solution were added; made up to the 
mark with water and the absorbance measured 
at 410 nm using water as blank. For zirconiu- 
m(IV), l ml of 1% gum arabic solution, 5 ml of 
0.05% aqueous solution of Alizarin Red S 26 
were added and diluted up to the mark with 
0.1M hydrochloric acid and the absorbance 
measured at 520 nm using reagent blank as 
reference. For hafnium(IV), 2 ml of 1% ascorbic 
acid and 2 ml of 0.05% aqueous solution of 
Xylenol Orange 26 were added and diluted up to 
the mark with water and the absorbance 
measured at 530 nm using reagent blank pre- 
pared analogously. 

RESULTS AND DISCUSSION 

Variation in the concentration of acid 
(HCI/HBr) and TPPO (using toluene as the 
diluent) show that the quantitative extraction of 
titanium(IV) occurs from 9.0M HCI solution 
with 6.5% TPPO, whereas extraction of zirconi- 
urn(IV) is quantitative with 6.0% TPPO from 
7.0M HCI solution (Figs 1 and 2). Hafnium(IV), 
extraction is quantitative from 3.5 to 5.0M HC1 
with 3.5% TPPO. Titanium(IV), zirconium(IV) 
and hafnium(IV) showed no extraction from 
hydrobromic acid solution. 

The suitability of several solvents such as 
benzene, toluene, xylene, carbon tetrachloride 
and chloroform for the extraction of titaniu- 
m(IV), zirconium(IV) and hafnium(IV) using 
the proposed method was investigated. It was 
found that TPPO dissolved in toluene or ben- 
zene gives quantitative extraction of titaniu- 
m(IV), zirconium(IV) and hafnium(IV). In all 
other diluents extraction was incomplete. 

Variation of the shaking period showed that 
the minimum extraction periods for titaniu- 
m(IV), zirconium(IV) and hafnium(IV) are 60, 
50 and 35 sec, respectively. Prolonged shaking 
leads to emulsion and hinders phase separation. 
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Fig. 1. Extraction hehaviour of." Ti(IV), curve A; Zr(IV), 
curve B; and Hf(IV), curve C all as a function of HCI 
concentration with 6.5, 6.0 and 3.5% TPPO in toluene, 

respectively. 
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Fig. 2. Extraction behaviour of Ti(IV), curve A; Zr(IV), 
curve B; and Hf(IV), curve C all as a function of TPPO 
concentration of 9.0, 7.0 and 3.5M HCI concentrations, 

respectively. 

Nature of extracted species 

The nature o f  the extracted species was estab- 
lished using l o g D - l o g C  plots. A plot  o f  log o f  
distribution ratio vs. log o f  T P P O  concentra t ion 
for t i tanium(IV),  zirconium(IV) and hafnium 
(IV) at 9.0, 7.0 and 3.5M HCi concentrat ion,  
respectively, gave slopes o f  2.3, 2.2 and 2.4, 
respectively (Fig. 3) indicating a metal to T P P O  
ratio o f  1:2. Since the extraction o f  titaniu- 
m(IV), zirconium(IV) and hafnium(IV) are done 
at reasonably high HCI  concentrat ions,  we ex- 
pect format ion  o f  tetrachloro species such as 
MCI 4 [M is titanium(IV), zirconium(IV) or 

1.0 
O 

0 . s  

~ 0.6 

:~ 0.4 

o 0.2 ,.d 

- /  
- /  

/, 
0 0.2 

Log of TPPO concentration, % 
Fig. 3. Plot of the log of the distribution ratio vs log of 
the TPPO concentration at 9.0, 7.0 and 3.5M HCI 
concentrations for Ti(IV) (A), Zr(IV) (B) and Hf(IV) (C), 

respectively. 

0.4 0.6 0.8 1.0 

hafnium(IV)] which are further soivated by 
TPPO. The probable mechanism of solvation is 

MC14" 2 H 2 0  + 2TPPO 

MC14" 2TPPO + 2H20.  

TPPO,  being more basic, supplants the water 
molecules and renders the species hydrophobic .  
A MC14 type o f  species was proposed by earlier 
workers also, for instance Hf(NO3) 4 • 2TBP 27 
and Z r C I 4 . 2 T O P O  2s. At low HCI  concen- 
tration, however, there is a possibility o f  species 
such as ZrOC12" 2TPPO or HfOCI2" 2TPPO. 

Effect of foreign ions 

Various cations and anions were investigated 
in an interference study on the extraction and 

Table 2. Diverse ion effect 

Tolerance limit, 
(#g)* Titanium(IV) Zirconium(IV) Hafnium(IV) 

None - -  Ga(III), V(V) - -  

50 In(III), V(V) - -  - -  
100 Ga(III), Te(IV) In(III) Ga(III), V(V) 
200 Au(III), TI(III), Fe(III),? TI(III), Fe(IIl),t Te(IV), In(liD, TI(III), Fe(III),t 

Nb(V), W(VI) Nb(V), W(VI) Te(IV), W(VI) 
500 Hg(II), Ni(ll), Sn(II), Hg(II), Ni(II), Sn(II) Ni(II), Au(III), Nb(V) 

Ta(V), Mo(VI), F , Au(IIl), Mo(VI), $20 ~- 
s2o~ , PO~ 

1000 Cu(II), Mn(lI), Pd(II), Se(IV), Ta(V), F-, Hg(II), Sn(II), Ta(V), 
Cd(II), Cr(VI), tartrate, PO~- Mo(VI), F-, $20 ~- 
thiourea, oxalate 

1500 Bi(lIl), Ru(II1), Th(1V) Pd(II), Cr(VI), thiourea, Se(IV), thiourea, PO43 
oxalate 

2000 Zn(lI), AI(III), Se(IV), Zn(II), Mn(II), Bi(III), Cu(ll), Mn(II), Pd(lI), 
citrate, EDTA Ru(Ill), AI(III), Th(IV), Ru(lII), Th(IV), Cr(VI), 

citrate, tartrate, EDTA, oxalate 
EDTA 

3000 Ce(IV) Ce(IV), Cd(II) Zn(ll), Ce(IV), Cd(II), 
B i ( l l l ) ,  AI(III), tartrate, F -  

*Maximum allowable amounts of foreign ions to create _+ 1% error. 
tIron(III) is masked with 500 #g of EDTA. 

TAL 42/4,--J 
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Organic phase, (HI) 
Strip with 2x5 mL of water and 

determine spectrophotometrically with 
xylenol orange 26 or with ICP-AES 

S. M. KAKADE and V. M. SHINDE 

Ti(IV), 5-15 p,g; Zr(IV), 5-10 p,g; Hf(IV), 5-10 p,g 

3.5 M HCI in a total of 10 mL. 
Extract for 35 sec with 5 mL of 3.5% TPPO 
in toluene. 

1 
Aqueous phase, (Ti, Zr) 

Evaporate the aqueous phase to incipient 
dryness, dissolve the residue in distilled 
water and add sufficient HCI to make its 
concentration 7.0 M in a total volume of 
10 mL. Then extract for 50 see with 5 mL 

of 6.0% TPPO in toluene. 

I 
Organic phase, (Zr) 

Strip with 2x5 mL of water and 
determine spectrophotometrically with 

Alizarin Red S 26 or with ICP-AES 

Aqueous phase, (Ti) 
Estimate spectrophotometrically with 

H20226 or with ICP-AES 

Fig. 4. Flow chart for the mutual separation of Ti(IV), Zr(IV) and Hf(IV) in synthetic mixtures. 

determination of titanium(IV), zirconium(IV) 
and hafnium(IV) by the recommended pro- 
cedure. The tolerance limit was set at the 
amount required to cause + 1% error in metal 
recovery. The results are reported in Table 2. 

Mutual separation of titanium(IV), zirconiu- 
m(IV) and hafnium(IV) 

Titanium(IV), zirconium(IV) and hafniu- 
m(IV) were separated from a ternary mixture by 
the scheme shown in Fig. 4. The recoveries of 
titanium, zirconium and hafnium were > 99.0% 
(Table 3). 

Application to the analysis of alloys 

The proposed method was applied to the 
separation and determination of titanium(IV), 
zirconium(IV) and hafnium(IV) in alloys such 
as Ce-Zn-Zr (BCS 307) (0.125 g alloy dissolved 
in 2 ml concentrated hydrochloric acid and 
diluted to 25 ml with distilled water), sillimanite 
(BCS 309) (0.025 g alloy dissolved in 4 ml of 
aqua regia, evaporated, filtered and diluted to 
25 ml with distilled water) and 6% Zn-AI (BCS 

300/1) (0.1 g alloy dissolved in 2 ml concen- 
trated hydrochloric acid and diluted to 25 ml 
with distilled water). We could not procure 
samples containing hafnium, hence a known 
amount of hafnium was added to alloy solutions 
and the procedure was followed for its recovery. 
The analysis show that the procedure is appli- 
cable to alloys which contain all three metals. 
The recoveries of zirconium and hafnium in 
Ce-Zn-Zr (Zr, 0.56%; Fe, 0.0021%; Mn, 
0.006%; Zn, 2.08%; Cu, 0.005%; Ni, 0.001%; 
total rare earth 2.84% + 1 mg Hf); that of 
titanium and hafnium in sillimanite (SiO2, 
34.1%; Fe203, 1.51% ; CaO, 0.22%; Na20, 
0.34%; A1203, 61.1%; TiO2, 1.92%; MgO, 
0.17%; K20, 0 .46%+1 mg Hf) alloy and 
recoveries of titanium, zirconium and 
hafnium in Zn-A1 alloy (Ti, 0.09%; Fe, 
0.24%; Mg, 2.74%; Zr, 0.18%; Cu, 1.27%; Cr, 
0.13%; Si, 0.014%; Mn, 0.33%; Zn, 5.83% + l 
mg Hf) are better than 99%. The recoveries of 
titanium, zirconium and hafnium were con- 
firmed by ICP-AES before and after extrac- 
tion. 

Table 3. Determination of titanium, zirconium and hafnium in ternary mixtures 

Analysis Coefficient of 
no. Mixture (#g) Recovery (%) variation (%) 

l Ti, 10; Zr, 5; HI', 5 Ti, 99.7; Zr, 99.2; Hf, 99.0 Ti, 0.52; Zr, 0.63; HI', l.l 
2 Ti, 5; Zr, 10; Hf, 5 Ti, 99.2; Zr, 99.7; Hf, 99.0 Ti, 1.14; Zr, 0.38; Hf, 1.1 
3 Ti, 15; Zr, 5; Hf, 10 Ti, 99.7; Zr, 99.0; Hf, 99.5 Ti, 0.46; Zr, 0.62; Hf, 0.85 

*Average of six determinations 
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Summary--A porous cellulose tape impregnated with a processing solution that includes 4-p-nitroben- 
zylpyridine, N-benzylaniline and methanol is a highly sensitive means of detecting phosgene and maintains 
stable sensitivity for at least three months in air in a desiccator. When the sample including phosgene was 
passed through the tape, the color of tape changed to red. The degree of color change was proportional 
to the concentration of phosgene at a constant sampling time and flow rate. The degree of color change 
could be recorded by measuring the intensity of reflecting light (555 nm). The detection limit was 6 ppb 
for phosgene with a sampling time of 60 sec and a flow rate of 400 ml/min. Reproducibility tests showed 
that the relative standard deviation of response (n = 10) was 2.6% for 0.2 ppm phosgene. No interference 
was observed from ethanol (1 vol.%), trichloroethylene (I vol.%), acetone (1 vol.%), carbon dioxide 
(4.9 vol.%), carbon monoxide (100 ppm), nitrogen dioxide (100 ppm), sulfur dioxide (50 ppm), hydrogen 
chloride gas (5 ppm), chlorine (3 ppm), acetic acid gas (24 ppm), ammonia (40 ppm), or benzyl chloride 
(20 ppm). 

Phosgene is a highly toxic, colorless, irritating 
gas. It is important in dye manufacture and 
in the production of polycarbonate and poly- 
urethane resins, carbamates, organic carbon- 
ates, chloroformates, and pesticides. Its 
occurrence in air is often unpredictable, since 
many organochlorine compounds thermally 
and photochemically decompose into phosge- 
nes. Phosgene may also be important in air 
pollution study, since phosgene is synthesized in 
the lower troposphere by photochemical smog 
reactions of halocarbons. The establishment of 
a threshold limit value of 0.1 ppm of phosgene 
in air ~ emphasized the need for a sensitive, 
reliable, and specific method for the determi- 
nation of phosgene in industrial environ- 
ments. Several methods have been reported for 
the detection of phosgene, including colori- 
metric procedures 2 5 and chromatographic 
techniques, 6'7 but to achieve widespread routine 
use, the method should be simple, specific, 
capable of unattended operation, and also 
inexpensive. However, few methods exhibit all 
these desirable performances. Consequently, we 
chose a tape monitor because of its high sensi- 
tivity and selectivity, easy maintenance, con- 

*Author to whom correspondence should be addressed. 

tinuous monitoring function, small size, low 
running cost and greater ease of operation in the 
automatic mode) We investigated a suitable 
reagent that reacts with phosgene to produce a 
color stain. Of the investigated colorimetric 
procedures, the most specific and sensitive 
reagent used for phosgene was a mixture of 
4-p-nitrobenzylpyridine (NBP) and N-benzy- 
laniline (BA). 4 We studied tape impregnated 
with these reagents in order to determine 
phosgene concentrations less than 0.I ppm in 
air. In this paper, we described a study to 
develop a monitoring tape for the determination 
of phosgene in air in the range 6 ppb to 0.2 ppm. 
The concentration of NBP and BA in processing 
solution, gas flow-rate, sampling time, repro- 
ducibility, effect of temperature and humidity of 
sample gas, and stability of the tape and 
response to other gases were investigated to 
evaluate the characteristics of the tape for the 
determination of phosgene in air. 

EXPERIMENTAL 

Reagents and samples 

A processing solution was prepared as 
follows. To ca 100 ml of methanol, 1.5 g of 
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4-p-nitrobenzylpyridine (NBP) and 3 g of N- 
benzylaniline (BA) were added. 

Standard phosgene mixtures (0.2-0.03 ppm) 
were prepared continuously by purging a FEP 
Teflon permeation tube with various constant 
flows of purified air (99.9%; Taiyo Sanso). 

Humidified phosgene mixtures were prepared 
by mixing dry air passing through a Gore-Tex 
(porous Teflon; 4 mm i.d, 6 mm o.d. and 50 mm 
length) tube immersed in water (25 + 2°C) with 
0.2 ppm phosgene. 9 The relative humidity of the 
gas mixture was determined by a humidity 
sensor (Model HMI32; Vaisala) in the gas flow. 

Monitoring tape 

The porous cellulose tape (Whatman 1Chr 
papers, 20 mm wide, 0.18 mm thick and 25 m 
length) was immersed in the processing solution 
for 1 rain, oven-dried at 40°C and stored in a 
desiccator. 

Apparatus 

The experimental apparatus was similar to 
that previously used) The end (ca. 1 cm in 
diameter) of tube from the suction unit is 
attached tightly to a tape. The sample gas was 
sucked through the tape at a constant flow rate 
(400 ml/min) and a constant sampling time 
(60 sec). A tape is continuously fed past and 
exposed to air from a sample draw line. When 
exposed to phosgene, the NBP-BA reagent on 
the tape reacted with phosgene to change its 
homogeneous color. The degree of color change 
was recorded by measuring the reflected light of 
555 nm. Then the pathway of the tape was 
renewed by moving the tape every 60 see. The 
response (reflection absorbance, A ) is defined by 
A = - log Vj / Iio, where V0 and V~ are outputs 
of blank (an atmospheric air) and of the sample, 
respectively. The 30 min time was required to 
measure the responses after the tape was set in 
the tape monitor. All the measurements were 
carried out at 25 + 2°C. 

RESULTS AND DISCUSSION 

A review of the methods employed to detect 
trace amounts of phosgene in air disclosed that 
a few major approaches to the problem had 
been investigated: (1) determination of chloride 
ion after hydrolysis, (2) colorimetric analysis. In 
the first category attention was turned to pro- 
cedures that depend on the hydrolysis of phos- 
gene to CO2 and HCI: COC12+H20---, 
CO2 + 2HCI. We studied tape using pH indi- 

cator reagents, ~° such as Methyl Yellow, for 
monitoring tape of acidic gases, which is a 
highly sensitive means of detecting HCI.~I In this 
experiment, we studied tape impregnated with 
Methyl Yellow for phosgene gas. However, this 
tape was not successful in detecting 1 ppm 
phosgene. 

In the following sections, we investigate 
colorimetric analysis; in this experiment, we 
examined tape using NBP-BA reagents that had 
obtained good results for phosgene in previous 
reports? It was concluded that tape impreg- 
nated with NBP-BA reagent could serve as a 
sensitive monitoring tape for phosgene, but the 
tape impregnated with only NBP was not sensi- 
tive for phosgene (1 ppm). 

Reflectance spectra 

After this tape had been exposed to 0.2 ppm 
phosgene for a sampling time of 60 sec at a flow 
rate of 400 ml/min, the visible reflectance 
spectrum of the exposed tapes was recorded 
with a UV-2200 spectrophotometer (Shimadzu), 
using a freshly prepared barium sulfate disk as 
a reference standard (Fig. 1). The solid and 
broken spectra show the reflectance spectra of 
the tape exposed to 0.2 ppm phosgene and air 
(without phosgene), respectively. 

Concentration of NBP-BA reagent 

To obtain the optimum conditions for the 
detection of phosgene, the response for phos- 
gene was measured with various concentrations 
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~ O A  
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Fig. I. Reflectance spectra of tapes exposed to COC12 and 
air (reference: BaSO4 disk). The solid and broken lines show 
the reflectance spectrum of the tape exposed to C O C I  2 in air 

and air, respectively. 
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Table 1. Effect of concentration of 4-p-nitrobenzylpridine 
(NBP) and N-benzylaniline (BA) in processing solution on 

response 

Concentration in processing solution (%) 

NBP BA Response 

0.025 0.5 0.069 
0.50 1.0 0.094 
1.5 3.0 0.105 
2.5 5.0 0.106 
3.5 7.0 0.108 

Concentration of COC12:0.2 ppm. 
Sampling time: 60 sec. 

of NBP-BA reagent (mixture of NBP and BA 
in the ratio of 1:2, we confirmed it by an 
analysis of NBP and BA in the mother liquor 
after the reaction was complete) in the process- 
ing solution and various flow-rates of the 
sample gas. The response for phosgene 
increased with an increase in concentration of 
NBP-BA reagent and increased slightly at levels 
about 1.5 wt% NBP in the processing solution 
(Table 1). The processing solution used was 
prepared with 1.5 wt% :NBP-3.0 wt%:BA. 

Gas flow-rate 

Table 2 shows the effect of the sample gas 
flow-rate on response. The response increased 
with increase the sample gas flow-rate and 
slightly above 350 ml/min. The optimum sample 
gas flow-rate was estimated to be 400 ml/min. 

Sampling time 

The response for fixed concentration of phos- 
gene was plotted against various sampling 
times. Nonlinear graphs between response and 
sampling time were obtained in the range 
0.05-0.2 ppm and vs. sampling time in the range 
10-90 sec (Fig. 2). 

Calibration graph 

Typical calibration graphs for phosgene using 
the optimum experimental condition are shown 

Table 2. Effect of sample gas flow-rate on 
response 

Gas flow rate (ml/min) Response 

100 0.037 
200 0.058 
300 0.084 
350 0.100 
400 0.106 
500 0.107 

Concentration of COC12:0.2 ppm. 
Sampling time: 60 see. 

0"15 t / ( a )  
0"i25 I 

O ' I I  / / o . . '  (b' 

 0:0: f 
0 30 60 90 

Sampling time, s 
Fig. 2. Relation between sampling time and response at 
various concentrations of COC12. Flow rate: 400 ml/min 
[COC12]: (a) 0.2 ppm, (b) 0.15 ppm, (c) 0.1 ppm, (d) 0.075 

ppm, (e) 0.05 ppm, (f) 0.03 ppm. 

in Fig. 3. A linear relation was obtained in 
the region of 0.03-0.2 ppm of phosgene. The 
response for 0.8 ppm of phosgene was 
0.32 which corresponded to 80% for 0.8 ppm. 
By using optimum conditions, the detection 
limit (signal-to-noise rat io=3) was 6 ppb 
for phosgene with a sampling time of 60 sec. 
Reproducibility tests (n = 10) showed that the 
relative standard deviation of response was 
2.6% for 0.2 ppm phosgene, and the relative 
standard deviation of the calibration graph 
was 3.5%. 

0.15 - 
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o 0.1 

~ 0.0"/5 

0.05 -- 

0.025 

0 0.05 0.I 0.15 0.2 
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Fig. 3. Calibration graphs for COCl 2. Sampling time: (a) 90 
sec, (b) 60 sec. 
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Table 3. Effect of humidity of 
sample gas on response 

Humidity (%) Response 

10 0.084 
30 0.097 
40 0.105 
50 0.105 
60 0.I10 
80 0.110 

Concentration of COC12:0.2 
ppm. 

Sampling time: 60 see. 

Humidity of sample gas 
Table 3 shows the effect of humidity of 

sample gas on the response of the tape. The tape 
was hardly affected by humidity in the region 
30-80%RH used in this experiment, but 
response decreased gradually at levels below 
30°/,RH. It can be concluded that there is very 
little effect of humidity on the response of the 
tape under normal conditions (40-60%RH). 

Temperature of sample gas 
Table 4 shows the effect of the temperature of 

sample gas variation within the range of 0-40°C 
on the response of the tape. The tape is hardly 
affected by temperature in the region 0-30°C 
used in this experiment, but decreased gradually 
at levels above 30°C. It can be concluded that 
there is very little effect of temperature on the 
response of the tape under normal conditions 
(10-30°C). 

Selectivity 
The response of the tape for various gases are 

given in Table 5. The tape is hardly affected by 
other gases in the concentration ranges used in 
this experiment, except for acetyl chloride. 

Long-term stability 
As it is very important in the preparation of 

a reliable tape to use high stable reagents on 
exposure to air, its stability in a desiccator was 
studied. The relationship between storage time 

Table 5. Response for various gases 

Concentration 
Gas examined of gas Response 

Ethanol 1% < 0.002 
Methanol 1% < 0.002 
Isopropanol 1% < 0.002 
Trichloroethylene 1% < 0.002 
Toluene 1% < 0.002 
Acetone 1% < 0.002 
Carbon monoxide 100 ppm <0.002 
Carbone dioxide 4.9% <0.002 
Nitrogen dioxide 100 ppm <0.002 
Hydrogen 100% <0.002 
Hydrogen sulfide 30 ppm <0.002 
Hydrogen chloride 5 ppm <0.002 
Hydrogen fluoride 9 ppm <0.002 
Sulfur dioxide 50 ppm <0.002 
Acetic acid 24 ppm <0.002 
Chlorine 3 ppm <0.002 
Ethylenediamine 10 ppm <0.002 
Ammonia 40 ppm < 0.002 
Benzyl chloride 20 ppm < 0.002 
Acetyl chloride l0 ppm 0.011 
Phosgene 0.2 ppm 0.105 

Table 6. Long-term stability 
of the monitoring tape 

Day Response 

0 0.104 
10 0.103 
31 0.I01 
66 0.095 
91 0.094 

Concentration of COC12: 
0.2 ppm. 

Sampling time: 60 sec. 

and response of the tape impregnated with 
NBP-BA reagent was investigated (Table 6). 
After storage for about 3 months in a desiccator 
the response for phosgene was 90% of the 
original level. 

In conclusion, the monitor tape impregnated 
with NBP-BA reagent is very suitable for 
the determination of phosgene concentrations 
in the range 0.006-0.2 ppm. This tape moni- 
tor method is simple, specific, capable of 
unattended operation and is recommended for 
field operation. 

Table 4. Effect of temperature of 
sample gas on response 

Temperature (°C) Response 

0 0.108 
10 0.108 
20 0.105 
30 0.094 
40 0.084 

Concentration of COC12:0.2 ppm. 
Sampling time: 60 sec. 
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Summary--Based on the principle of enzyme inactivation, a butyrylcholinesterase (EC 3.1. 1.8.) biosensor, 
to determine some organophosphorus (ORP) pesticides (Fenitrothion, Diazinon, Parathion ethyl, 
Mevinphos and Heptenophos) in soil extracts, is presented, The enzyme was immobilized on pre-activated 
Pall Biodyne TM transfer membranes, which were physically attached to the sensitive ends of glass pH 
electrodes. Contact of the enzyme with pesticide samples results in specific inhibition of enzyme activity. 
Sensor calibration was possible by correlating the inhibition of enzyme activity (monitored by observing 
reduction in electrode potential changes with substrate additions) with varying concentrations of pesticide 
compounds in a buffer solution. A simple procedure was designed to extract ORP pesticides from spiked 
soil samples using a mixture of dichloromethane and acetone as the extraction solvent mixture. The sensor 
was successfully used to determine pesticide concentrations ranging from a low of 35 ppb (Diazinon) to 

21 ppm (Fenitrothion) in soil, with resultant relative standard deviations of percentage enzyme 
inactivation less than 12%. The complete extraction and analytical procedure is simple, inexpensive and 
rapid. Mass production of the enzyme membranes and their easy attachment to the electrodes, render them 
disposable after a single use. The biosensor is seen as a potential analytical instrument for early warning 
against pesticide contaminations in soil. 

Organophosphorus (ORP) pesticides represent 
a very large part of agricultural chemicals in 
widespread use. Owing to their potential mam- 
malian toxicity, the monitoring of pesticide 
residues in agricultural and food products and 
in environmental matrices has become a priority 
field in pesticide research and analysis. The 
agricultural usage of such chemicals leave 
residues in soil from fall-out from aerial spray- 
ing, in rain or dust or from plant or animal 
which become incorporated with the soil. 
Thus, the soil is an environmental reservoir for 
these residues from which they move into the 
atmosphere, water or living organisms. 

The most common method to analyse 
organophosphate residues is gas chromatog- 
raphy (GC) with nitrogen-phosphorus or 

flame-photometric detection, although liquid 
chromatography is also receiving attention for 
high detection sensitivity and selectivity. ~ Sev- 
eral extraction procedures and clean-up 
approaches have been reported for numerous 
pesticides from soil. 2-5 In most cases, these tech- 
niques for extraction and analysis are laborious, 
time-consuming and expensive. 

The toxicity of several ORP pesticides to 
mammals has been studied quite extensively and 
is well documented. 6 The inhibition of cholin- 
esterases by these compounds is the result of the 
formation of stable covalent intermediates such 
as phosphoryl-enzyme complexes, which 
hydrolyze very slowly. The reaction scheme 
below represents the inhibition of the enzyme by 
an organophosphorus ester. 

O O O 
I} Kd,~s II ~pho~ II 

Enz-OH + R--P--X " [Enz-OH.R--P--X] Enz---O--P--R + X- + H + 
I I I 
R' R' R' 

(enzyme) (ORP) (enzyme-ORP complex) (phosphorylated enzyme) 

Since the inhibition mechanism 
*Author to whom correspondence should be addressed. 

is very 
specific, several analytical techniques have been 

649 
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developed for the determination of such pesti- 
cides on the basis ofcholinesterase inhibition. 7-t° 
Recently, a bienzyme sensor jl has been reported 
for the determination of organophosphorus 
pesticides. The biosensor is based on the 
immobilization of choline oxidase and butyryl- 
cholinesterase on a preactivated nylon mem- 
brane attached to a hydrogen peroxide electrode. 
In yet another study,~2 only butyryl- 
cholinesterase was immobilized onto such preac- 
tivated polyamide membranes and used in 
conjunction with pH glass electrodes to 
determine organophosphorus and carbamate 
pesticides. The present work deals with this 
simple, rapid and inexpensive method to 
determine ORP pesticides in soil extracts, 
beginning from sample extraction to the use 
such butyrylcholinesterase-based biosensors for 
analysis. 

EXPERIMENTAL 

Reagents 

Butyrylcholinesterase (EC 3.1.1.8) from horse 
serum, with a reported specific activity of 18 
units/mg protein, was purchased from Sigma 
Chemical (St. Louis, MO, U.S.A.), and was used 
as such without any treatment. Butyrylcholine 
chloride (Sigma Chemical) was used as substrate. 

Polyamide pre-activated Pall Biodyne TM gen- 
eral purpose transfer membranes (Type A, 
porosity 3/~m), said to present 50% carboxylic 
and 50% amine groups for protein attachment, 
were obtained from Nippon Genetics Co., Japan. 

The ORP pesticides, Fenitrothion, Diazinon, 
Parathion Ethyl, Mevinphos and Heptenophos 
were Pestanal <~ chemicals, all purchased from 
Riedel de-Haen AG (D-3016, Seelze, Germany). 
Stock solutions of the ORP compounds 
were made in HPLC grade acetonitrile (Cica 
Merck). 

Bromine water (2-3% w/v) from Wako 
Chemicals, Japan, was used to oxidize the ORP 
compounds containing P~--~S moieties to the 
corresponding P~---O esters, thereby making 
them more reactive as inhibitors. 

The composition of the working buffer, used 
for the preparation of the substrate solution 
and to conduct the potential measurements, 
was 2.5 x 10-3M HEPES [4-(2-hydroxyethyl)- 
piperazine-l-ethane sulfonic acid] from Sigma 
Chemical, containing 2 × 10-2M MgCi2, 0.1M 
NaC1 and 0.01% (m/v) gelatine (Sigma Chemi- 
cal) from porcine skin. The pH of the buffer was 
adjusted to 7.55 before use. 

Dichloromethane and acetone (both min. 
99.5% purity) were purchased from Wako 
Chemicals, Japan, and used to prepare the 
extraction solvent mixture. 

Toyo Roshi filter paper No. 2 was used to filter 
the soil samples in the extraction procedure. 

Milli-Q ~"~ water was used wherever necessary. 
All other reagents used were of analytical 
grade. 

Enzyme immobilization and biosensor preparation 

Butyrylcholinesterase (3.8 mg) was dissolved 
in 1 ml sodium phosphate buffer (2.5 × 10-3M, 
pH 6.5). Six pieces of the transfer membrane 
measuring 15 × 21 mm 2 were cut and dipped 
into the enzyme solution one by one, each 
left immersed in the solution for only 2 min. 
The membranes were then dried in a stream 
of nitrogen. A casein blocking solution using 
phosphate buffered saline (PBS) pH 7.4 
(4 x 10 2M dihydrogen sodium phosphate, 
8 x 10-3M in the sodium hydrogen phosphate, 
0.15M sodium chloride) was freshly prepared. 
The 0.5% (m/v) solution of casein in PBS 
was heated to 60°C while stirring. The solution 
was left to cool to room temperature, before 
filtering through a 0.45 /~m membrane filter 
to remove aggregates. The membranes were 
dipped in the blocking solution one by one, each 
being left immersed for 2 rain. The membranes 
were completely dried in a stream of nitrogen 
before being cut into 3 x 3 mm 2 pieces and stored 
at 4°C. 

The biosensor was prepared by attaching a 
3 x 3 mm 2 piece of enzyme membrane to the bulb 
of the pH glass electrode (TOA pH combination 
electrode, Type GST-5425C). The attachment 
was done using a piece of nylon stocking material 
and a silicone 'O' ring (Fig. l a). 

Soil spiking and extraction 

Soil was collected from the Institute grounds 
by removing a trowel full down to about 10 cm. 
The matrix was placed in a tray and left to dry 
at about 35°C on top of an oven. The dried soil 
had a particle size distribution of <0.125 mm 
11.9%, 0.5-0.125 mm 46.2% and >0.5 mm 
41.9%. Total organic and clay content of the soil 
were found to be 16.1 and 6%, respectively. The 
fresh soil had a pH of 6.7 and a moisture content 
of 14.4%. 

Spiking of the soil sample was done by inject- 
ing a known amount of the pesticide stock 
solution to a portion of 1 g (+0.005 g) of soil 
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(a) 

pH combination electrode 

Silicone '0' ring 

Nylon stocking material stretched 
to firmly hold enzyme membrane 

(b) 

Biosensor 

Thermostated 
working cell 

Magnetic stirrer 

Q 

Enzyme membrane 

"'i" 
~ pH/mV meter 

Chart 

"l 
Fig. 1. (a) The biosensor. (b) The experimental set-up. 

in a clean 10 ml graduated test tube. The tube 
was capped and the contents were mixed and 
left undisturbed overnight at room temperature. 

Anhydrous sodium sulfate (100 mg) and 5 ml 
of a dichioromethane/acetone mixture (2/1 v/v) 
were added to the spiked soil sample before 
leaving the tube in a sonicating bath for 2 min. 
The mixture in the tube was then shaken vigor- 
ously by hand for 15 min. The sample was 
filtered and the cake was washed with an 
additional 10 ml of solvent mixture. The test 
tube containing the filterate and washings was 
placed in a water bath at 35°C with nitrogen 
bubbling into it till all solvent was completely 
evaporated. 

To the dry residue in the test tube, 100 #1 of  
acetonitrile was added and mixed, before top- 
ping the volume to 10 ml with HEPES working 
buffer. The tube was left in the sonicator for 
2 min to ensure that no residue remained 
attached to the walls of the test tube. The 
contents of  the tube were then poured into the 
working cell for analysis. 

Apparatus and analytical procedure 

Figure lb represents the experimental set-up. 
The potential measurements were conducted in 
25 ml magnetically stirred cells, maintained at 
25°C with a thermostat (Endocai RTE 210). The 
biosensor was linked to a pH meter (TOA 
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Fig. 2. Typical sensor response and 

Digital pH meter, Type HM-50V), connected to 
a chart recorder (Rikadenki R50). 

The analysis was done by first conducting the 
blank tests: 20 ml of  the HEPES working buffer 
was pipetted into the working cell and the 
biosensor placed into it. When a steady baseline 
was registered, 24 #1 of  1M butyrylcholine 
chloride was added to the cell. This resulted 
in a working substrate concentration of  
1.2 x 10-3M in the cell. 

Butyrylcholinesterase on the membrane 
catalyzes the hydrolysis of  its substrate, 
butyrycholine, to choline and butyric acid 
according to the reaction below. 

B u C h E  

Butyrylcholine + H20  ) choline 

+ butyric acid. 

The acid dissociates further to release H ÷ ions, 
resulting in a local variation of pH. This local 
variation of  pH at the membrane is sensed by 
the electrode and the response is recorded. 

The recording was stopped exactly after 7 min 
after addition of  the substrate. This was done to 
avoid long waiting times before any steady-state 
in the electrode response was reached. The 
working cell was rinsed clean and refilled with 
the 10 ml HEPES buffer containing the dis- 
solved pesticide residue along with another 10 
ml of  buffer. Where the pesticide being analysed 
was the sulfur analog, 4 #1 of  bromine water was 
added to the cell at this stage to transform it to 
the corresponding oxygen analog. The biosen- 

calculation of  enzyme inhibition. 

sor was then placed into the cell and the 
contact time between the enzyme membrane 
and the pesticide solution was noted. After a 
contact time of exactly 10 min, the substrate 
was once again added to the contents of the 
cell and the above procedure was repeated to 
note the electrode response. Figure 2 shows 
typical sensor responses and illustrates the pro- 
cedure to calculate the percentage inhibition of  
enzyme activity, based on a diminished sensor 
response. 

Calibration plots were initially made in plain 
buffer for the biosensor by adding different 
concentrations of pesticides directly to the 
working cell. Such plots were later used to 
determine the efficiency of pesticide extraction 
from spiked soil. 

R E S U L T S  AND D I S C U S S I O N  

Choice of working conditions 

The composition of  the working buffer, given 
above, was similar to that used in previous 
studies.' 3 Figure 3 presents a calibration plot of  
the sensor to butyrylcholine. It was noticed that 
the response potential change remained below 
15 mV, indicating that the number of  active sites 
of the enzyme present in the membrane was 
suitable for inhibitor determination. '2 A work- 
ing substrate concentration of 1.2 × 10-3M was 
chosen, as it was within the linear portion of  the 
curve. The response potential change corre- 
sponding to the immobilized enzyme activity for 
this substrate concentration was about 6.5 mV. 
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Fig. 3. Calibration plot for butyrylcholine. Working buffer: 
2.5 x 10-3M HEPES, containing 2 x 10-2M MgCI2, 0.1M 

NaCI and 0.01% (m/v) gelatin, temperature 25°C. 

Earlier studies have demonstrated the high 
repeatability of measurements using enzyme 
membranes prepared in lots. 13 However, these 
membranes were also tested for repeatability in 
their response to consecutive substrate concen- 
trations of 1.2 x 10-3M, For  three different 
membranes the RSD values were less than 5% 
(n = 7). 

Figure 4 illustrates the influence of enzyme- 
pesticide contact time and temperature on the 
percentage inhibition of  enzyme activity. The 
percentage inhibition was higher with longer 
contact time periods, indicating that better 
detection limits could be achieved with extended 
contact times. However, the experiments were 
conducted with a contact period of  10 min, in 
order to maintain a short analysis time. Further- 
more, with a 10 min contact, satisfactory detec- 
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Fig. 4. Influence of enzyme--pesticide contact time (Q 
Heptenophos 3 x 10-TM, temperature 25°C) and tempera- 
ture (11 Mevinphos 8 x 10-TM, contact time 10 min) on 
percentage inhibition of enzyme activity. Working buffer: 
2.5 x 10-3M HEPES, containing 2 x 10-2M MgC12, 0.1M 

NaCI and 0.01% (m/v) gelatin. 

tion limits could be achieved with most of the 
pesticides tested. As expected, the temperature 
plot indicated a mixed influence on enzyme 
activity. With higher temperatures, the kinetics 
of inhibition and thermal deactivation of  the 
enzyme were accelerated. This was seen as a 
rising curve without any optimum. A tempera- 
ture of 25°C was chosen to conduct the 
experiments. 

Before the experiments were conducted, tests 
were done to ensure that blank soil extracts or 
acetonitrile (used to dissolve the pesticides) or 
bromine water (used for oxidation), did not 
inhibit the enzyme, individually or combined, at 
concentrations encountered in the analysis. No 
effect was observed with 100 #1 acetonitrile in 20 
ml buffer in contact with the enzyme up to 25 
min. Bromine water, however, inhibited the 
enzyme and had to be maintained at additions 
of 4/~1 in 20 ml buffer. 

The tests showed that the blank extracts from 
soil used in this study contained no pH-modify- 
ing or other anticholinesterase substances. If 
pH-modifying substances are co-extracted, the 
working buffer concentration will have to be 
correspondingly changed to counter their effect. 
Other possible interferences in such an analyti- 
cal method can arise mainly owing to the pres- 
ence of  anticholinesterase compounds such as 
carbamates, nicotine, Pb 2÷ and F -  ions. 13 

O RP pesticide analysis 

Calibration plots of the biosensor were made 
showing extent of enzyme inactivation with 
varying concentrations of the different pesti- 
cides in the working cell, when they were added 
directly into it. Figure 5a and b are plots for 
Fenitrothion and Diazinon, respectively. 
Depending on the inhibitory power of the com- 
pound, different limits of detection were 
observed. Here, the enzyme was more sensitive 
to Diazinon, (detection limit: 10-SM) than 
Fenitrothion (detection limit: 3 × 10-6M), both 
corresponding to a reduction in the response 
potential change of 1.1-1.7 mV. 

Calibration plots showing enzyme inhibition 
from spiked soil extracts for Fenitrothion and 
Diazinon are presented in Figure 6a and b. 
Determination of  Fenitrothion was possible in 
the range from 10 to 320 ppm in soil, while for 
Diazinon the range was from 10 to 500 ppb. 

Since the RSD for the plain substrate injec- 
tions as reported above was up to 5%, a re- 
duction of about 1.2-1.5 mV in response 
potential change or 20% in sensor response 

TAL 42/4~-K 
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[Diazinon], M 

Fig. 5. (a) Calibration plot for Fenitrothion in 2.5 x 10-3M 
HEPES buffer containing 2 x 10-2M MgC12, 0.1M NaCI 
and 0.01% (m/v) gelatin, temperature 25°C, contact time 10 
min. Co) Calibration plot for Diazinon in 2.5 x 10-3M 
HEPES buffer containing 2 x 10-2M MgCI2, 0.1M NaCI 
and 0.01% (m/v) gelatin, temperature 25°C, contact time 

10 rain. 

[Diazinon]. ppb 

Fig. 6. (a) Calibration plot for Fenitrothion in soil. Working 
buffer: 2.5 x 10-3M HEPES, containing 2 x 10-2M MgCI 2, 
0.1M NaCI and 0.01% (m/v) gelatin, temperature 25°C, 
contact time 10 min. (b) Calibration plot for Diazinon in 
soil. Working buffer: 2.5 × 10-3M HEPES, containing 
2 x 10-2M MgClz, 0.1M NaC! and 0.01% (m/v) gelatin, 

temperature 25°C, contact time I0 min. 

(which translates to about 3 times the standard 
deviation encountered for plain injections) was 
considered safe to indicate enzyme inactivation 
owing to the presence of the pesticides. The 
pesticide concentration leading to a 20% inacti- 
vation was, therefore, chosen to represent the 
detection limit measured by the biosensor. 

The detection limits obtained by the sensor 
(spiked pesticide concentrations) for which the 

Table 1. Detection limits of 

average enzyme inhibitions ranged from 18.6 to 
21.1% are presented in Table 1. The corre- 
sponding RSD values of the percentage enzyme 
inhibitions and range of reductions in response 
potentials are also reported. It was observed 
that the RSD values remained less than 12%. 
Data on efficiency of the extraction method as 
measured from the sensor response is also pre- 
sented. At concentrations corresponding to the 

t h e  ORP pesticides t e s t e d  

Detection Reduction in Average RSD (%) Average extraction RSD (%) 
ORP pesticide limit* potential (mY) % inhibition (n = 3) efficiency (%)t  (n = 3) 

Fenitrothion 21 ppm 1.4-1.7 20.8 7.8 75.4 9.6 
Diazinon 35 ppb 1.1-I .4 20.3 8.8 136.2 9.4 
Parathion ethyl 3.9 ppm 1.0-1.4 20.5 10.7 100.0 13.6 
Mevinphos 1.4 ppm 1.2-1.6 21.1 I 1.6 83.3 13.1 
Heptonophos 650 ppb 1.1-1,4 18.6 5.4 44.8 6.2 

*Corresponds to pesticide concentration spiked in soil (1 ppm = 1 #g/g, 1 ppb = ! ng/g). 
tAs determined from biosensor calibration plots made with pesticide addition into working buffer. 
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detection limits of the ORP pesticide com- 
pounds, the average extraction efficiencies 
varied from 44.8% (Heptenophos) to 136.2% 
(Diazinon), with RSD values less than 14%. 
Such wide variations can only be a result of the 
low concentrations and possible interactions of 
the pesticide compounds with organic matter 
and clay present in soil. 

As determined in other studies, t2 the activity 
of the immobilized enzyme is rapidly lost with 
continuous use, although when stored dry at 
4°C, they have been found to retain their orig- 
inal activities even after a period of 3 years. The 
membranes prepared in this work showed simi- 
lar trends. On average, they lost about 65 and 
85% of their original activity after 3 and 7 days, 
respectively. No significant enzyme activity was 
noticed after 10 days. This rapid loss in activity 
with continuous use, however, need not be 
viewed as a disadvantage because the same 
membrane is not used continuously. Since the 
enzyme membranes can be mass produced and 
possess excellent storage stability, they can be 
discarded after a single use. 

CONCLUSIONS 

Determination of ORP pesticides in soil 
extracts with the butyrylcholinesterase biosen- 
sor presents an approach which is cheap, simple 
and fast. No sophisticated instrumentation nor 
highly skilled personnel are required to conduct 
the tests. The pre-activated transfer membranes 
used for enzyme immobilization are inexpensive 
and easily available. The enzyme membranes 
can be mass produced and stored for several 
years before use. Since the construction of the 
biosensor involves easy attachment of the mem- 
branes to the pH electrode, the need to reacti- 
vate or reuse these membranes after enzyme 

inhibition is precluded, thereby making them 
disposable after a single use. Beginning from 
extraction of the pesticide compound by the 
described procedure, only about an hour is 
required to obtain the analytical result. 

The biosensor demonstrates the possibility of 
achieving satisfactory detection limits, although 
these can be improved at the cost of analysis 
time. Once calibrated, the biosensor can be used 
as an analytical instrument to screen for ORP 
pesticides on a routine basis, especially in situ- 
ations which demand an early warning of soil 
contamination. 
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Summary--Polypyrrole (PPy)-coated platinum modified electrode was prepared electrochemically in 
chloroform in the presence of tetrabutylammonium perchlorate, tosylate, tetrafluoroborate, periodate, and 
hydrogen sulphate. Evidence in favour of the occurrence of a redox reaction at the film/solution interface 
was given by ferrocene oxidation. The electrocatalytic effect of the PPy-coated electrode was revealed by 
oxidation of hydroquinone on it in water and chloroform. The influence of dopant anion, method of 
electrosynthesis and operation temperature were demonstrated. The calculated heterogeneous electron 
transfer rate constant (k °) at the PPy-modified Pt electrode at 25°C was 1.4 x 10 -3 cm/sec which is 
1000-fold greater than the value (< 10 -6 cm/sec) reported for bare electrode. 

One of  the important applications of  chemically 
modified electrodes is the electrocatalysis of 
electrochemical reactions. Among electronically 
conducting polymers for making modified elec- 
trodes, polypyrrole (PPy) has received much 
attention since 1979 when it was synthesized by 
Diaz et al. t The ability of  PPy to electrocatalysis 
some electrochemical reactions has been re- 
ported? ~ Many investigations have shown the 
influence of  solvent, supporting electrolyte, op- 
eration temperature, monomer concentration 
and method of electropolymerization on the 
properties of ppyS-7 According to previous 
studies, the polymerization of  pyrrole is per- 
formed in aprotic solvent 7 and acetonitrile has 
been the most commonly used solvent. Re- 
cently, PPy was prepared on a platinum elec- 
trode in acetonitrile and its electrocatalytic 
effects demonstra ted:  

The high dissolving power and extracting 
property of chloroform against organic, 
organometallic and pharmaceutical com- 
pounds, make it as an excellent solvent and the 
study of electrochemical behaviour of these 
compounds at bare and chemically modified 

*Author to whom correspondence should be addressed. 

electrodes is interesting in order to develop new 
electroanalytical methods. 9-~2 

It is the aim of this work to electrosynthesize 
PPy on a Pt electrode in chloroform as an 
aprotic solvent, convenient for the electropoly- 
merization which proceeds via a radical mech- 
anism, and used the PPy-coated platinum 
modified electrode to catalyse some slow oxi- 
dation processes in aqueous and particularly in 
chloroform media for analytical purposes. In 
this context we report the ability of PPy film 
prepared in chloroform to oxidize hydro- 
quinone in both media and demonstrate the 
influence of the type and concentration of do- 
pant anion, electropolymerization method and 
operation temperature on the electrocatalytic 
effects. 

EXPERIMENTAL 

Chemicals  

The solvent was chloroform G R from E. 
Merck. The supporting electrolytes were tetra- 
butylammonium perchlorate (TBAP), tetra- 
fluoroborate (TBATFB), periodate (TBAPI) 
from Janssen; benzoate (TBABz) and tosylate 
(TBATS) prepared in our laboratory according 
to the following procedures. 

657 
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Preparation of  TBATS. A given amount of 
p-toluenesulphonic acid was dissolved in dis- 
tilled water and the solution neutralized by 
gradual addition of  a required volume of  40% 
aqueous solution of  tetrabutylammonium hy- 
droxide (TBAOH) using a pHmeter. The salt 
(TBATS) was extracted into chloroform and the 
white crystalline salt obtained by evaporation of  
the solvent. 

Preparation of  TBABz. A stoichiometric 
amount of benzoic acid (insoluble in water) and 
NaOH (1:1 mol/mol) were introduced in a given 
volume of water, the soluble sodium benzoate 
was formed, a required volume of 40% aqueous 
solution of TBAOH was added and TBABz was 
extracted into chloroform, the solvent was evap- 
orated and the TBABz was obtained. 

The other reagents were of analytical grade, 
the water was deionized and distilled. The sol- 
utions were bubbled with N2 gas (99.99) for 
30min and kept under nitrogen atmosphere 
during the electrochemical experiments. 

Apparatus 

All voltammograms were recorded with a 
three electrode system using an EG&G model 
273 potentiostat/galvanostat, electrochemical 
analysis software 3,00 model 270 with an IBM 
personal computer connected to an Epson 
model FX-850 printer. Working electrodes were 
bare and PPy-coated Pt electrodes (area 
0.126cm 2 from EG&G). The reference elec- 
trodes were SCE in aqueous media and Ag/AgI 
in chloroform as previously described. 9 A 
UTU.ZN-68/CZSP-D-98 thermostat from 

Poland was used for thermostatting the polym- 
erization media. 

Electropolymerization 

The working electrode surface was polished 
using a thin layer of alumina powder (0.05 pm), 
then washed with water and acetone, respect- 
ively and used after drying. The PPy films were 
prepared in 0.5M solutions of  dopant anion and 
0.1M pyrrole in chloroform. In the potentio- 
static method the applied potential was 1.2 V vs. 
the reference electrode. In the galvanostatic 
method the current density was 15 #A/cm 2 
(E = 1.1 V) and in the potentiodynamic method 
the potential was scanned between - 0 . 4  and 
1.2 V with a scan rate of  50 mV/sec. Grafting 
the films onto electrode was stopped when an 
amount of charge equal to 3 mC had been 
passed. During the polymerization, the solution 
were thermostatted. 

R E S U L T S  A N D  D I S C U S S I O N  

Electrochemical behaviour and properties of the 
Pry films 

Cyclic voltammograms (CVs) of  PPy-CIOf 
films prepared by different electrochemical 
methods were recorded in 0.5M TBAP-  
chloroform solution in the absence of  the 
monomer (Fig. 1). The peaks related to dop- 
ing-undoping cycle were observed at about 0.24 
and 0.04 V. The corresponding process may be 
shown as follows: 

PPy~ + As~.,~PPy+AF + em 

I I I I . I i ~ / 

q 
j Is 

I I I I I t I 1 
-0.4 0 0.4 0.8 ~.2 

E (V) 
Fig. 1. The CVs of PPy-CIOf-coated Pt electrode in 0.5M TBAP-CHCI 3. PPy films were synthesized (1) 
potentiodynamically (scanned between -0.4 and 1.2 V), (2) galvanostatically (current density, 15/iA/cm2; 
electrode potential, 1.I V) and (3) potentiostaticaUy (potential was controlled at 1.2 V). The deposition 

charges in all cases were approximately 2 inC. The scan rate was 50 mV/sec. 
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" I I I ~  I 1 I 1 

12°+A 

-0.4. 0 0.4 0.8 1.2 

E (V) 

Fig. 2. The CVs of  1 m M  ferrocene (a) on bare Pt electrode and (b) PPy-ClO;-coated Pt electrode with 
various thickness of  the PPy film in 0.5M TBAP chloroform solution. The deposition charges were (1) 

3 mC, (2) 2.5 mC, (3) 2 inC. The ferrocene peak fell at higher potentials, scan rate was 50 mV/sec. 

o r  

PPy A-B~-~-PPy+A( + B + + era. 

Where subscripts s, f and m refer to solution, 
polymer and metal, respectively. A- and B + 
show the anion or cation intervening in the 
doping-undoping cycle. 

The PPy film prepared by the galvanostatic 
method was oxidized at a lower potential value 
than the others and gave redox peaks with a low 
charging current (Fig. 1). Therefore, we have 
used this method for the electrochemical exper- 
iments in this work. 

The PPy films prepared by each method were 
very stable and quasi-metallic yellowish which 
changed to brown and dark-green with increas- 

ing film thickness. The oxidation of ferrocene at 
the PPy-coated Pt electrode with various thick- 
ness reveals that the redox process was localized 
at the film/solution interface, because the height 
of the anodic peaks does not depend on the 
thickness (Fig. 2), which is typical of the diffu- 
sion controlled conditions. 

Oxidation of hydroquinone on the PPy-modified 
electrode 

The CVs of H2Q on bare and PPy-coated Pt 
electrodes in 0.1M LiC104 aqueous solution at 
pH 2 are shown in Fig. 3. The peak separation 
potentials AEp is equal to 550 mV on bare elec- 
trode which decreased to 140 and 90 mV at scan 
rates of 50 and 20 mV/sec, respectively on the 

]20 I " I a ~  I _ 
IzA / :  

I I I I I 
-0.2 0,2 0.6 1,0 

E (V) 

Fig. 3. The CVs of  I m M  hydroquinone (a) on PPy-CIOf-coated Pt electrode in 0.1M LiCIO4 aqueous 
solution, pH 2, at various scan rates: (1) 20, (2) 50, (3) 100, (4) 200 mV/sec and (b) bare Pt electrode with 
a scan rate of  50 mV/sec, The polymer was prepared by the galvanostatic method and deposition charge 

was about 3 mC. 
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Table I. The voltammetric data of hydroquinone oxidation in chloroform and water on bare and PPy-coated Pt electrodes 

Aqueous Chloroform 

i~/i~ E~(V)  e~(v) AEp(V) EE(,nv)* i~/ig E~(Y) E~(V) AEp(V) EE(,,~* 

Pt 0,43 0.600 0.050 0.550 0.39 1.293 0.480 0.813 
410 233 

PPy°Pt 0.93 0.400 0.260 0.140 0.67 1.220 0.640 0.580 

V = 50 mV/sec. 
*Electrocatalytic effect. 

PPy-coated electrodes (Fig. 3). Using the 
method proposed by Nicholson )3 the hetero- 
geneous electron transfer rate constant (k °) 
value on the PPy-coated Pt was obtained at 
1.4x 10-3cm/sec which is about 1000-fold 
greater than the value at the bare electrode 
(10-6 cm/sec).14 

The decrease of AEp for H2Q CVs from 
813 mV at the bare electrode to 550mV at the 
PPy-coated electrode at a scan rate of 50 mV/sec 
in 0.5M TBAP-chloroform solution also illus- 

trates the electrocatalytic effect of the polymer 
on the oxidation of hydroquinone in chloro- 
form. The characteristic data for the oxidation 
of H2Q on the bare and PPy-modified Pt elec- 
trodes in aqueous and chloroform media are 
given in Table 1. 

Influence of the electropolymerization conditions 

The parameters affecting the electrocatalytic 
properties of PPy films were the type and con- 
centration of dopant anion, method of electro- 

I I I 

40 ttA / /  

/ i f  d 
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t 
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// 

• I 
\ \  / 

I l ' / ' -"" I I 
0 0.2 0.4 

E (V) 

,i..-" / /J 

C 

I I I I I 
0 0.2 0.4 0.6 

E (V) 
Fig. 4. The CVs of l mM hydroquinone on PPy-coated Pt electrode in 0.1M LiCIO4 aqueous medium, 
pH 2, prepared in CHCI 3 in the presence of various dopant anions at room temperature. (a) CIO~-, (b) 
tosylate (c) BF; ,  (d) IOn-. The prepared method was galvanostatic and deposition charges in all cases were 

about 3 mC, scan rate: 50 mV/sec. 
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Table 2. Characteristic data of H2Q CVs at PPy-coated Pt electrode prepared in the presence of different dopant a n i o n s  

W a t e r  Chloroform 

D o p a n t  anion Eg(V) E~(V) AEp E~p(V) E~(V) AEp 
Perchlorate 0.400 0.260 0.140 1.220 0.640 0.580 
Tetrafluoroborate 0.535 0.171 0.364 1.267 0.530 0.737 
Periodate 0.420 0.311 0.109 1.298 0.589 0.709 
p-Toluenesulphonate 0.470 0.244 0.226 1.382 - -  - -  
Hydrogensulphate 0.496 0.194 0.302 1.232 0.552 0.680 

polymerization and operation temperature. The 
CVs of l mM H:Q in 0.1M LiC104 aqueous 
solution at pH 2, at PPy-coated Pt electrode 
prepared in chloroform solutions of some do- 
pant anions such as C104,  BF4,  IO 4 and 
tosylate are shown in Fig. 4. The characteristic 
data are given in Table 2. The greatest electro- 
catalytic effect was from C104 and the value of 
AEp was minimum for a concentration of 0.5M 
TBAP (Fig. 4). This may be attributed to (a) 
high oxidation level as well as high conductivity 
of PPy~lO4 films, 7 (b) relatively effective dop- 
ing of PPy~C10; film compared with the others 
during the electrochemical oxidation of H2Q in 
the presence of 0.1M C104 solution and (c) 
preventing release of CIO4 ion in PPy-CIO 4 
film placed in CIO 4 solutions. For IO4 the 
background currents were most pronounced 
and the stability of PPy-IO4 films was consider- 
ably lower, probably owing to its high oxidizing 
power. On the other hand, the chronopoten- 
tiogram recorded during the galvanostatic pol- 
ymerization of pyrrole in CHCl3-benzoate 
solution, showed that the potential of the work- 
ing electrode did not remain at 1.1 V (electro- 
polymerization potential of pyrrole) and 
immediately changed to a very positive value 

(> 1.8 V), therefore, electropolymerization did 
not occur. At the same time, the surface of the 
working electrode was contaminated by forming 
insoluble oligomers and the conductivity of the 
electrode fell dramatically. This behaviour is 
attributed to the basicity of the Bz- ion prevent- 
ing the growth of the polymer chain, t5 This was 
confirmed by the addition of a stoichiometric 
amount of anhydrous sulphuric acid in order to 
convert Bz- to BzH which led to the polymeriz- 
ation of pyrrole in the presence of the HSO4 
formed. 

Similar results were obtained in chloroform 
solution with 0.5M TBAP + 10-3M HzQ. The 
characteristic data are shown in Table 2. 

The influence of temperature on the electro- 
catalytic effect of PPy was demonstrated using 
the PPy-coated Pt electrode prepared at various 
temperatures in chloroform solution of 0.5M 
TBAP. The CVs of HzQ at room temperature in 
water reveal that the electrocatalytic effect of the 
polymer is increased as the polymerization tem- 
perature varies from 0 to 35°C and then de- 
creased when the temperature increased up to 
45°C. The same results were obtained in chloro- 
form. This behaviour was explained by the low 
conductivity of polymer at high temperature ~6 

t i I I 

y f :  

I I I I 
-0.2 0 0.2 0.4 0.6 0.8 

E (V) 

Fig. 5. The CVs of l mM H2Q + 0.1M LiCIO4 aqueous solution on PPy-coated Pt electrode prepared by 
various methods. (a) Galvanostatic, (b) potentiodynamic and (c) potentiostatic. The deposition charges 

in all three cases were approximately equal, scan rate: 50 mV/sec. 
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and the poor quality of films at low tempera- 
ture.~7 

Another affecting parameter was the elec- 
trosynthesis method used for the preparation of 
PPy films. The experimental data obtained from 
the cyclic voltammetry of H2Q at PPy-coated Pt 
electrodes prepared by various methods confirm 
that the galvanostatic method was the most 
effective one as well as its electrochemical be- 
haviour (Fig. 5). 

CONCLUSIONS 

The results obtained from this study show 
that the electropolymerization of pyrrole can be 
performed in chloroform. The PPy film formed 
on the Pt disk electrode was very stable, quasi- 
metallic, smooth and coloured from yellowish 
to dark green depending on its thickness. The 
electrochemical activity of PPy film is affected 
by the method of electropolymerization and the 
best activity is observed for the galvanostatic 
method. The charge transfer reaction occurs at 
the film-solution interface. An obvious electro- 
catalytic effects of PPy film on the oxidation of 
H2Q at PPy-coated Pt electrode is observed in 
aqueous and chloroform solutions. The influ- 
ence of polymerization conditions such as do- 
pant anion, temperature and method of 
electrosynthesis on its electrocatalytic effect are 
evident. These findings suggest the possibility of 
using PPy-coated platinum electrodes as a 
chemically modified electrode for the catalysis 
of some slow oxidation processes in chloroform 

which are presently under investigation in our 
laboratory. 
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Summary--A fiber-optic probe for measuring chlorine in aqueous solution is evaluated. The probe uses 
a microporous gas-permeable membrane to trap a small volume of aqueous internal solution made of 
N-(6-methoxyquinolyl)acetoethyl ester (MQAE) in front of a fiber-optic assembly. The working principle 
of this probe is based on a combination of fluorescence quenching and redox reaction of MQAE by 
chloride ion and chlorine, respectively. While the magnitude of total fluorescence decay is independent 
of the sample concentration, the initial rate of decrease in fluorescence intensity is linearly proportional 
to the chlorine concentration over the range from 8.4 to 418 #M. Once the probe is exposed to a chlorine 
sample, the probe tip must be refilled with a fresh aliquot of the internal solution before the next 
measurement. In this mode, the probe displays excellent reproducibility; the relative standard deviation 
of the initial rate of fluorescence decay (n = 3) is only 1 percent. This probe can also be used for the 
measurement of hypochlorous acid (HOC1) in aqueous solution. The response properties are identical to 
those of the chlorine probe. 

Chlorine sensing is particularly important 
because chlorine is used extensively in the 
chemical industry and in the sterilization of 
drinking water. The toxicity of  chlorine I causes 
problems of overexposure during both manu- 
facturing and use. The danger of pollution 
demands a sensitive and reliable method for the 
accurate measurement of chlorine. 

The measurement of chlorine in water is 
complicated by interferences from the combined 
forms of chlorine (i.e. chloramines) and other 
potential disinfectants, such as chlorine dioxide 
and ozone 2. The currently available methods 
for the determination of  free chlorine are photo- 
metric 3, amperometric 4, and chemilumines- 
cence 5. Narayanaswamy and co-workers 6, have 
recently reported a number of potential poly- 
nuclear aromatic hydrocarbon molecules, which 
experience fluorescence quenching by chlorine 
in methanol. However, data are not available 
regarding the quenching of these compounds in 
aqueous solution. 

This paper describes a fiber-optic probe for 
measuring free chlorine (C12/HOCI) in aqueous 

*Author to whom correspondence should be addressed. 
tPresent address: Department of Chemistry and Biochem- 

istry, Texas Tech University, Lubbock, TX 79409-1061, 
U.S.A. 

solution. The working principle of this probe is 
based on a combination of fluorescence quench- 
ing by chloride and a direct reaction by chlorine 
with the indicator dye N-(6-methoxyquinolyl)- 
acetoethyl ester (MQAE) in an isolated 
aqueous-based internal solution. This probe 
uses a microporous gas-permeable membrane to 
trap a small volume of internal solution in front 
of  a fiber-optic assembly (FOA). Chlorine from 
the sample diffuses across the gas-permeable 
membrane and enters the internal solution. A 
fraction of this chlorine is converted to chloride 
ions and the combination of chloride and chlor- 
ine diminishes the fluorescence of MQAE. The 
resulting change in fluorescence intensity is 
measured as a function of time through the 
FOA. The rate of change of the fluorescence 
intensity is related to the concentration of  chlor- 
ine in the sample. 

EXPERIMENTAL 

Apparatus and reagents 

Fluorescence quenching measurements from 
the internal solution were performed with an 
FOA by using an instrumental arrangement 
similar to that reported earlier 7 with some 
modifications. Light from a 100 W tungsten- 
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halogen lamp passed through an IR-blocking 
filter and then a KV-470 cut-off filter before 
being focused into a bundle of quartz optical 
fibers. The exiting radiation was collimated 
before passing through a mechanical chopper, 
which was operated at 224 Hz. One of the 
fused-silica optical fibers carried the chopped 
light and directed this excitation radiation 
towards the internal solution at the tip of the 
FOA. A second set of fused-silica fibers col- 
lected a portion of the luminescence from the 
internal solution and directed this light to a 
490 nm bandpass filter. After passing through 
the filter, the light was focused onto the face 
of a photomultiplier tube (PMT) which was 
operated at 650 V. 

MQAE was purchased from Molecular 
Probes (Eugene, OR), and used as received. 
Chlorine standards were prepared from stock 
sodium hypochlorite (NaOCI) solutions, whose 
chlorine concentration was established by iodo- 
metric titration. All other reagents were analyti- 
cal grade quality and were purchased from 
common suppliers. All solutions were made 
with distilled-deionized water that was prepared 
immediately before use by passing the house 

distilled water through a Milli-Q three house 
water purification unit. 

Procedures 

Probe fabrication. Chlorine probes were con- 
structed by trapping a small volume of internal 
solution between a gas-permeable membrane 
and an FOA (Fig. 1). The FOA was fabricated 
by packing one 600 #m (FP-600-UHT) and 
seven 400 #m (FP-400-UHT) fibers into a 
7.0 cm long (2.5 mm i.d. and 3.0 mm o.d.) 
plastic tubing. Both types of fibers were high- 
hydroxy fibers designed for UV transmission 
and were obtained from 3M Specialty Optical 
Fibers, West Haven, CT. The FP-600-UHT 
fiber had a numerical aperture of 0.30, core 
diameter of 600 + 10 /~m, cladding diameter 
of 830+30 /zm, and buffer diameter of 
1050 + 30/~m. The FP-400-UHT fibers had a 
numerical aperture of 0.30, core diameter of 
400 _ 8/tm, cladding diameter of 600 _ 30/~m, 
and buffer diameter of 750+30 #m. The 
600 #m fiber was positioned in the center of 
seven 400 #m fibers. Epoxy was applied to hold 
the fibers and fill the void volume inside the 
fiber-tubing assembly. The other end of the 

O 600 p,m 
Fiber 

400 I~m 
Fiber 

g 

A B 

Fig. 1. Schematic diagram of the fiber-optic chlorine probe. Part A: a, 600/~m excitation fiber; b, seven 
400 /~m emission fibers, c, plastic tubing; d, conical plastic pipette tip; e, epoxy, f, internal solution; 
g, microporous Teflon membrane; and h, plastic spacer ring. Part B: arrangement of fibers at the probe 

tip (cross-sectional view). 
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600 #m and seven 400/~m fibers were inserted 
through two plexiglass connectors separately 
and held in position with epoxy. The fiber ends 
were polished with 400-grit abrasive paper. The 
FOA was then inserted into a conical shaped 
small plastic tube and held in place by an 
adhesive sealant. A small reservoir was created 
at the tip by slightly recessing the FOA relative 
to the outer edge of  the tube. The outer diameter 
of  the resulting probe tip was about 5.0 mm and 
the volume of  the reservoir was less than 10 gl. 
The internal solution and gas-permeable mem- 
brane were added by inverting the probe body, 
applying approximately 20 pl of solution into 
the reservoir, stretching a small square of mem- 
brane over the solution and holding the mem- 
brane in place with a plastic spacer ring. Unless 
otherwise mentioned, the internal solution was 
composed of 0.1 m M  MQAE in water. Gas- 
permeable membranes were microporous Teflon 
from Gore and Associates (Elkton, MD) and 
had an average pore size of 0.02 #m. 

Spectral measurements. Absorbance spectra 
of  aqueous standard MQAE solutions were 
obtained on an OLIS-modified Cary-14 spectro- 
photometer (On-Line Instrument Systems, 
Inc.). Fluorescence measurements were ob- 
tained with an SLM AMINCO SPF-500 C 
spectrofluorimeter. The excitation spectra of  
0.10 mM MQAE were obtained by measuring 
the luminescence intensity at 456 nm while 
varying the excitation wavelength from 250 to 
600 nm. Fluorescence spectra, on the other 
hand, were collected by using a fixed excitation 
wavelength of  346 nm and recording the emis- 
sion intensity as a function of wavelength from 
350 to 600 nm. Fluorescence intensities of  a 
series of  I to 100 #M aqueous MQAE solutions 
were measured at 456 nm by using 346 nm as the 
excitation wavelength. The effect of pH on the 
fluorescence intensity was examined by measur- 
ing the fluorescence spectra (excitation at 
346 rim) of  0.17 m M  MQAE solutions in differ- 
ent buffer solutions over the pH range from 3.58 
to 10.27. 

Fluorescence quenching measurements. The 
effect of  CI , OCI- ,  HOC1, and C12 on the 
fluorescence intensity of  MQAE were tested. 
Microliter aliquots of 1.0M stock solution of 
NaC1 were added to 0.1 m M  aqueous solution 
of  MQAE to study the quenching caused by the 
CI- ion. In order to correct for the dilution due 
to the addition of the CI- standard, an equal 
volume of  0.2 m M  MQAE was added. Fluor- 
escence intensities were measured before and 

after the addition of quencher. Quenching by 
OC1- was tested by adding a standard NaOCI 
solution to a freshly prepared 0.17 m M  aqueous 
solution of MQAE in a pH 10.66 buffer. The 
effect of  HOCI on fluorescence intensity was 
investigated by adding a standard NaOC1 sol- 
ution to a 19 #M solution of MQAE in 0.1M 
H2SO 4. Finally, the effect of  C12 on the fluor- 
escence intensity of MQAE was measured by 
mixing microliter aliquots of 1.0M NaC1 and 
standard NaOC1 followed by the addition of 2.0 
ml of  a 17 /~M MQAE (in 0.1M H2504) sol- 
ution. The Stern-Volmer quenching constant 
was calculated from a linear fit to the equation 

Fo/F = 1 + Kq[Q] (1) 

where F0 and F are the fluorescence intensities in 
the absence and presence of quencher, respect- 
ively, [Q] is the concentration of  quencher, and 
Kq is the Stern-Volmer constant. 

Probe characterization and chlorine calibration 
curves. Unless stated otherwise, measurements 
were made in thermostatted glass jacketed cells 
and the temperature was maintained at 25°C 
with a Fisher model 90 water bath. The probe 
tip was immersed in a 20.0 ml aliquot of  a 
0.10M hydrochloric acid (blank) solution. A 
particular chlorine concentration was obtained 
by making a microliter addition of a sodium 
hypochlorite (NaOC1) standard to the blank 
solution. The probe response was recorded for 
about 30 min. The probe tip was refilled with 
fresh internal solution and response to a differ- 
ent concentration of chlorine was measured. 
The rate of decrease in fluorescence intensity 
was computed as the slope from the linear 
regression analysis of the linear portion of 
the intensity-time plot. Finally, a calibration 
curve was constructed by plotting the slope with 
respect to the chlorine concentration. 

RESULTS AND DISCUSSIONS 

Spectroscopic properties of  M Q A E  

MQAE was considered as a CI- sensitive 
fluorescent compound for the detection of C12 
with the fiber-optic probe in aqueous solution in 
an indirect approach. Verkman et al. 8 syn- 
thesized and characterized MQAE as water 
soluble (270 g/1. at 23°C) and highly CI- sensi- 
tive (Stern-Volmer constant 200M -~) com- 
pound with peak excitation and emission 
wavelengths of 355 and 460 nm, respectively, 
and molar absortivity of 4850M -t cm -~ 
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Fluorescence intensity of this compound was 
quenched by CI-, Br-, I - ,  SCN-, and by 
organic anions such as citrate. However, 
MQAE fluorescence was not affected by NO~-, 
5042, HCO; ,  Na +, K +, and Ca 2+, and pH in 
the range of 4-8. 

According to our studies, a plot of fluor- 
escence intensity vs. concentration is linear over 
the concentration range from 1 to 25 /~M 
MQAE. The effect of chloride on the absorption 
spectrum of MQAE was evaluated in order to 
determine the mode of quenching. The presence 
of chloride did not significantly perturb the 
absorption spectrum of MQAE, which indicates 
the absence of static quenching. From a 
regression analysis of a plot of Fo/F vs. [CI-], 
199.1 +0.7M -~ was obtained as the Stern- 
Volmer constant for fluorescence quenching of 
MQAE by C1-. Interestingly, we have discov- 
ered that the fluorescence of MQAE is also 
quenched by the OCI- ion. Under the exper- 
imental conditions described above, CI 2 and 
HOC1 slowly decreased the fluorescence inten- 
sity until the fluorescence diminished com- 
pletely, indicating a decomposition of MQAE 
possibly due to oxidation of MQAE by C12 and 
HOC1. MQAE also decomposed in a 0.01M 
NaOH solution by hydrolysis. 

Principle of probe operation 

To carry out the measurement of gaseous 
chlorine in aqueous solution by the fiber-optic 
chlorine probe, the spectroscopic properties of 
MQAE (as described above) and the following 
reactions are consideredS: 

C12 + H20 ~ HOC1 + H + 

+ Cl-(Kd = 4.0 x 10 -4) (2) 

HOCI + H20 ~ H30 + 

+ OCI-(Ka = 3.16 x 10-s). (3) 

According to the above equations, the addition 
of NaOCI in a Cl--containing acidic solution 
(such as dilute HCI) provides most of the chlor- 
ine species in the form of CI 2. A portion of 
the chlorine then diffuses through the gas- 
permeable membrane and reaches the internal 
MQAE solution. It is evident from the above 
reactions that a high pH in the internal MQAE 
solution is desirable. High pH facilitates an 
immediate dissociation of C12 into equimolar 
quantities of chloride and hypochlorite ions. 
Thus, no appreciable partial pressure of chlor- 

ine gas will build up in the internal solution. As 
a result, gaseous chlorine will continue to cross 
the membrane due to the difference in partial 
pressure between the sample and internal 
MQAE solutions. The rate of C12 influx will 
depend on its partial pressure in the outside 
sample solution and will be limited by the 
concentration of MQAE, volume of internal 
solution, membrane porosity, and membrane 
thickness. 

Background and internal solution composition 

A 0.1M HC1 solution was chosen as the 
background solution into which the fiber-optic 
probe was placed. This solution ensured the 
formation of C12 when standard NaOC1 was 
added. Equations (2) and (3) suggest that the 
formation of HOCI is thermodynamically 
unfavorable. Therefore, gaseous C12 is the only 
species that can diffuse through the membrane 
and enter the internal solution. 

Selection of the internal solution composition 
is a critical issue. Although chloride ion for- 
mation is favorable under basic conditions, 
MQAE hydrolysis limits the pH to values below 
12.0. The background fluorescence intensity of 
MQAE in 0.1M NaOH decreased with time, 
which resulted in poor reproducibility of the 
probe response in repeated measurements. An 
acidic internal solution, on the other hand, 
restricts the dissociation of C12 to form chloride. 
However, measurements with acidic internal 
solutions are possible because C12 itself dimin- 
ishes the fluorescence of MQAE. In the current 
system, the internal MQAE solution was made 
in water. In this solution, some quantities of 
all forms of chlorine species are present. In 
slightly basic solution (pH 9.0), background 
fluorescence intensity was stable. This pH also 
ensures almost a complete conversion of C12 into 
CI- ion. However, the magnitude and rate of 
change of probe response due to a C12 sample 
were identical to those obtained when the in- 
ternal solution was made with plain water. 

Calibration curve 

Figure 2 illustrates six intensity-time curves 
representing the exposure of the probe to 
8.4-835/~M C12 solutions. The internal solution 
was composed of 0.1 mM MQAE in water. For 
each measurement, the probe tip was refilled 
with a fresh aliquot of internal solution. It is 
evident from these curves that initially the inten- 
sity of fluorescence decreased linearly with time. 
The initial rate of decrease in fluorescence inten- 
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Fig. 2. Intensity-time curves for the chlorine probe obtained from different concentrations of standard 
chlorine solutions. 

sity was proport ional  to the concentration of Cl 2 
in the sample. This rate of  change in response 
represents the flux of  Cl2 transported through 
the gas-permeable membrane.  I f  the probe is 
kept in the sample solution for sufficient time, 
the final intensity for all sample concentrations 
is identical. Once the signal became steady, it 
remained essentially unchanged when the con- 
centration of  Cl 2 in the sample was increased. 
The magnitude of  the total signal change was 
not dependent on the concentration of  e l  2 in the 
sample. Therefore, a Stern-Volmer plot could 

not be used as the calibration method for this 
probe. The initial rate of  decrease in fluor- 
escence intensity was calculated from linear 
regression analysis of  the linear portion of  the 
intensity-time curves. Calibration curves were 
constructed by plotting these slopes as a func- 
tion of  C12 concentration. A typical calibration 
curve is presented in Fig. 3. The slopes increased 
linearly as a function of  chlorine concentration 
over the range from 8.4 to 418 #M. This linear- 
ity was not maintained at high Cl 2 concen- 
trations because the rate of  CI 2 influx became 

~ 0  

~ E  

J 

[~MQAE] = 0.10 raM in Water I 

20O 400  600 80O 1000 

Chlorine Cone. (p~M) 

Fig. 3. Calibration curve for the chlorine probe made by plotting the rate of decrease in response as a 
function of concentration of standard chlorine solutions. 
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Fig. 4. Effect of the concentration of MQAE on the rate of decrease in the fluorescence signal. The 
concentration of chlorine in the sample was 168 #M. 

limited by the porosity and thickness of the 
gas-permeable membrane. 

Reversibility 

The probe response was not reversible. After 
the probe reached a steady signal in a C12 
solution, the probe was immersed in 20.0 ml of 
either 0.1M HCI (background) solution or in 
0.1M NaOH solution to extract gaseous chlor- 
ine species (CI 2 and HOCI, respectively) from 
the internal solution. The fluorescence signal 
remained unchanged even after 30 min indicat- 
ing that the interaction between MQAE and 
chlorine species is irreversible. The inability to 
remove chlorine from the internal solution may 
be caused by either a high stability constant for 
the quencher-fluorophore complex or extremely 
high concentrations of the chlorine species 
in the internal solution, which causes the 
decomposition of MQAE due to oxidation by 
HOCI and C12. In either case, once the probe is 
exposed to a CI 2 sample, the probe cannot 
be reused and must be refilled with a fresh 
aliquot of the internal solution before the next 
measurement. 

In an attempt to make the probe reversible, 
the internal MQAE solution was made with 
1.0 mM NaC1 in order to drive equation (2) 
toward the formation of C12. The response 
property of the resulting probe was the same as 
before with no reversibility. These observations 
suggest that typical steady-state gas-sensing 

measurements cannot be obtained with this type 
of probe. 

MQAE concentration in internal solution 

Probe responses were recorded for a 
0-168 #M chlorine concentration step while 
varying the concentration of MQAE in the 
internal solution from 0.028 to 0.442 mM. The 
rate of change of signal, which represents the 
sensitivity of the probe, increases with higher 
MQAE concentrations as shown in Fig. 4. At 
MQAE concentrations approaching 0.442 mM, 
the response rate began to level off at a maxi- 
mum value. This leveling off was probably 
caused by the effectiveness of complex for- 
mation between the quenchers and the excited 
state of MQAE being limited by the bimolecular 
collision rate responsible for dynamic quench- 
ing. Self absorption at high concentration of 
MQAE could also be a factor. 

Reproducibility 

The probe displayed good reproducibility 
when a fresh aliquot of internal solution was 
used for repeated measurements. Figure 5 
demonstrates the reproducibility of the probe 
for consecutive responses for a 0-168 #M chlor- 
ine concentration step. Each measurement was 
performed after refilling the probe tip with fresh 
internal solution. The magnitude of overall sig- 
nal change is identical in three measurements; 
the relative standard deviation of the initial rate 
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of change of fluorescence intensity is about 1 
percent. 

Probe calibration 

Once constructed, the probe requires cali- 
bration so that it can be used for determination 
of C12 in unknown samples. The baseline re- 
sponse could not be re-established after the first 
exposure of the probe to a sample solution. 
Therefore, for analysis of unknown samples, it 
is necessary to make a calibration curve by 
following the procedure described earlier where 
the probe tip is refilled before each measure- 
ment. If all the experimental parameters are 
kept constant, then the concentration of an 
unknown sample can be measured by compar- 
ing the slope of the initial intensity-time curve 
with the calibration curve. Since the response of 
the refilled probe is reproducible, multiple 
analyses can be performed with a single probe 
unit. The probe tip must be refilled with fresh 
internal MQAE solution for each determi- 
nation, which is a relatively simple procedure. 

HOCI gas measurements 

A system was designed where HOC1 was the 
only species present in the sample solution by 
making microliter additions of a standard sol- 
ution of NaOCI to the sample cell containing 
0.01M HzSO4. The internal MQAE (0.1 mM in 

water) solution was trapped at the probe tip 
with a gas-permeable membrane. When suf- 
ficient partial pressure of HOC1 was established 
in the sample solution, HOCI diffused through 
the membrane and entered the internal MQAE 
solution.According to equations (2) and (3), the 
predominant chlorine species in the internal 
solution would be HOCI. As was expected, the 
fluorescence intensity decreased when HOC1 
entered the internal solution. Unfortunately, the 
probe did not respond to a second addition of 
HOC1. Overall, the response properties of the 
HOCI probe are similar to those of the C12 
probe. 

C O N C L U S I O N  

The aspects of developing a fiber-optic probe 
based on MQAE-quenching for the measure- 
ment of free chlorine in aqueous solution are 
presented. Compositions of the internal and 
blank solution were identified as aqueous 
MQAE and dilute HCI, respectively. Although 
the total fluorescence decay cannot be used for 
the calibration purpose, the initial rate of fluor- 
escence decay is proportional to the sample 
concentration. The probe possesses excellent 
reproducibility when the probe tip is refilled 
with fresh internal solution before each 
measurement. 
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Fig. 5. Reproducibility of  the chlorine probe obtained by measuring repeated responses to 168 # M  CI 2 
solutions. The probe tip was refilled with fresh internal MQAE (0.1 m M  in water) solution before each 

measurement.  
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BOOK REVIEWS 

Chemometrics for Analytical Chemistry, Volume l--PC-aided statistical data analysis: M. MELLOUN, J. MIL1TKY and 
M. FORINA, Ellis Horwood, 1992. Pages 330. £65.00. ISBN 0-13-126376-5. 

This book is the first of a set (it is not clear whether another one or two volumes are intended) designed to provide a fairly 
comprehensive treatment of  chemometrics for analytical scientists at the advanced undergraduate or postgraduate level. 
There is a matching and extensive suite of software (on 4 high density floppy discs), variously called Adstat or Chemstat, 
which provides both elementary and advanced statistical calculations and utilises the extensive example data sets described 
in the book. This software is PC-based (minimum configuration is a 286 processor, 1 Mb RAM, 8.5 Mb hard disk space, 
maths co-processor recommended), and I have not heard of  a Mac version, or of the price of the PC version. 

This first volume covers exploratory data analysis, univariate statistics, one- and two-way ANOVA, and exploratory and 
factor analysis of multivariate data. It does not include (despite the claims on the back cover) regression methods: these 
must await later volume(s). Adstat/Chemstat has eight modules, five of which deal with regression and calibration. The 
book's coverage of many topics is exceptionally detailed to the point of intimidation: several variants of box-and-whisker 
plots are given extended treatment, while Laplace, 1- and 2-parameter exponential, rectangular, and 2- and 3-parameter 
log-normal distributions are covered in addition to the familiar normal and Poisson ones. Elsewhere the comprehensive 
coverage is welcome, for example in the good treatment of robust methods, absent from many other texts. The book claims 
to require little mathematical background, and matrix algebra is summarised in a separate and very condensed appendix, 
but the reality is that from the very first page integration, partial differentiation, etc. are assumed to be absolutely familiar, 
whereas alas they are not for many students these days. A knowledge of  basic statistics would also be useful before starting 
the book. 

The software is probably of  value most obviously in its provision and treatment of a number of useful and interesting 
data sets. The calculation facilities offered are equalled or exceeded by many other established suites of statistics software, 
and extensive testing would be needed to verify that Adstat/Chemstat  is stable and bug-free. It provides good printout 
options, with presentation standard graphics on Epson- and Hp-compatible printers, but the manual is written in very poor 
English, in contrast to the book where the translation editing is generally excellent, and which has the rare attribute of 
a good index. 

When the remaining volumes of  text are published and when the software has an improved manual this combined book 
and software will provide a formidable resource for teachers of chemometrics. But it will be hard going for many students, 
and it is certainly not suitable for beginners. 

J. N. MILLER 

Asphaitene Particles in Fossil Fuel Exploration, Recovery, Refining, and Production Processes: M. K. SHARMA and T. F. YEN 
(editors), Plenum, New York, 1994. Pages xiii + 244. US$75.00. ISBN 0-306-44709-6. 

This well produced book documents the proceedings of the International Symposium on Asphaltene Particles in Fossil Fuel 
Exploration, Recovery, Refining and Production Processes held in Las Vegas, Nevada, 13-17 July 1992. Eighteen selected 
papers are presented and these can be divided into four main categories: (1) Bitumen and Coal-Derived Asphaltenes, (2) 
Asphalt and Asphaltene Conversion, (3) Surface and Colloidal Aspects of Asphaltenes, and (4) Thermodynamic and 
Molecular Aspects of Asphaltenes. The intended objective of  the book is to reflect the current understanding of  formulation 
and process problems related to asphaltenes. Almost all of the contributing authors are from Canada or the USA and several 
different disciplines are represented, e.g. chemical and petroleum engineering, geological engineering, and civil and 
environmental engineering. Some authors contribute to more than one paper, e.g. the editor T. F. Yen is co-author of six 
of the 18 papers. Both an author index and a subject index are included. 

The various papers attempt to define asphaltenes as the heavy ended fraction of petroleum or the bitumen fraction which 
is insoluble in hot n-pentane. Investigations of the molecular properties of the asphaltenes--high molecular weight 
polyaromatic or polycyclic molecules which may be joined together by links containing heteroatoms such as N, O and 
S--are  presented. One interesting paper discusses the concept of a "single molecule representation" or "'average molecule" 
to interpret the NMR spectra. Physical properties discussed include rheological behaviour, surface activity and thermodyn- 
amics. 

Asphalt is a very complex mixture that consists of saturates, aromatics, resins and asphaltenes. These four fractions can 
be separated by column chromatography and the final paper of this book entitled 'Fractionation of asphalt by thin-layer 
chromatography interfaced with flame ionization detector and subsequent characterization by FTIR' is perhaps the most 
analytical report presented. Another paper by J. Lian and T. F. Yen classifies asphalts into sol, sol-gel and gel types 
depending on their physical and chemical properties. The sol and sol-gel types are used for paving while the gel type asphalts 
are used in roofing. 
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Overall some interesting research is presented in this collection of  papers. The diagrams and tables are very clear (although 
one conversion sequence lacks arrows and occasionally the English is abrupt) and the print font and size are consistent 
throughout. A useful publication, especially for those working in the oil or chemical industries. 

P. J. Cox 

Flow-Through (Bin)Chemical Sensors: M. VALCARCEL and M. D. LUQUE DE CASTRO, Elsevier, Amsterdam, 1994. Pages 331. 
Dfl 355.00 US$202.75. ISBN 0-444-89866-2. 

As a result of intense commercial and academic interests, an impressive amount of  manpower has been spent at numerous 
laboratories worldwide on the development of  chemi- and biosensors. Yet, considering these vast research efforts, the 
practical applications of  sensor technology have been rather limited. The reasons for this lack of  visible success are many, 
but one of  the major factors is undoubtedly owing to the harsh requirements that these devices must fulfil in order to meet 
the desires of their originators as well as the expectations of  the end-users in real-life applications. To be useful, a biosensor 
must inevitably meet a variety of  demands which must be honoured simultaneously. However, considering the diversity 
of  chemical and physical events that can be involved in its function, in addition to satisfying individually dictated reaction 
parameters, it is not surprising that operational compromises necessarily have to be made for practical synchronization of  
all the processes required. Therefore, and in order to implement functions such as periodic calibration, conditioning and 
regeneration, it is, as this reviewer has repeatedly advocated, advantageous to use these devices in a flow-through mode. 
Or more specifically in the flow injection mode. Only in such a sensor system, comprising fluid drives, injectors and 
flow-through cells, can all experimental conditions be strictly affixed and reproducibly maintained under computer control. 

Although principally and conceptually implied by the authors, this is exactly, in my opinion, what this monograph should 
have been about, as such a broad concept would have been its raison d'etre. Yet, Valcfircel and Luque de Castro surprisingly 
appear to have gone only half the way, by emphasizing the advantages of flow-through sensor construction rather than 
pointing out that a full transition is necessary from a dip type probe to a sensor system. This is indeed surprising considering 
that their experience includes authorship of two monographs and numerous papers on flow injection. One can only wonder 
why they have selected this approach, especially considering that volume 7 in this series from Elsevier is, in fact, focused 
on, and entitled, 'Biosensors' (by F. Scheller and F. Schubert), while at the same time the text contains a good deal of  
recycled material from these prolific authors' previous works. This is by no means meant to be a negative comment, but 
rather a question mark as to whether such a narrow subject area actually can bear an entire monograph per se. 

The book is divided into five main chapters, where the introductory Chapter 1 provides an overview of (bio)chemical sensors 
and their place within analytical chemistry as this field has emerged over the last couple of decades. With its emphasis on 
the practical and mechanistic aspects of these devices (as their operation "requires that the sensor [can] be reliably used by 
unskilled personnel, who often work under stressing conditions") and its rendition of commercially available sensors (one 
wonders if they indeed fulfil these requirements), and the accompanying philosophical remarks, this chapter is interesting 
reading. The second chapter is devoted to essential and fundamental concepts of (bio) sensors, their construction and 
classification, and their modes of  operation (batch and continuous flow mode), while the following three chapters arrange the 
most relevant types of flow-through (bio)chemical sensors according to the processes taking place at the sensing/recognition 
microzone, as well as their position in space and time. In this context, the three operational key parameters are separation, 
reaction and detection, the applicable combinations of which resolve the ensuring structural arrangement of the monograph. 
Thus, Chapter 3, with well over 100 pages and the largest in the book, is devoted to flow-through sensors based on integrated 
reaction and detection in the absence of a separation process, i.e. describing sensors based on either immobilized species 
(catalyst, antibody or reagent) or in situ produced reagents. Chapter 4 deals with sensors based on integrated separation and 
detection (separation being accomplished for instance via gas diffusion or liquid-liquid extraction), special emphasis being 
placed on multi-determination sensors (e.g. ISE and ISFETs), while Chapter 5 reviews flow-through sensors relying on the 
sequential or simultaneous integration of all the three intricate processes involved for their function. 

As the reading progresses, it very quickly becomes apparent that the conditions sine qua non for successful application 
of  biosensors are the timing of  sample introduction into the sensor and data collection. These events must be reproduced 
from cycle to cycle since the dynamic response of a sensor must be captured in a reproducible fashion. For that reason 
alone a flow injection-based sensor system is the only viable choice. Unfortunately, this information is not emphasized or 
systematically organized, but rather scattered throughout the monograph (indeed flow injection is not even mentioned in 
the otherwise detailed index). What the book offers is essentially an account on the construction and operation of  biosensors, 
a feature which is at the same time its strength as well as its weakness, leaving no room for a critical evaluation or a 
theoretical treatment (interestingly, the entire book does not contain a single mathematical equation). Yet, the overview 
of types and configurations of biosensors is comprehensive. The only significant omission is the absence of  a discussion 
of  the BIAcor system, which, marketed by Pharmacia, probably is the most successfully applied automated biosensor system 
known today. However, the book has a pedagogical value (as one would expect from two experienced university professors), 
the descriptions are painstakingly detailed with many examples, and the text is supplemented with an abundance of  figures, 
from the authors' own works as well as generously selected from the current literature. 

It is my belief that the authors have spent a commendable effort compiling this book, which is well documented and 
gives a wealth of information, to seasoned researchers and novices alike. It is only to be hoped that this publication will 
advance the field toward real life applications--a development badly needed in this fashionable field of research. 

E. H. HANSEN 
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lmtnmental Methods for Determining Dements: L. TAYLOR, R. B. PAPP and B. D. POLLARD, VCH, Weinheim, 1994. Pages 
ix + 322. DMI28.00 £51.50. ISBN 1-56081-038-6. 

Analysts are often faced with the need to qualitatively and/or quantitatively determine elements--single or multi, 
stand-alone or as the detection component of a bigger system. If you have already chosen a technique and are happy with 
it, then this book may not be for you. It does not give in-depth treatment of any particular technique although you may 
find general and useful information and up-to-date references for in-depth treatment. If you do not know which technique 
to use or you are considering alternatives, then this book is extremely helpful. 

The book begins with two 'introductory' chapters giving brief examination of the factors which govern the choice of a 
technique. It then follows with seven chapters dedicated to atomic absorption, atomic emission, voltametry, potentiometry, 
chromatography, X-ray fluorescence and combustion techniques. It ends with a chapter on miscellaneous techniques which 
describes briefly capillary electrophoresis, flow-injection analysis, mass spectrometry, neutron activation analysis and 
UV/Vis spectrometry. In fact most of the available techniques for elemental analysis have been covered. 

Each of the dedicated chapters gives a minimal account of the necessary theory, a simple but adequate description of 
the instrumentation (with helpful illustrations), a succinct examination of choice factors such as sensitivity, detection limit, 
automation and operating costs, and also a substantial list of applications. What is particularly useful are the references 
to applications, lists of suppliers with addresses and the price range (given in American currency). 

This book is obviously written by pesons who are in the trade as the information given is usually comprehensive, practical 
and up-to-date. There are few mistakes, most of them editorial and appear in Chapter 6. As the title suggests, the techniques 
described will be limited to total determination of elements but some mention has been made on speciation. A slight 
misgiving is the very brief (half a page) treatment on ICPMS which is a powerful and increasingly popular technique for 
elemental analysis. 

This book is very readable and provides much useful and practical information. I think it deserves a place on the shelves 
of many analytical laboratories. 

S. C. TAM 

Pharmacodynamics and Drug Development--Perspectives in Clinical Pharmacology: N. R. CUTLER, J. J. SRAMEK and P. K. 
NARANG (editors), Wiley, Chichester, 1994. Pages: xv + 491. £65.00. ISBN 0-471-950-521. 

This textbook may be of particular interest to researchers in the pharmaceutical industry and those in academia who have 
close links with industry. Users will require a sound knowledge of pharmacokinetics and at least some knowledge of 
pharmacodynamics. It does not, however, claim to be a basic textbook but rather one which addresses the increasing interest 
in the use of pharmacodynamic modelling in the design of clinical trials. 

The first seven chapters provide an overview of pharmacodynamics and the causes of variation in both pharmacokinetics 
and pharmacodynamics. Unfortunately there is a certain amount of duplication in the material covered by the authors of 
different chapters but this permits each chapter to be read in isolation. 

The second section of the book addresses the application of pharmacodynamic modelling to areas of the cardiovascular 
system, central nervous system and the use of antibiotics, antineoplastics and antiviral agents. This section provides ample 
demonstration of both the utility of pharmacodynamic models and the difficulty of selecting appropriate models and suitable 
measures of effect. 

The final three chapters of this textbook consider molecular approaches to clarifying the mechanisms of drug action. 
They provide an interesting counterpoint to the rest of the text with consideration of methods for classification and 
elucidation of ~t-adreno receptors, muscarinic receptors and serotonin receptors. 

This textbook is unlikely to appeal to a large readership but provides a valuable overview of recent work in 
pharmacodynamics. 

M. HAWTHORN 

Polymeric Site-Specific Pharmacotherapy: A. J. DOMn (editor), Wiley, Chichester, 1994. Pages xi + 464. £75.00. ISBN 
0-471-93824-6. 

This book comprises a review of a most relevant and expanding area of research into efficient drug delivery systems in which 
drugs may be delivered specifically to their sites of action thereby increasing therapeutic effectiveness and reducing harmful 
systemic effects. Bio-absorbable polymers, of which there is an ever-increasing array, may be used as ideal drug carrier 
systems to the target tissue for the treatment of several diseased states. Each chapter, dealing with a specific site of target 
tissue, has been written by specialist authors active in their respective areas of research. The presentations are extensively 
detailed and referenced and therefore the book would be aimed largely at postgraduate level rather than the undergraduate 
student. 

The initial chapters review extensively several biocompatable polymers in current use for implantation. These chapters 
concentrate on the types of polymers, their structure, degradation rates, blending possibilities, and some major concerns 
such as biocompatability and toxicity (especially tests for cytotoxicity, mutagenicity and teratogenicity). The kinetics of drug 
release from polymer implants are also thoroughly reviewed. A further chapter deals specifically with the concepts necessary 
to understand modelling of drug delivery to brain tissue from interstitial sources. There is a chapter with an in-depth account 
of tumour-specific drug targeting constituting a description of the work done over a period of time on polymer-conjugated 
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anticancer agents (SMANCS). A chapter is concerned with interstitial drug delivery to the brain using controlled-release 
polymers, overcoming the problem of the blood-brain barrier. There is also a discussion of the treatment of neurologic 
diseases by using biodegradable polymers as matrices for controlled delivery of neurotransmitters. There is an interesting 
review of developments related to the site-specific targeting of drugs to the bone marrow. As the authors point out, the 
ability to target colloidal drug carriers to bone marrow may hold promise for the improvement of cancer chemotherapy 
and radiotherapy. The subject of polymeric perivascular delivery systems is also addressed. Studies are described confirming 
the feasibility of using drug-eluting polymeric matrices placed around the adventitial surface of injured carotid arteries to 
evaluate the effects of specific drugs. Attention is also paid to techniques of localised cardiac administration of therapeutic 
agents, e.g. antiarrhythmic agents, and their potential for improving cardiovascular pharmacotherapies. Acute osteomyel- 
itis, a serious bone infection, is very difficult to treat, and a chapter deals with drug delivery systems, such as carrier systems, 
that will ensure high local effects of effective antibiotics. The gastrointestinal tract also comes under scrutiny when 
physiological parameters crucial for the rational design of specific drug delivery are discussed. Some traditional and novel 
methods that target and localise drugs in the alimentary tract are reviewed. The description of drug delivery systems used 
in ophthalmology concentrates on solid erodible or non-erodible polymeric systems including a discussion of solid nano- 
and micro-particles and capsules. The interesting survey of methods of site-specific drug delivery to the lung discusses the 
use of carriers as aerosols, liposomes, microspheres, erythrocytes and antibodies. There is a discussion of the use of polymers 
for the prevention of surgical adhesions, and a chapter containing general information on the regulatory process for a 
polymer implant from a point of view of a research scientist involved with the approved process of a drug delivery system. 
However, Quality Assurance and clinical trial processes are not discussed. The final chapter describes methods used to 
delivery drugs to the peripheral nerves, such as sustained site-specific systems of local anaesthetics constituted of either liquid 
or solid matrices. 

There are not many books covering these topics in such an up-to-date manner by authors with first hand knowledge 
of their topics. In an age when cost effective medical and pharmaceutical practice is under the spotlight, there would be 
few health professionals not interested in site-specific pharmacotherapy. 

D. L. MUNDAY 

Environmental Analysis: R. N. REEVE, Wiley, Chichester, 1994. Pages: xx + 263, £19.50. ISBN 0-471-95134-X (hardback); 
0-471-93833-5 (softback). 

This new volume in the successful Analytical Chemistry by Open Learning series departs from the approach of the 
previous volumes in that it deals with a field of application of analytical techniques, rather than with a particular 
technique. It is, of course, a most important field these days, and this volume will certainly be of interest to many 
people who are not primarily chemists, but who nevertheless require to do some analyses in the course of their 
investigations. 

Roger Neeve discusses transport of pollutants in the environment, then goes on to deal with water analysis, first for major, 
then for trace constituents. This enables him to survey the applicability of both chromatographic and spectroscopic 
techniques, but the reader is referred to other relevant volumes in the ACOL series for further details of the theory of these 
techniques. Analysis of solids--in particular of soils and sediments--is covered next, which permits some account of sample 
handling and pretreatment, both for inorganic and for organic compounds. Indeed, sampling crops up at various points 
as appropriate to each type of environmental material. The review of methods in air analysis is rather brief, but does cover 
the question of sampling as it relates to measurements of exposure of people at work. Particulates are dealt with separately, 
giving an excuse to mention a few more exotic techniques, such as X-ray spectroscopy and neutron activation, but there 
is a serious omission in that X-ray diffraction is absent. Finally, under ultra-trace analysis, GC-MS gets a balanced and 
informative discussion--it seems here, as in the other mentions of trace organics generally, that this is where the author 
is at home. 

The ACOL house style necessarily leads to a certain amount of repetition of material to hammer the main points home, 
but in this case the space so used could have been much better employed giving a few real details: that the scallops for 
which analyses are reported in Fig. 2.4b (surely a Table, not a Figure) were exposed to spiked or contaminated seawater 
(p. 30), that the quick permanganate test for oxygen demand takes 10 min boiling (p. 62), that special glass electrodes should 
be used for low-conductivity river waters (p. 66), that temperature affects electrical conductivity of salt solutions markedly 
(p. 69), that EDTA, or CDTA, must be added to samples for the potentiometric determination of fluoride, so as to mask 
the trace metals (p. 83), and that CS 2 is the most appropriate solvent for trace organics by GLC when the FID is used 
(p. 103), to give some examples. So often the reader's appetite is whetted by what looks like becoming interesting but then 
the reader is left to hunger as the author has to go on to another topic. 

There are a number of errors, especially in Chapter 2 such as the formula for DDT (p. 26). The axis in Fig. 3.1a has 
a wrong concentration scale for ions in seawater, and the method of oxidation of the organics in water does not affect the 
sensitivity of the TOC determination (p. 63) but the method of detection of the evolved CO 2 does. However, the book gets 
steadily better as it goes on, and I have to say that I enjoyed reading it, and will recommend it for students at a beginner's 
level who need to be introduced to the fascinating problems of applying analytical chemistry to real samples. This is, 
however, not a book for someone wanting to do some environmental analysis, but rather one for the arm-chair scientist 
who wants to think about it. 

I. L. MARR 
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The Kirk-Othmer Encyclopedia of Chemical Technology: Volume 11, Fourth Edition, Flavor characterization to Fuel cells: 
J. I. KROSCHWlTZ and M. HOWE-GRANT (editors), Wiley, New York. 1994. Pages: xxviii+ 1121. £185.00. ISBN 
0-471-52680-0. (v. I1). 

Volume 11 covers 26 topics--all beginning with the letter 'F'. It is dominated by almost 500 pages dealing with fluorine 
(the most electronegative and reactive element) and its inorganic and organic compounds. Details of the production, 
economic aspects and uses of fluorine are presented but most detail is reserved for the numerous compounds of this element. 
Indeed, bibliographies are given after each compound type, e.g. 84 references follow the section 'Fluorine compounds, 
inorganic (boron)' and similarly 124 references are given for the (calcium) section. Physical properties, chemical properties, 
manufacture, economic aspects, toxicity, uses, etc., are all given. Fluorine polymers are well covered--PTFE, FEP, ETFE, 
PFA, PVF, PVDF, and PCTFE all have separate entries. 

Those working in the food and consumer industries will also find this volume interesting as numerous topics relate to 
these areas. Chapters on food additives, food packing, food processing, nonconventional foods, and naturally occurring 
food toxicants are included. There are also related entries on flavor characterization, flavors and spices, and fruit juices. 
Although all entries are by necessity very factual I enjoyed discovering the names of the chemicals responsible for the flavor 
characteristics of substances such as caramel, chocolate, coffee, cognac, onion, popcorn, strawberry, etc. Details of 
individual spices were also of interest, e.g. the aroma of Pimenta berries resembles that of cloves, cinnamon, black pepper, 
and nutmeg, hence the name allspice or quatre kpices. 

Entries in this volume which are clearly of interest to chemical engineers include flotation, flow measurement, fluidization, 
fluid mechanics and fracture mechanics. Mathematical expressions, graphs, flow sheets and other diagrams are much in 
evidence for these entries. 

The remaining contents include flocculating agents, fluorescent whitening agents, foamed plastics, foams, forensic 
chemistry, formaldehyde, fractionation (blood), Friedel-Crafts reactions and fuel cells. The section on forensic science is 
short, for example, the table of commonly encountered drugs of abuse could be extended, but the reader is directed to other 
parts of the encyclopedia for additional information and the entry is followed by a comprehensive bibliography. 

As with all volumes so far published in this series the editors have produced an excellent collection of topics which is 
presented in a clear and logical manner. There is something here for chemists of all persuasions. 

P. J. Cox 
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Summary--Electrochemical behaviour of some naturally occurring hydroxy derivatives of 9,10-an- 
tbraquinone such as chrysophanic acid (Ch), rhein (Rh) and emodin (Era) at mercury and glassy carbon 
electrodes using two different supporting electrolytes in chloroform is described. In the presence of 
piperidinium perchlorate (0.75M)+piperidine (0.25M) as a suitable acid supporting electrolyte, the 
reduction of Ch and Rh was a reversible two-electron process without complicating chemical reactions 
or adsorption phenomena, but the reduction process of these compounds in the presence of tetrabutylam- 
monium perchlorate (TBAP) 0.5M + 5% acetic acid (AcOH) in chloroform was quasi-reversible. In both 
supporting electrolytes the overall reduction process of Em was irreversible. In the AC polarography and 
DP voltammetry at a GC electrode, the detection limit for Ch, Rh and Em was acceptably low and the 
relative standard deviation for the determination of 5 × 10-~M level, never exceeded 2%. AC polarogra- 
phy has been used for the determination of Ch and Em in a local rhubarb sample after extraction into 
chloroform and separation by column chromatography. 

The hydroxy derivatives of 9,10-anthraquinone 
are of great importance in phytochemistry and 
pharmacy. Dock-flower, senna and rhubarb 
have all been used as oriental laxative medica- 
ments owing to the presence of anthraquinones. 
Simultaneous determination of hydroxy deriva- 
tives of anthraquinone in some medicinal plants 
and pharmaceutical preparations has remained 
a problem in analytical chemistry for years. The 
earlier methods involved analytical methods, 
combined with separation procedures as TLC- 
spectrophotometry,' TLC-fluorimetry, 2 TLC- 
densitometry, 3 extraction-spectrophotometry, 4 
and column chromatography-spectrophoto- 
metry. ~ 

Because of the pronounced oxidation-reduc- 
tion properties of anthraquinones, electro- 
chemical methods are convenient for their 
determination. A few polarographic methods 
have been reportedY Most of these methods, 
suffer from a lack of sensitivity or specifity and 
are time-consuming and complex. Some 

*Author to whom correspondence should be addr--~'cl. 

methods based on HPLC reported recently s'9 are 
relatively fast and selective. 

On the basis of the results obtained from our 
previous studies on the electrochemical be- 
haviour of quinones and anthraquinones in 
chloroform, L°-'2 extraction AC and DP polarog- 
raphy in chloroform has been used for the 
determination of K group vitamins and anthra- 
cycline group anticancer drugs in pharmaceuti- 
cal preparations. 13''4 In this manner, the AC 
method was used for the determination of 9,10- 
anthraquinone in paper samples and black 
liquors after their extraction into chloroform) 2 
Extraction polarography for the determination 
of naturally occurring hydroxy derivatives of 
9,10-anthraquinone seems to be fast and simple. 
On the other hand, in our analytical chemistry 
department, 1,8-dihydroxy 6,methylanthra- 
quinone or chrysophanic acid (Ch), 1,8- 
dihydroxy 3,carboxyanthraquinone or rhein 
(Rh) and 1,3,8-trihydroxy 6,methylanthra- 
quinone or emodin (Em), three principal 
anthraquinone derivatives in medicinal plants 
(Scheme 1) were recently separated by HPLC 

677 



678 

~ C H 3  
0 

M. H. POURNA(}HI-AZAR et al. 

OH OH 0 OH 

COOH H3C ~ O H  

0 0 

Chrysophanic Acid Rheln 
Scheme I 

Emodln 

using chloroform-acetic acid (95: 5) as mobile 
phase? 5 Therefore, the electrochemical detec- 
tion of these compounds in HPLC seems to be 
possible. In this respect, the study of electro- 
chemical behaviour of Ch, Rh and Em in chlo- 
roform at mercury and solid electrodes is 
desirable. 

This paper presents the results obtained from 
polarography of Ch, Rh, and Em in chloroform 
in the presence of 0.75M piperidinium perchlor- 
ate (PP)+ 0.25M piperidine (P) as a suitable 
supporting electrolyte ~2 and voltammetry on a 
glassy carbon electrode in chloroform-acetic 
acid (95: 5) + 0.SM tetrabutylammonium per- 
chlorate (TBAP). An attempt is made to use AC 
polarography for the determination of Ch, Rh 
and Em in rhubarb roots. 

EXPERIMENTAL 

Chemicals and reagents 

The solvent used was chloroform G.R from 
E. Merck or Fluka. Piperidinium perchlorate 
(PP) 0.75M +piperidine (P) 0.25M or tetra- 
butylammonium perchlorate (TBAP) 0.5M 
were used as supporting electrolytes. PP was 
prepared by gradual addition of the required 
amount of perchloric acid to a given volume of 
piperidine at room temperature. TBAP was 
purified by recrystallization from a mixture of 
water-acetone and drying at 60°C in vacuo for 
24 hr. 

Chrysophanic acid (Ch), rhein (Rh) and 
emodin (Em) were from Aldrich, other chemi- 
cals were P.A grade from E. Merck or Fluka. 

Electrodes 

The reference electrode, Ag/AgI (satd), TBAI 
0.05M and TBAP 0.50M in chloroform in sep- 
arated compartments, was directly immersed in 
the reaction cell. It gave stable and reproducible 
potentials when evaporation was prevented and 
the solution was protected from light. The 
working electrode was mercury (DME and 

HMDE) or glassy carbon (GC) disk (0.062 cm: 
area obtained from Metrohm or 0.126 cm 2 from 
EG & G). The auxiliary electrode was a plati- 
num wire. 

Apparatus 

All voltammograms were recorded with a 
three electrode system. A multipurpose instru- 
ment from EG & G including; potentiostate/ 
galvanostat model 273, Electrochemical Analy- 
sis Software 3.00 model 270 coupled with an 
IBM Personal computer and an Epson FX 850 
printer were used. A rotating electrode system 
model 616 from EG & G was used for the 
voltammetric measurements at a rotating GC 
disk electrode A polarecord E 506 with E 663 
stand, a function generator V.A. Scanner 610 
from Metrohm and a X-Y Hewlett-Packard 
3310-A recorder were used for AC polarogra- 
phy at DME and cyclic voltammetry at HMDE. 

In all electrochemical experiments the test 
solution was deaerated by a stream of N: pass- 
ing through chloroform. 

Extraction of  free anthraquinones from a local 
rhubarb sample (procedure I) 

Some free hydroxy derivatives of anthra- 
quinone such as Ch, Rh and Em are soluble in 
chloroform and, therefore, can be extracted 
from medicinal plants as follows: about 0.05 g 
of powdered rhubarb root sample was weighted 
and placed in a 15 ml test tube. It was extracted 
with chloroform, shaken three times with 10,10 
and 5 ml portions of chloroform (15 min each 
on a shaker), centrifuged in order to separate 
and the chloroform layers combined. 

Extraction of  anthraquinonic glycosides (pro- 
cedure II) 

After extraction of the free anthraquinones 
(oxidized forms) from the sample, the residue 
was shaken three times with 10,10 and 5 ml 
portions of water-methanol (50:50) mixture (15 
min each on a mechanical shaker) and the 
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residue separated by centrifugation. In order tO 
hydrolyse the glycosides, the water-methanol 
phase was placed in a funnel equipped with a 
water cooler, 2.5 ml of conc HCI added, boiled 
for 20 min, cooled and transferred into a 100 ml 
separatory funnel. The released anthraquinones 
were extracted three times with 10,10 and 5 ml 
portions of chloroform, and the extracts com- 
bined. 

Extraction of total anthraquinones (procedure 
II1) 

In order to hydrolyse and oxidize the glyco- 
sides and the reduced forms of anthraquinones, 
about 0.05 g of powdered sample was placed in 
a 15 ml test tube, and the procedure for an- 
thraquinone glycosides followed, replacing 2.5 
ml HCI with 2.5 ml HCI-40 ml FeCl3 10% (as 
an oxidizing agent). In this process the total 
anthraquinones were extracted into chloroform 
as their free oxidized forms. 

Identification of hydroxy derivatives of an- 
thraquinone occurring in the rhubarb root sample 
(procedure IV) 

Using the chloroform layers obtained from 
the extraction procedures above for TLC, the 
sample spot was accompanied by spots of stan- 
dard solutions of Ch, Rh and Em with a 2 cm 
interval, using TLC plastic sheets, silica gel 60 
F 254 layer thickness 0.2 ram. The plate was 
developed for 10 cm in a mixture of cycl6hexane 
and ethylacetate (60:40), dried at 100°C and the 
spots detected under UV light. 

Separation of the extracted hydroxy derivatives 
of anthraquinone by column chromatography 
(procedure V) 

Fifteen grammes of silica gel was placed in a 
beaker containing a mixture of hexane and 
ethylacetate (60:40) as mobile phase and this 
suspended silica gel entered in a column 20 cm 
long and 2 cm diameter with a stopcock and 
allowed to settle into a wet bed with a little 
liquid remaining above the surface. The stop- 
cock was opened and the liquid level allowed to 
fall just to the top of the bed. The chloroform 
layers obtained from the extraction processes 
were evaporated on a water bath, and the 
residues dissolved in 2 ml of mobile phase, this 
solution was carefully pipetted onto the top of 
the bed. The mobile solvent reservoir containing 
about 60 ml of mobile phase was positioned and 
the flow of this phase started with a flow rate of 
0.3 ml/min. The effluent solution was collected 
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in a series of 20 fractions of 3 ml each, using a 
fraction collector they were grouped into two 
groups of 10 fractions by TLC. Combining the 
fractions of each group, the solvent was evapor- 
ated and the residues dissolved in 10 ml chloro- 
form and transferred into the polarographic 
cell. The quantities of Ch and Em were deter- 
mined by AC polarography using PP 
(0.75M) + P (0.25M) as supporting electrolyte. 

RESULTS AND DISCUSSION 

Electrochemical behaviours 

On the mercury electrode. In chloroform in 
the absence of an acid and with a convenient 
supporting electrolyte such as TBAP, the re- 
duction of Ch, Rh, and Em at the DME gives 
one cathodic wave related to the semiquinone 
formation. I° The wave nearly coalesces with the 
cathodic limit of the electroactivity range, there- 
fore an accurate and quantitative measurement 
of this wave could not be made. The results 
obtained from DC and AC polarography, con- 
trolled potential coulometry and cyclic voltam- 
metry showed that the reduction of Ch and Rh 
in the presence of 0.75M PP + 0.25M P as a 
suitable acid electrolyte n in chloroform was a 
two-electron, nearly reversible process. The 
overall reduction reaction of Em under the same 
conditions was irreversible, because the cyclic 
voltammetry of Em at the Hg electrode gave 
only one cathodic peak and the corresponding 
anodic peak was not discernable. These may be 
attributed to the formation of reduction 
product, dihydroemodin, containing five hy- 
droxyl groups per molecule and insoluble in 
chloroform (see Introduction). The formulation 
of insoluble dihydroemodin in this medium has 
been confirmed during the controlled potential 
coulometry of Era. Typical example of cyclic 
voltammograms obtained at a scan rate of 
100-800 mV/sec are shown in Fig. 1 and charac- 
teristic data of DC and AC polarograms are 
summarized in Table 1. 

On solid electrodes. Current-potential curves 
for the reduction of 5 x 10-4M chrysophanic 
acid, rhein and emodin in chloroform-acetic 
acid (95:5) in the presence ofTBAP 0.5M, were 
recorded at GC, Pt and Au electrodes. Under 
these conditions, the studied anthraquinones 
were not reducible at Pt and Au electrodes. At 
the GC electrode with different rotation speeds, 
a single two-electron cathodic wave with a well 
defined limiting current was obtained (Fig. 2a). 
The height of the waves was linearly dependent 
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Table 1. Characteristic data of DC, AC polargrams and DC, DP voltaramograms at 25 C 

Anthraquinones (V) S* (V) (m V) (I;') (V) 

Ch -0.175 31 -0.168 52 -0.01 0.026 
Rh -0.240 29 -0.232 52 0.112 0.076 
Em -0.240 29 -0.260 64 0.015 -0.025 

*Slope = d E  /d log[(/d - i )/i ]. 
"['AC peak width for i = ip~ 2 
~;EI, of RDE voltammograms at GC electrode. 
§E~ of pulse voltammograms at GC electrode. 

5 (a) 
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Fig. 1. Cyclic voltammograms of(a) 0.2 mM emodin and (b) 
0.5 mM rhein at HMDE in chloroform solution of 0.75M 
PP + 0.25M P. Scan rates: 100-800 mV/sec, for rhein in 100 
mV increments, for emodin (!) 100 (2) 400, (3) 500, (4) 700 

and (5) 800 rnV/sec. 

on the concentration of the anthraquinones. 
This linearity confirms that the electrode pro- 
cess was mass transfer dependent. Plotting of 
Iog[(id -- i )/i ] against E, gave a straight line with 
a slope of 0.048, 0.048 and 0.068 V, respectively. 
The slopes obtained indicate that the reduction 
of Ch and Rh in this medium was a two-electron 
quasi-reversible process, but the reduction pro- 
cess of emodin tended to be irreversible. 

Cyclic voltammetry of Ch and Rh at GC 
electrode produced one cathodic and anodic 
peak for each, but for emodin the corresponding 
anodic peak was not discernable. The values of 
AE = E~ - E~ for Ch and Rh at a low scan rate 
(<20 mV/sec) and with IR compensation were 
55 and 56 mY, respectively. The ig/i~ ratio at a 
scan rate of 20 mV/sec was 0.75 which increased 
to unity at a scan rate of 2000 mV/sec. These 
confirm that an irreversible chemical reaction 
follows a quasi-reversible electron transfer reac- 
tion, note that the following chemical reaction 
is very fast in the case of emodin. 

Analytical application 

The results obtained from the studies on the 
electrochemical behaviour of Ch, Rh and Em at 
mercury and glassy carbon electrodes indicate 
that the electrochemical reduction of these com- 
pounds is quasi-reversible. These findings 
suggest the possibility of using polarography 
and voltammetry at a GC electrode for the 
determination of these compounds in chloro- 
form in the presence of two different supporting 
electrolytes. 

A C and DP polarography. AC polarography 
in the presence of PP (0.75M) + P (0.25M) gave 
a well defined two-electron reduction peak for 
each anthraquinone. The calibration graphs 
were linear over the range 10-6-5 x 10-SM Ch, 
Rh and Era. The detection limits with this 
method were 0.2, 0.1 and 0.8 /~g/ml, respect- 
ively. The characteristic data of the AC polaro- 
grams are summarized in Table I. From the 
data in the table it can be concluded that ALp 
between Ch and Em, Ch and Rh are not large 
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Fig. 2. Voltammetry of the anthraquinones in chloroform-acetic acid (95:5)+ 0.5M TBAP at GC 
electrode (A = 0.026 cm 2 ). (a) Rotating disk voltammograms with rotation speed of 1000 rp/min. (at) Ch: 
8. 9.1, 10.5, 11.9 and 13.3 x 10-SM, (a2) Rh: 7.9, 9.1, 10.5, 11.9 and 13.3 x 10-SM, (a3) Em: 5.4, 7, 8.6, 
10.2, 11.7 and 13.1 x 10-SM. (b) Differential pulse voltammograms with pulse amplitude of 50 mV, pulse 
width of 60 msec, duration between pulses 1 sec, and scan rate 4 mV/sec: (b~) Ch: 2.37, 4.72, 7.04 and 
9.35/aM, (b:) Rh: 2.25, 2.68, 3.09, 3.5 and 3.91 #M, (b3) Em: 1.85, 3.64, 5.36, 7.01, 8.62 and 10.17 taM. 

enough to allow simultaneous determination of 
these compounds in a mixture. The assays in 
this connection remained unsuccessful. 

The pulse polarograms recorded under the 
same conditions coalesced with the cathodic 
limit of  electroactivity range and quantitative 
measurement of  these peaks could not be made. 

DC and DP voltammetry at a GC electrode. 
DC voltammetry at a rotating disk G C  elec- 
trode revealed that the height of  the waves was 
linear dependent on the concentration of the 
anthraquinones (Fig. 2a). The correlation co- 
efficient of  the calibration graph over the range 
5 x 10-~-I0-3M was 0.999. The relative stan- 
dard deviation for three determinations of  
5 x 10-SM of  the anthraquinones was about  
i .5%. The detection limit for Ch, Rh and Em 
was 1.5, 1 and 5.7 x 10-SM, respectively. On the 
other hand, a well defined DP vol tammogram 
was obtained for different concentrations of  Ch, 
Rh and Em at a G C  electrode in chloro- 

form-acetic acid (95: 5) + 0.5M TBAP (Fig. 2b). 
The calibration graphs were linear over the 
range 10-6-5 × 10-~M and the detection limit 
obtained at about  5 x 10-TM is acceptably low. 
The method may thus be used for the determi- 
nation of  anthraquinones in ~g/ml concen- 
tration level. The relative standard deviation for 
the determination of 10-6M Ch and Rh was 
about  3%. The characteristic data of  the DC 
and DP vol tammograms are summarized in 
Table 1. From the data in Table 1 the ~ and Ep 
of  Ch, Rh and Em are very close to each other 
and simultaneous determination of  these com- 
pounds by DP vol tammetry was not possible. 

Analysis of a local rhubarb 

Determination of free anthraquinones. AC po- 
larography of 10 mi portion of chloroform layer 
obtained from the extraction of  0.027 g of  the 
rhubarb root into 25 ml chloroform (procedure 
I) in the presence of  PP (0.75M) + P (0.25M) as 
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Fig. 3. Alternating current polarograms of (a) chloroform layer containing free anthraquinones obtained 
according to extraction procedure I for 0.027 g of a local rhubarb root sample into 25 ml chloroform, 
(b, c) combined fractions obtained from column chromatography (procedure V) for 0.067 g of sample, 
(b,) Ch, (c,) Era, (b 2) b, + 0.2 ml 5 x 10-4M Ch, (Cz) C~ + 0.2 ml 5 x 10-4M Em. Supporting electrolyte 

w a s 0 . 7 5 M P P + 0 . 2 5 M P .  V = 1 0 m V ,  f = l  s e c a n d f = 7 5  Hz. 

supporting electrolyte, presents two peaks with 
peak potentials very close to Ep of Ch and Em 
under the same conditions (Fig. 3a). Addition of 
a standard solution of Ch or Em to the test 

solution augmented the height of the first or 
second peak, respectively. TLC of this chloro- 
form layer confirmed that chrysophanic acid 
and emodin were the unique free anthraquinone 

Table 2. Amounts* (percent in dried sample) of different forms of hydroxy derivatives of 9,10-an- 
thraquinone in a local rhubarb root sample 

Anthraquinones Total RSD% Free RSD% Glycoside RSD% Reduced 

Ch 0.57 2.5 0.14 3.1 0.04 3.8 0.39 
Em 0.29 2.8 0.11 2.9 0.01 4.1 0.17 

*Mean of three determinations. 



Spiked 
compounds 

Electrochemical behaviour of hydroxy 9,10-anthraquinones 

Table 3. Recovery studies of the anthraquinones 
Spiked Spiked Mean* 
media amounts Procedure recovery RSD*/. 
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Ch + Em Powdered 9. I m g  I, V 99.8 1.8 
rhubarb root 25.2 mg 99.6 2 

Ch +Em Methanol 9.3 mg II, V 99.8 2.3 
+watert 27.1 mg 99.4 2.6 

Anthrone Methanol 0.35 ml I11, V 99.9 1.5 
+water1" of 0.50/~M 

*Mean of three replicate assays. 
5"Solvent used in procedures II and III. 

components of the sample. A precise and simul- 
taneous determination of Ch and Em was un- 
successful. Therefore, the components of the 
solution were separated by column chromatog- 
raphy according to procedure (V) and then 
determined by AC polarography using the stan- 
dard addition method. Typical example of AC 
polarograms related to Ch and Era, extracted 
from 0.067 g of the rhubarb sample and separ- 
ated by column chromatography are shown in 
Fig. 3b, c and the quantity obtained for each are 
summarized in Table 2. 

Determination of  glycosides and total an- 
thraquinones. TLC of the chloroform layer ob- 
tained from extraction procedures II and III 
showed that the anthraquinones released during 
the acid hydrolysis of glycosides and oxidation 
of reduced forms were again Ch and Era. The 
chromatographic separation and AC polaro- 
graphic measurement of the released an- 
thraquinones were carried out in a similar 
manner as described for the free an- 
thraquinones. The results are shown in Table 2. 

Recovery studies 

The extraction efficiency of the free an- 
thraquinones into chloroform (procedure I) was 
investigated as follows: solid residue left from 
the extraction step was added to a polaro- 
graphic cell containing a chloroform solution of 
PP (0.75M) + P (0.25M), in which the solubility 
of free anthraquinones is high. The mixture was 
stirred for about 20 rain and allowed to settle. 
AC polarography of the solution showed that 
free anthraquinone was absent from the residue. 
This confirms the exhaustion of the sample 
during the extraction by chloroform. 

In addition, the recovery of spiked powdered 
rhubarb samples with a known amount of pure 
Ch + Em was very close to 100%. Nearly 100% 
recovery of spiked extracting solvent of glyco- 
sides (water + methanol) with a known quantity 
of pure Ch + Em and anthrone (reduced form 
of anthraquinone) has been confirmed during 

the extraction by procedures II and III, respect- 
ively. We have also shown that the reduced 
forms of anthraquinones in the samples were 
not oxidized by dissolved oxygen in the sol- 
utions during the extraction steps according to 
procedures I and II. This study was carried out 
using anthrone as an available reduced form of 
anthraquinone. The results obtained from re- 
covery studies are summarized in Table 3. 

CONCLUSION 

On the basis of results obtained from DC and 
AC polarography, controlled potential cou- 
lometry and cyclic voltammetry, the reduction 
of Ch and Rh in the presence of PP (0.75M) + P 
(0.25M) in chloroform is a two-electron nearly 
reversible process, but the overall reduction 
reaction of Em was irreversible in this medium. 
The results obtained from rotating disk dec. 
trode and cyclic voltammetry at a GC electrode 
confirm that the reduction of Ch, Rh and Em in 
5% AcOH + 0.5M TBAP solution is a two-elec- 
tron quasi-reversible process following an irre- 
versible chemical reaction. 

DC and AC polarography are directly appli- 
cable for the determination of Ch, Rh and Em 
in chloroform. From data in Table I it can be 
concluded that AE~ or AEp between Ch and Rh, 
and Ch and Em are not large enough to allow 
determination of these compounds in a mixture. 
Therefore, the analysis of the mixture necessi- 
tates a preliminary separation by column chro- 
matography. The AC polarographic method 
proposed in this work is suitable for the analysis 
of rhubarb roots. 

The results obtained from differential pulse 
voltammetry reveal that this method may be 
used for the determination of Ch, Rh and Em 
at the ~M/I level in chloroform. On the other 
hand, these findings suggest the possibility of 
using the amperometric measurement at the GC 
electrode for the electrochemical detection of 
the naturally occurring hydroxy derivatives of 



684 M.H. POURNAGHI-AZAR e t  al. 

9,10-anthraquinone during their analysis by 
HPLC using chloroform-acetic acid (95:5) as 
mobile phase (flow rate of 0.6-1 ml/min) and 
Spherisorb--CN as stationary phase. These are 
presently under investigation in our laboratory. 

REFERENCES 

1. M. Kubiak, Herba Poland, 1977, 23, 217. 
2. K. Kobashi, T. Nishimara, M. Kusada, M. Hattori and 

T. Namba, Planta Med., 1980, 40, 226. 
3. R. Dequeker, J. Lemli and J. Cuveele, Planta Med., 

1964, 21, 51. 
4. A. blassoun and I. Turkovic, J. Pharm. Belg., 1963, 18, 

259. 
5. J. H. Zwaving, Planta Med., 1972, 21, 254. 

6. R. Hiltunen and K. Savonius, Acta Pharm. fenn,, 1980. 
89, 37. 

7. Zhang Xiugin, Xa Lixin and Yaowa, Fenxi Za:hi, 1984, 
4, 347. 

8. G. Nanaka, M. Nishizawa and T. Yamagish, Wakan 
Lyaka Gakkaishi, 1985, 2, 89. 

9. H. Oshio, and N. Kawamura, Shoyakugaku Zashi, 
1985, 39, 131. 

10. S. M. Golabi and M. H. Pournaghi-Azar, Electrochim. 
Acta, 1987, 32, 425. 

11. M. H. Pournaghi-Azar and S. M. Golabi, lran J. Sci. 
Technol., 1990, 13, 37, 

12. M. H. Pournaghi-Azar and S. M. Golabi, Talanta, 
1988, 35, 959. 

13. M. H. Poumaghi-Azar and S. M. Golabi, J. Pharm. 
Belg., 1987, 42, 1464. 

14. S. M. Golabi and D. Nematollahi, J. Pharm. Biol. Anal., 
1992, 10, 1053. 

15. D. Djozan and Y. Assadi, Talanta, in press. 



Pergamon 0039-9140(95)01456-X 

Talanta, Vol. 42, No. 5, pp. 685-692, 1995 
Copyright © 1995 Elsevier Science Ltd 

Printed in Great Britain. All rights reserved 
0039-9140/95 $9.50 + 0.00 

O N - L I N E  P R E C O N C E N T R A T I O N  A N D  S E P A R A T I O N  O F  

P A L L A D I U M ,  P L A T I N U M  A N D  I R I D I U M  U S I N G  

a - A M I N O  P Y R I D I N E  R E S I N  W I T H  F L A M E  A T O M I C  

A B S O R P T I O N  S P E C T R O M E T R Y  

P. DI and  D. E. DAVEY* 

School of Chemical Technology, University of South Australia, The Levels, S.A. 5095, Australia 

(Received 18 March 1994. Revised 17 October 1994. Accepted 21 October 1994) 

Summary--A flow injection on-line microcolumn method has been studied for the separation and pre- 
concentration of noble metals, Pd, Pt and Ir, followed by flame AAS determination. An ~-amino pyridine 
resin was used as preconeentration reagent. Non-noble metals studied could be eliminated by 2M HCI 
solution in the rinsing stage. A group-eluent for all Pd, Pt and Ir was studied. Separation of individual 
noble metals could also be accomplished using selective eluents. This approach can be used both for the 
separation and determination of Pd, Pt and Ir in samples. The sensitivities and the sample frequency have 
been improved. The method has been applied to certified samples. 

The separation and determination of trace 
amounts of noble metals "in mineral, metal- 
lurgical and environmental samples has been 
made difficult by the limited concentration of 
these metals in nature, and various interferences 
in both separation and determination methods. 
A preconcentration procedure is, therefore, 
often needed to increase concentration levels 
in analysed solutions and remove matrix inter- 
ference. A number of organic extractants for the 
concentration and separation of noble metals 
have been studied by solvent extraction and 
paper and column chromatography? -6 Some 
chelating resins have been found more effec- 
tive, 7s whilst cationic surfactants have also been 
investigated. 9 Efforts have also been made to 
improve determination methods of noble metals. 
For example, Lu et al. modified a tungsten wire 
with trioctylphosphine oxide (TOPO) to pre- 
concentrate gold in waste water, then placed 
the wire in a graphite cup for direct atomic 
absorption spectrometry determination. I° How- 
ever, it is true to say that traditional pre- 
concentration methods have been unwieldy, 
with large sample consumption (50-500 ml) and 
long preconcentration times (10-100 rain per 
sample).l~'~ 

*Author to whom correspondence should be addressed. 

On-line preconcentration techniques offer a 
way around these hurdles, and atomic absorp- 
tion spectrometry (AAS) or inductively coupled 
plasma-optical emission spectrometry (ICP-OES) 
promise improved sensitive and rapid methods 
for trace element analysis by such means. 13-~6 
Recently, Taylor 17 and Qi Is presented methods 
for gold analysis with on-line preconcentration 
AAS, the first by forming supported-liquid mem- 
branes, the second linking a functional group of 
a neutral phosphine oxide extractant to an inert 
fibre and then packing the fibre into a column. 
They reported that the sensitivity and analysis 
frequency were greatly improved using these 
techniques. 

Compared with off-line preconcentration 
methods, an on-line method requires a fast con- 
centration and elution reaction, which implies 
that highly selective reagents are needed in a 
continuous-flow system. In our previous work, 19 
an organophosphorus compound, di(methyi- 
heptyl)methyl phosphonate (DMHMP), was 
studied as an on-line preconcentration reagent 
for gold with AAS analysis, the basis for the 
selection being the work of Li and coworkers. 2° 
These authors determined the selectivities of 
DMHMP for more than 50 metals with paper 
chromatography, and it was found that only 
Au and TI could be fully retained by DMHMP. 
Following the lead given by Pohlandt and 
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Table I. AAS parameters used for the determinations of Pd, Pt and lr 

Flame type Burner Aspiration 
Wavelength Slit Lamp current and flow rate height rate 

Element (rim) (nm ) (mA ) (L /min ) (ram) (ml /min ) 

Pd 246.7 0.2 5.0 air (8.0)--acetylene (2.5) 5.0 4.5 
Pt 266.0 0.2 10.0 air (8.0)-acetylene (2.0) 5.0 4.5 
lr 208.9 0.2 20.0 air (8.0)-acetylene (3.0) 5.0 4.5 

Steele, 2~ we then designed a reverse-phase ex- 
traction column for an on-line preconcentration 
system with the DMHMP coated on macro- 
porous resin beads. Both a single column and 
dual column system were found to give increased 
sensitivity. A computer program was also devel- 
oped to control both the FIA preconcentration 
procedure and simplex optimisation of the sys- 
tent parameters, such as the column dimensions, 
the flow rates and the aspiration rate of flame 
AAS. 19 

In fact, as pointed out by Qi, ]s a number 
of preconcentration reagents are available for 
noble metals. Some neutral phosphine oxide 
and nitrogenous extractants have been found so 
effective for noble metals that their extraction 
constants are several orders of magnitude higher 
than those of competing e lements .  22"23 However, 
if the affinity of noble metal with reagent is 
too strong, elution would become more difficult, 
a particular problem in an on-line operation. 
In such cases, to determine the noble metals, 
the resin containing the analytes has to be de- 
composed to prepare the analyte so lu t ion ,  23 o r  

alternatively, some strong acids have to be used 
in the elution, s'2' Some reverse-phase extraction 
columns are not suited to this circumstance as 
a relatively weak physical adsorption exists 
between extractants and adsorbent resin beads, 
and the lifetime of the column would be affected 
by strong acid. 

In the present study, an ~-amino pyridine 

(AP) resin, formed by bonding a functional 
group of 0c-amino pyridine to a cross-linked 
polyphenylethene support, has been selected as 
the immobilized phase of the column. A similar 
on-line manifold to that previously designed by 
us for a Au study 19 has been employed to pre- 
concentrate and separate the other noble metals, 
namely Pd, Pt and Ir. Eluents, both for the 
group of elements, and also for the individual 
metals were studied. The resin has performed 
well in both the preconcentration and elution 
stages for the noble metals analysed, flame 
atomic absorption spectrometry being used as 
the analysis method. 

EXPERIMENTAL 

AAS  determination 

The atomic absorption spectrometer used 
for all determinations throughout this work 
was a GBC 905 flame model instrument (GBC 
Scientific Equipment Pty Ltd, Australia), GBC 
hollow cathode lamps for Pd, Pt and Ir were 
used in the experiments. Peak areas computed 
by the software in the AA instrument were 
chosen for the measurements of Pd and Pt and 
peak height was chosen for the Ir determination. 
The graphs and data were printed with an 
Epson RX 80 printer (Epson Corporation, 
Japan). All backgrounds were corrected by the 
deuterium lamp. All instrumental parameters 
are summarized in Table 1. 

V2 PI 
FICS ~ I ~  V I 

C 

E 
W 

AAS 
S 

VI 

(h) 

Fig. I. The manifold used with on-line separation and preconccntration of Pd, Pt and Ir with AAS 
determination. (a) Pr¢conccntration stage; (b) separation and elution stage. S: Sample; E, El, E2, E3: 

eluent; R: rinsing solution; and W: waste. 



Noble metals and ~-amino pyridine resin 687 

On-line preconcentration system 

The manifold of the on-line preconcentration 
flow injection system is shown in Fig. 1. It 
consists of two peristaltic pumps (an 8-channel 
multi-speed pump PI, Gilson, France, and a 
single speed pump P2, Mini-S 860, Ismatec, 
Switzerland), a pneumatic valve (V l, home- 
made) with a glass microcolumn (C), and a flow 
injection control system (FICS, home made) 
linked to an IBM computer. A four-way rotary 
valve (V2, Rheodyne Incorporated, U.S.A.) was 
also used to change eluent. Tygon pump tubes 
(2.06 mm i.d.) were used for all solutions and 
connected by Teflon connectors (Gradko, U.K.) 
to PTFE fine-bore tubing (0.8 mm i.d.). 

A program allowing the time parameters to 
be entered into the computer prior to the run 
was developed to control the on-line precon- 
centration operations. Sixty seconds was chosen 
for the preconcentrations, and 20-30 sec was 
selected for the elutions. 

Reagents 

Stock solutions of Pd, Pt and Ir (each 1 mg/ml) 
were prepared using spectro-grade (NH4)2 PdC14, 
(NH4)2PtCI6 and (NH4)3IrCI6 (Chemicals Co. 
Pty. Ltd, Tianjin, China). An a-amino pyridine 
(AP) resin (60-80 mesh, Institute of Polymer 
Chemistry, Nankai University, China) was 
employed as an immobilized phase. Buffer 
solutions were prepared from KH2PO4(AR) 
by NaOH addition. The other chemicals used 
in this work are all analytical grade. 

Column preparation and regeneration 

The AP resin contained in a beaker was 
washed repeatedly following the sequence, 6M 
HC1 solution, deionized water, 6M NaOH solu- 
tion, and then deionized water. The deionized 
water wash was continued until the effluent 
solution became neutral. One end of the glass 
column was first blocked with a small piece of 
plastic foam. The column was then filled with 
the AP resin. The other end of the column was 
again finally blocked with foam. The column 
dimensions were 3.5 mm (i.d.)x 10 mm (I); 
10 ml 0.5M Mg(CIO4)2-0.5M HC104-0.5M HCI 
solution was used to regenerate the column. 

RESULTS AND DISCUSSION 

Preconcentration reaction 

Separation and concentration reagents most 
used for platinum metals and gold include 
organophosphorus, ~-3'L8 sulfoxide 24 and thiourea 

derivatives, s-~5'26 and some nitrogen-containing 
compounds, tl't2"27 Most of them contain either 
a lone pair-bearing atom or a group readily 
protonated in an acidic solution, or both of 
these. Two mechanisms were proposed by 
Mojski ~ for the extraction of noble metal 
chloride complexes: 

(a) solvation 

MeCl(p p-~)- + m(R)(o) 

= MeCln(R)m(o) + (p - n)Cl- (1) 

(b) ion-exchange 

MeClCp p-n)- + (p - n)(RH + . CI- )(o) 

= (RH+)p_nMeCI~oT n)- + (p - n)Cl-, (2) 

where Me is a noble metal, R is an extractant or 
a resin, and o represents an organic phase or a 
resin phase. 

In the first case, the reagent must have one 
or more co-ordinate atoms available to replace 
the chloride ligands from the central ion. In the 
second, the system requires an acid environment 
to protonate the organic reagent. 

The a-amino pyridine (AP) resin selected in 
this study, contains a coordinating pyridine N 
and an amino group which easily associates with 
H + in acid solution. The structure of the AP 
resin with AuCI~- has been discussed 28 and is 
given as follows: 

Support 

C I:---Au f 
/ 

Cl 

A similar mechanism may apply in the present 
study for PdCI~-, PtCI26 - and IrCl~-. [PdCI4] 2- 
is either a planar, 29"3° or a bridged structure. Such 
bridged species are generally subject to cleavage 
by donors to give mononuclear speciesfl PtCI~- 
and IrC136 - are known to be octahedral complex 
anions) ~ During the preconcentration stage, the 
AP resin may form coordinate complexes with 
these anions by replacing the chloride ions with 
pyridine N linkages or form ion pair com- 
pounds by association through the chloride 
ions in the complex with the --NH~', or both 
processes may happen at once, as with AuCI~-. 

pH tests show that the recoveries of Pt and Ir 
are not effected significantly within the pH range 
0-5, while the recovery of Pd strongly decreases 
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Fig. 2. Effect o f  pH on the preconcentration of  Pd, Pt and 
Ir. The concentrations of  solutions are 0.5 pg/ml for Pd, I 

pg/ml for Pt, and 10 #g/ml for Ir. 
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Fig. 4. Effect o f  elution rate on the determination of  Pd, Pt 
and lr. The flow rates were changed by altering the pump 
speed during the elutions. The same eluent, 0.5M Mg(CIO4)2- 
0.5M HCIO4-0.5M HCI, was used for three elements. Noble 

metal concentrations as in Fig. 2. 

when pH > 2 (Fig. 2). Therefore, the reactions 
of platinum and iridium with AP resin appear to 
mainly conform to the solvation mechanism, 
while ion exchange may be involved in the 
preconccntration of palladium. 

Figure 2 shows that recoveries greater than 
90% were achieved for Pd and Ir when the pH 
was between 0.3 and 2. Pt showed similar 
recoveries in the pH range 0.3-5. In the exper- 
iment, the solutions to be analysed could be 
prepared in pH 0.3-2 solution for the precon- 
centration of Pd, Pt and Ir. Of course, the other 
interesting feature of this experiment is that pH 
4-5 can now be chosen to partially eliminate Pd 
in the Pt and Ir preconcentration steps. 

Flow rates during sample introduction and elution 

Since a time-based sampling mode was used 
in the preconcentration stage, a faster sample 
flow rate may provide improved sample through- 

~, 1 4 0 -  0.14 

,, 120-Colum. ~ ~d 012 

'd  80 - Ir 0.08 

g 60-  pt -- o.o6 < 

40 0.04 

20 0.02 
O 

t I I 0 
2'  4 6 8 

Fig. 3. Effect of  sample flow rate on the column retention 
efficiency and absorbanee for Pd, Pt and lr. The c o l u m n  
r e t e n t i o n  ef f ic iency w e r e  o b t a i n e d  by  m e a s u r i n g  the  concen- 
trations o f  the  s o l u t i o n s  be f o re  a n d  a f ter  their  p a s s i n g  the 
column. See Fig. 2 caption for the concentrations of  the 

metals. 

put through the column. However, analytes may 
not be efficiently preconcentrated on the column, 
and partly lost when the flow rate is too high. 
A sample flow rate of 6.4 ml/min using 2.06 mm 
(i.d.) pump tube was found optimal for the 
preconcentrations of all three elements (Fig. 3). 

The optimal elution rates of Pd, Pt and Ir 
were then determined, with a constant aspiration 
rate of 4.0 ml/min into the AAS. As shown in 
Fig. 4, Ir was relatively easy to elute and gave 
a higher absorbance at the elution rate of 6.8 
ml/min, while the elution of both Pt and Pd was 
best carried out at the flow rate of 5.0 ml/min. 

The fast sample and elution flow rates prove 
that the AP resin has performed satisfactorily 
during both the preconcentrations and the 
elutions. Firstly, a fast sample flow rate implies 
improved sensitivity, with good sample through- 
put; secondly, a fast preconcentration reaction 
provides the column with good retention 
efficiency for the selected analytes; and thirdly, 
a good tolerance of the resin for strong acid 
elution ensures a long lifetime for the column. 

The selection of eluents 

Group elution. Perchloric acid and solutions 
of perchlorate salts have been used to elute 
noble metals in off-line column preconcentration 
systems with similar reagents to that studied 
here. 28'32 In this study, NaCIO4 and Mg(CIO4)2 
in HCI solution were investigated for Pd, Pt and 
Ir elutions. An unsatisfactory elution for Pt and 
high backgrounds in the three element deter- 
minations were, however, observed with NaCIO4 
solution (Fig. 5a). Mg(CIO4)2 with 0.5M HCI 
solution was found effective in the elutions 
and gave a low background in the flame AAS 
determinations for the chosen noble metals 
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Fig. 5. Selection of the eluent for the Pd, Pt and Ir group. (a) 0.1-2.0M NaCIO4-0.5M HCI 
solution; (b) 0.1-2,0M Mg(CI4)2-0.5M HC1 solution. The dashed lines show the background absorption 
recorded during the determinations. [ - - & - -  Pd; - - Q - -  Pt; - - I - -  Ir; Background values - - - ~ - - - Pd; 

- - -  © - - -  Pt; - - -  [ ] - - -  lr].  

689 

(Fig. 5a, b). The better performance of the 
Mg(CIO4)2 solution can be attributed to its 
relatively low background in the flame, and in 
its ability to provide more CIO~- (compared to 
a solution of NaCIO4), improving the overall 
metal elution. At a Mg(CIO4)2 concentration 
of 0.5M, even higher absorbances could be 
obtained but salt deposits occurred on the burner 
when the concentration of Mg(CIO4): was 
further increased. Thus, we chose to add 0.5M 
HC104 to the eluent to increase the CIO£ 
concentration in the solution. A final solution 
of 0.5M HCI-0.SM HCIO4-0.5M Mg(CIO4)2 
performed satisfactorily as the eluent for Pd, 
Pt and Ir. Figure 6 shows the elution curves 

of those elements determined individually using 
the flame AAS method. The procedure de- 
scribed should enable the simultaneous deter- 
mination of the three noble metals listed using 
ICP-OES or multi-element AAS detection. 

Selective elutions. Interferences between noble 
metals in their determinations by flame AAS 
may be of crucial importance, and thus efforts 
have been made to reduce such potential influ- 
ences in determinations. 33'34 In this section of 
our work, selective elution for the metals has 
been studied to avoid any interference in deter- 
minations with the group eluent for samples 
with high concentrations of one or more noble 
metal. 
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I I OI I I I 
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Fig. 6. Elution curves of Pd (a), Pt (b) and Ir (c) determined by FAAS. The eluent used was 0.5M 
HCI-0.5M HCIO4-0.5M Mg(CIO4)2 solution. 
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Fig. 8. Separation o f l r  (a), Pd (b) and Pt (c) using selective eluents. The group eluent was 0.5M HCI-0.SM 
HCIO4--0.5M Mg(CIO4) 2 solution. 

0.5M HCIO4-4M HCI and 0.1M N a O O C .  
CH3-0.5M HC1 were found efficient for the Ir 
and Pd elutions, respectively. The performance 
of  these eluents is shown in Fig. 7(a, b). The 
background absorption of  eluents did not 
influence the determinations at the selected 
concentration of the eluents. The separation 
procedures for Pd, Pt and Ir, determined indi- 
vidually by flame AAS, are shown in Fig. 8(a--c). 

In the cases of Fig. 8(a, b), Ir and Pd were the 
specific elements to be determined. They were 
eluted by their own selective eluents and deter- 
mined at their characteristic wavelengths. Other 
metals of  interest could be then eluted by the 
group eluent described earlier. Since no par- 
ticular eluent had been found to be suitable for 
the Pt elution, the group eluent was used to elute 
that element (Fig. 8c). In this case, Ir and Pd 

had to be removed using the selective eluents 
prior to the Pt elution. No signal for Pt was 
detected during the Ir and Pd elutions. 

Separation of Pd, Pt and lr with non-noble 
metals 

The influences of co-existing alkali, earth 
alkali and heavy metal salts in this system were 
investigated and the results are presented in 
Table 2. The non-noble elements studied could 
be washed off the column by 2M HC1 solution 
prior to the elution of  the noble metals. This 
separation step could be carried out for 20 see 
or more in the rinsing stage of  the system 
operation (Fig. la). 

The recoveries of  the noble metals were 
strongly influenced by iron in the solution at 
levels higher than 200 mg Fe/ml. This chemical 

Table 2. Effect o f  the presence o f  salts on It ,  Pd and Ir recoveries 

Concentration 
o f  added salt Recovery o f  the noble metals (%) 

Salt added (rag~L) Pt (5 rag~L) Pd (I mg/l.) Ir (5 mg/l.) 

KNO3 4000 98.5 103 97.4 
NaCI 29,000 99.2 100 92.3 
CaCI 2 5000 I I0 105 101 
MgSO4 6000 101 105 94.9 
AIC13 800 102 96.0 103 
Fe(NO3)3 100 93.8 95.5 105 
CrCI 3 480 I 11 103 103 
NiSO4 280 104 101 93.6 
Pb(NO~) z 200 93.4 102 91.0 
Cu(NO3)2 400 94.1 108 106 
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Table 3. Comparison of detection limit (DL, 3v,/~g/ml), relative standard deviation (RSD, %) and sample frequency for 
the described method with conventional measurement procedures 

Pt Pd Ir 

Method DL RSD DL RSD DL RSD 

Conventional FAAS 0.51 4.5 0.062 4.8 0.97 6.4 
On-line method (this work) 0.0 ! 7 2.9 0.009 1.3 0.11 3,8 

Sample flow Sample frequency Preconeentration 
rate (ml./min ) (hr - ~ ) method used Reference 

On-line method 6.4 36 Column This work 
Off-line method* 2.0 1-2 Column [12] 

NA 3 Static adsorption [23] 
2.5 0.5 Column [11] 
1.5 4 Column [7] 

*The sample frequencies are estimated from preconcentration, desorption and determination procedures reported. 
NA: Not applicable. 

interference can be eliminated by adding 0.2M 
EDTA solution to complex most of iron in 
samples prior to the sample preconcentration 
stage. 

Comparison with conventional methods 

Direct flame AAS possesses low sensitivity 
for the determination of noble metals. The 
sensitivity can be improved by combining a 
prcconcentration procedure with the determin- 
ation) Conventional preconcentration methods 
arc, however, time-consuming since many 
manual operations are involved in an off-line 
sample introduction and eluate collection. The 
on-line preconcentration technique with com- 
puter control provides a much quicker and more 
precise method for noble metal analysis. Table 3 

compares the detection limits, relative standard 
deviations and sample frequencies of the on-line 
technique and conventional methods. 

Sample analysis 

Pd, Pt and Ir were separately determined 
using group eluent in mixed composition samples 
and certified standard samples, containing K +, 
Na +, Ca 2+, Mg 2+, AI 3÷, Fe 3+, Cr 3+, Ni 2+, 
Pb 2+ and Cu z+, with metal to analyte ratios of 
200-60,000. Pd and Pt in a certified ore sample 
were also determined using the group eluent. 
Solutions containing different levels of Pal, Pt 
and Ir were prepared using the certified standard 
materials and determined separately both with 
the selective eluents. The results are shown in 
Table 4. Non-determined noble metals (50 mg/l.) 

Table 4. Determination of Pt, Pd and Ir from mixed composition samples and certified samples 

Pt Pd lr 
Added Found Added Found Added Found 

Sample (rag~l,) (mg/l.) (rag/I.) (mg/l.) (mg/l.) (mg/l,) 

Group elution 
1 0.20 0.21 + 0.01 0.25 0.26 ± 0.03 2.00 2.1 ± 0.1 
2 0,40 0,43 + 0.02 0.50 0.48 ± 0.02 5.00 4.8 ± 0.2 
3 0.80 0.78 ± 0.05 1.00 0.98 ± 0.04 10.0 10.5 ± 0.5 
4 1.60 1.7 ± 0.1 1.50 1.5 ± 0.I 20.0 20 ± I 
5 0.22 0.19 ± 0,04 0.22 0.20 ± 0.05 2,00 2.2 ± 0.2 
6* 3.74 3.56 ± 0.08 1.53 1.49 4- 0.05 0.074 UD 

Selective elution 
7 0,40 0.37 ± 0.06 50.0 ND 50.0 ND 
8 50.0 ND 0.50 0.53 4- 0.05 50.0 ND 
9 50.0 ND 50.0 ND 2.00 2.3 4- 0.2 

Samples I -4  were prepared with the compounds mentioned in the experimental section and for matrices described in the 
text. Samples 5, 7-9 were prepared with certified standard materials, provided by Johnson Manhey, Materials 
Technology, U.K., with the same matrices as prepared for samples I-4. Sample 6 is a certified ore sample, SARM 7, 
provided by South African Bureau of Standards (SABS), South Africa. 

The results listed are the average values of six tests. Error estimates are appropriate standard deviation values. 
*The concentration units of this sample were originally given in g/t, rather than mg/l. as given in the table. 
UD: Under detection limit. 
ND: Not determined. 
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were added to samples for the selective elution 
to test the efficiency of the elution process. 

CONCLUSIONS 

On-line microcolumn preconcentration tech- 
niques have provided simpler, more sensitive 
and more rapid methods for the analyses of 
trace elements, being especially successful in 
heavy metal analysis. The reports concerning 
rare metal and noble metal analysis by this 
approach are, however, scarce because of the 
lack of appropriate preconcentration reagents. 

In this study, an ~t-amino pyridine resin- 
packed microcolumn has performed satis- 
factorily for noble metal preconcentration and 
separation. Pd, Pt and Ir can be simultaneously 
retained on the column by adjusting the sample 
solution at pH 0.3-2 in the sampling stage, and 
then be eluted from the column using the group- 
eluent. Most non-noble metals studied do not 
influence the noble metal analysis and could be 
eliminated by 2M HCI during the rinsing stage. 
Separation of the noble metals could then be 
done by first adjusting the sample solution to 
pH 4-5, followed by elution for the individual 
element. 

The use of an on-line flow technique and com- 
puter control meant that the analysis frequency 
was also increased compared to the conventional 
preconcentration method. The sensitivities and 
recoveries were satisfactory. 
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Smnmary--A reversed phase ion pair chromatographic method for the simultaneous determination of Cr 
species and common anions on a Cts-bonded stationary phase was developed by using acetonitrile-water 
(2: 98 v/v) containing 1.0 mM tetrabutylammonium hydroxide and 0.5 mM trans- 1,2-diaminecyclohexane- 
N,N,N ",N '-tetraaeetic acid (DCTA) at pH 6.5 as mobile phase and UV-detection at 210 nm. Chromato- 
graphic parameters were optimized for separation of Cr(III)-DCTA complex, chromate and other anions. 
The detection limits were found as 8 ng/ml for Cr(IlI) and 35 ng/ml for Cr(VI). Under the optimum 
conditions, most other ions did not interfere. The method can be applied to separate a number of common 
anions simultaneously with the separation of Cr(IlI) and Cr(VI). 

Chromium exists in the environment predomi- 
nantly in two oxidation states, Cr(III) and 
Cr(VI). The toxicity of their compounds differs 
widely: the hexavalent state of chromium is 
more toxic than the trivalent state. Also, the 
trivalent state is necessary for the maintenance 
of normal glucose tolerance factor. 1.2 Therefore, 
it is important to establish an accurate, rapid 
and simple method for the determination of 
both chromium species. 

Several methods for the speciation of chro- 
mium have been proposed, as shown in review 
articles. 3'4 In most of them only one Cr species 
is directly determined and the concentration of 
the other is calculated by substraction from the 
total Cr content, which is determined separ- 
ately. 

Some possibilities for separation of Cr species 
are co-precipitation, 5,6 ion-exchange,7, s or sol- 
vent extraction 9.1° followed by a spectrometric 
or electrochemical detection of Cr in the separ- 
ated fractions. Both procedures are complicated 
and time consuming. 

*Permanent address: Department of Analytical Chemistry, 
Vilnius University, Naugarduko 24, 2006 Vilnius, 
Lithuania. 

tAuthor to whom correspondence should be addressed. 

High-performance liquid chromatography 
(HPLC) is extensively applied to the determi- 
nation and speciation of a number of metal ions. 
It provides several advantages over many other 
methods, as the separation, the identification 
and the quantitation of the different species 
down to trace concentration levels can be per- 
formed in one procedure. Sehwedt tl described a 
reversed-phase HPLC system with UV-detec- 
tion for the separation and determination of 
Cr(III) and Cr(VI) by using different reaction 
products of Cr species with ammonium pyrro- 
lidindithiocarbamate. The procedure is applied 
to the determination of both Cr species in waste 
water. Andrle and Broekaert 12 optimized this 
procedure by a modified simplex method. 

Several papers have been published on the 
determination of Cr species using HPLC com- 
bined with atomic absorption spectrometric de- 
tection Ir-15 and ion chromatography (IC) with 
direct current plasma emission 16 or chemilu- 
minescence 17 detecton. However, when using 
hyphenated techniques, the interface usually 
complicates the operation procedure and the 
eluting condition is restricted by the detection 
mode. 

An alternative to the traditional IC method is 
reversed-phase ion pair chromatography (IPC). 
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Fig. 1. UV-absorpt ion spectra o f  C r ( I I I ) - D C T A  chelate, 
chromate and eluent. Chromium(lll) and chromate concen- 

trations, 0.1 mM. 

In this method, a dynamic ion-exchange bed is 
created by the sorption of a hydrophobic coun- 
ter ion (from a ion-pairing reagent) in the eluent 
on the stationary phase of a reversed-phase 
column. 18 In IPC many different parameters 
modify the retention of the solute and the 
selectivity of the separation. So it is more 
efficient and selective than IC and able to separ- 
ate and determine inorganic, organic and com- 
plex ions. 19 

Usually, Cr(III) exists in a positively charged 
state and Cr(VI) in a negatively charged state. 
This can be simplified by converting Cr(III) to 
a negatively charged complex ion and then 
separating from Cr(VI). Aminepolycarboxilic 
acids are known for their ability to form highly 
stable metal complexes in a negatively charged 
state. 2° Jan et aL 2j used a reversed-phase IPC 
system with a C1~ column to determine Cr 

species based on the formation of a stable 
Cr(III) complex with ethylendiaminetetraacetic 
acid (EDTA). The interesting results obtained 
with this iigand suggest a possibility of using 
other aminopolycarboxilic acids. It is true that 
many metal complexes of 1,2-diaminecyclohex- 
ane-N,N,N',N'-tetraacetic acid (DCTA) have 
larger stability than the complexes formed by 
EDTA.22 

In this study, a reversed-phase IPC procedure 
based on the off-line DCTA chelation was de- 
veloped for the simultaneous separation and 
determination of Cr(III), Cr(VI) and common 
anions. 

EXPERIMENTAL 

Apparatus 

The HPLC instrumentation consisted of a 
high-performance liquid chromatographic 
pump L-6000 with a 100-/zl injection loop, an 
UV/Vis detector L-4200 and a Chromato-Inte- 
grator D-2000 (Merck/Hitachi, Darmstadt, 
F.R.G.). The separation column used was Nu- 
cleosil 5Ci8 (250 × 4 mm I.D.) (Macherey- 
Nagel, Diiren, F.R.G.). Absorption spectra 
were obtained by a model Lambda 2 UV/Vis 
spectrophotometer (Perkin-Elmer). 

Reagents and solutions 

All chemicals used were of analytical reagent 
grade. Dcionized water was obtained by passing 
distilled water through a Waters Milli-Q water- 
purification system. Stock solutions for Cr(III), 
Cr(VI) and other anions were prepared from 
inorganic salts in concentrations of 1 mg/ml. 
Analyte solutions [except Cr(III)] were prepared 

10 
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Fig. 2. Effect of TBA concentration on the capacity factor (k'). Eluent: acetonitrile-water (2:98 v/v) 
containing TBA and 0.5 mM DC"TA, pH 6.5; flow-rate 1.0 ml/min. 
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daily by dilution of appropriate volumes of the 
stock solutions. 

DCTA was obtained from Fluka (Neu-Ulm, 
F.R.G.), tetrabutylammonium hydroxide 
(TBA) from Merck (Darmstadt, F.R.G.). The 
acetonitrile used for mobile phase preparation 
was of HPLC quality (Merck, Darmstadt, 
F.R.G.). The mobile phase was prepared from 
acetonitrile, TBA and DCTA followed by pH 
adjustment with 0.1M NaOH. All mobile 
phases were filtered through a 0.45 #m mem- 
brane filter and dcgased by stirring for 1 h under 
vacuum before use. 

General procedure 

The analyte solutions of Cr(III)-DCTA 
chelate were prepared in the following manner. 
To an aliquot of the solution containing ~< 500 

#g of Cr(III) in a 25 ml calibrated flask were 
added appropriate [Cr(III)/DCTA molar ratio 
1:5] volume of 5.0 mM DCTA solution (pH 
6.5). After heating in a water-bath at 60°C for 
l0 min, the solution was cooled to room tem- 
perature and diluted to the mark with water. 

The formation of Cr(III)-DCTA complex 
was investigated by absorption measurements at 
540 nm. 23 In all experiments the flow-rate of the 
mobile phase was 1.0 ml/min and samples of 
100-/~l volumes were analysed. 

At least triplicate injections were made for 
each experiment. The relative standard devi- 
ations of capacity factors all of ions were less 
than 0.5%. The calibration graphs for Cr 
species were obtained by plotting the peak area 
against the concentration of the injected ion. 
The detection limits were obtained based on a 
signal-to-noise ratio of 3. 
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Fig. 4. Effect of eluent pH on the capacity factor (k'). Eluent: I mM TBA, other conditions as in 
Fig. 2. 
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Fig. 5. Effect of temperature and Cr(III)/DCTA molar ratio 
on the rate of complex formation. All solutions at pH 6.5. 

The building materials and leather extracts 
were prepared by shaking 0.200-0.500 g of  the 
sample crushed with 20 ml of  mobile phase or 
water for 6 hr. After addition of  DCTA, heating 
and dilution as described above, the solutions 
were filtered through a 0.45 #m membrane filter 
and samples of  100-#1 volumes were analyzed. 

RESULTS AND DISCUSSION 

Absorption spectra of Cr species 

The UV absorption spectra of  mobile phase 
containing 1 m M  TBA, 0.5 mM DCTA and 2% 
acetonitrile (v/v) and both Cr(III) chelate with 
DCTA and chromate in the mobile phase 
against water as the blank are shown in Fig. 1. 
All solutions were at pH 6.8. Three absorption 
maxima of  chromate were observed at wave- 
lengths of 370, 272 and below 220 nm. The 
Cr(III)-DCTA complex does not absorb UV- 
light above 250 nm. Both Cr species are de- 
tectable at a wavelength range of  200-250 nm 
and the maximum of  detection sensitivity is 
below 220 nm. In the present studies, a detection 
wavelength of  210 nm was used. This wave- 
length is suitable also for the direct detection of  
a number of anions (e.g. bromide, nitrite and 
nitrate) and indirect detection of anions, which 
have no absorption, such as chloride, phosphate 
and sulphate. 

Effect of mobile phase composition 

It is important to choose mobile phase in 
optimizing separation of  Cr species and other 
anions. Selection of  the mobile phase concen- 
tration was based on not only resolution but 

also signal response and separation time: Mo- 
bile phases containing TBA concentrations 
ranged from 0.5 to 5.0 m M (Fig. 2). The results 
obtained show that all anions are more strongly 
retained with increasing amount of  TBA in the 
mobile phase. But the change of  the TBA 
concentrations has greater influence on the re- 
tention time in the lower range than in the 
higher range of the concentrations. The expla- 
nation of  this fact can be the limited adsorption 
capacity of  the stationary phase and/or the 
increasing concentration of  phosphate with in- 
creasing TBA concentration. While the TBA 
concentration increases (up to 5 mM), the signal 
responses of all anions decrease. 

Figure 3 shows the dependences of  the reten- 
tion on the concentration of  DCTA in the 
mobile phase. For elution of  inorganic anions 
and Cr(III) chelate with DCTA all capacity 
factors decreased regularly with increasing 
DCTA concentration. Thus with increasing 
DCTA concentration selectivity of  separations 
and the signal response of  directly detected 
anions [N O f ,  Br- ,  NO3,  CrO24 - , M0024 - and 
Cr(III)-DCTA] decreases. The elution sequence 
of some anions can be reversed by changing the 
DCTA concentration. With high concentrations 
the Cr(II I ) -DCTA complex was eluted before 
MoO42-, SO~-, CrO~- and CI- before HPO~-. 
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Fig. 6. Chromatogram of Cr species and common anions 
under the optimum conditions. Eluent: acetonitrile-water 
(2:98 v/v)containing I mM TBA, 0.5 mM DCTA, pH 6.5, 
flow-rate 1.0 ml/min. (I) CI- (10 ppm): (2) NO,f (0.25 pore); 
(3) Br- (5 ppm); (4) NO~- (0.5 ppm); (5) CrO~- (2 ppm); (6) 
SO~- (10 ppm); (7) MoO~- (2 ppm), (8) Cr(I|l) (0.5 ppm). 
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Fig. 7. Chromatograms of mortar (a) and leather (b) extracts with eluent. Condtions as in Fig. 6. (1) 
CrO~-; (2) Cr(llI). 

Effect of  pH 

The active species of aminepolycarbonic acids 
as eluents are their anions, which depend di- 
rectly on the pH of the mobile phase. The 
influence of pH on selectivity and retention of 
the Cr species and some inorganic anions were 
therefore systematically investigated. Results 
are shown in Fig. 4. In consideration of the 
stability of the silica-based stationary phase and 
the solubility of DCTA, pH of the mobile phase 
was adjusted to a certain value between 5.5 and 
7. It can be observed that the capacity factors of 
some anions except CrO2, - and HPO~- increase 
with decreasing the pH of the mobile phase. 
This fact can be explained by the decrease 
elution strength of mobile phase because of the 
protonation of the DCTA anion with increasing 
acidity [pKI (DCTA) = 2.4; pK2 = 3.5; pK3 = 6.1 
and pK4 = 12.4). There are two species of Cr(VI) 
in neutral medium: CrO~- and HCrO; 
( p g  2 (H2 CrO4)  = 6.5). With increasing acidity of 
mobile phase the equilibrium CrO~- + 
H ÷ = HCrO;  moves to the right, i.e. the quan- 
tity of monocharged HCrO~- ions increases. 
Competition of two contrary processes takes 
place in the system. Protonation of the DCTA 
anion increases the retention of Cr(VI). On the 
other hand with protonation of CrO~- ions their 
charge and retention at the same time decreases. 
In addition, with decrease of mobile phase pH 
dimerization of HCrO;  ions to dichromate 
takes place because the signal response of 
Cr(VI) ions begins to decrease at pH < 6.5. The 

influence of pH has the same effect on the 
capacity factor HPO:4-. 

Formation of Cr(III)-DCTA complex 

Chromium(III) forms kinetically inert com- 
plexes and its chelation reactions are very 
slow. 22 Therefore, for speciation of Cr with 
DCTA, off-line derivatizing of Cr(III) is re- 
quired. In addition, it is important for the 
analytical technique that all procedures last only 
a short time. 

The ratio of complex formation depends on 
temperature, ligand concentration, pH and 
other parameters. Figure 5 shows the time 
necessary for complete formation of 
Cr(III)--DCTA complex at various temperatures 
and Cr(III)/DCTA molar ratio. All solutions 
were at pH 6.5. At room temperature this 
reaction happened very slowly. If the solution 
was warmed up to 60°C and Cr(III)/DCTA 
molar ratio was 1:5, it required only 10 min to 
complete the chelation. 

Under these conditions the following exper- 
iments were carried out. 

Characteristics of  Cr determination 

In order to test the applicability of the 
method for analysis of Cr species calibration 
graphs were constructed. Calibration graphs of 
peak area vs. Cr concentration were linear in the 
concentration ranges 0.1-20 #g/mi for Cr(lll) 
and 0.2-20 #g/ml for Cr(VI) with correlation 
coefficients both above 0.998 (n = 3). 

T A L  42 t 5 - - -C  
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Table 1. Results of building materials and leather extracts analysis 
(n = 3) 

IPC R.S.D. Spectophotometry* 
Sample Element (mg/g) (%) (mg/g) 

Brick (White) Cr(VI) 8.51 1.2 8.75 
Cr(IIl) 0.22 2.4 0.16 

Brick (red) Cr(VI) 11.2 0.9 11.6 
Cr(lll) 0.28 2.5 0.23 

Mortar Cr(VI) 52.4 0.7 50.8 
Cr(llI) 1.16 1.8 1.25 

Leather Cr(VI) 0.09 2.8 3.58? 
Cr(IIl) 3.61 1.2 

*Spectrophotometry with diphenylcarbazide. ~4 
~'Total Cr with atomic-absorption spectrometry. 25 

The repeatability was examined with five in- 
jections of 2 /~g/ml of each Cr species. The 
relative standard deviation for Cr(III) was 1.34 
and for Cr(VI) - 1.17%. 

The detection limits were 8 ng/ml for Cr(III) 
and 35 ng/ml for Cr(VI), respectively. Because 
the method developed is to be applied for the 
speciation of Cr in water and other samples, 
possible interferences of concomitants were 
investigated. Moreover, the influence of 
Cr(III) species present on the determination of 
Cr(VI) was studied. Solutions containing 
Cr(III)-DCTA complex and chromate were 
analysed using the calibration function men- 
tioned previously. It was found that excess of 
the other Cr species up to 20-fold caused no 
interferences to each other. The metals Ca, Mg, 
Ni, Cu, Co, Zn and Fe, which are often present 
in real samples, were added separately in con- 
centrations of 10/zg/ml and no influences from 
them were found in the analysis results. A 
standard chromatogram of Cr species and other 
anions is shown in Fig. 6. 

Application examples 
The proposed method was applied to the 

simultaneous determination of Cr species in real 
samples. In the leather industry Cr(III) com- 
pounds are used as tanning agents. Building 
materials with a chromate additive have per- 
sisted at high temperature and are used for heat 
storage. Human skin often comes into contact 
with these materials and, therefore, determi- 
nation of mobile Cr species in these samples is 
an important task. Figure 7 shows the chro- 
matograms of mortar (a) and leather (b) ex- 
tracts. The column used for the leather analysis 
(Fig. 7b) longer than that used for mortar 
analysis (Fig. 7a) and for the chromatogram in 
Fig. 6. Generally, with a longer column the 

retention times of the analyte ions are shorter. 
The influence of the column quality appears in 
the retention time of Cr(III) earlier than in that 
of other ions, therefore the retention time of 
Cr(III) in Fig. 7b is different from that in Fig. 
7a or Fig. 6. The retention time of Cr(VI) ions 
differs only a little because of the same reason. 
The results of the determination of Cr species in 
building materials and leather extracts are 
shown in Table 1. 

In conclusion, this IPC method is a simple 
and practical technique for the simultaneous 
determination of Cr(III), Cr(VI) and other 
anions in real samples. 
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Sammary--A factorial composite design was employed for the exploration of the response as a function 
of the flow rate and length of the dispersion evil of a flow injection system employed for on-line dilution 
and determination of copper by flame-AAS. For this purpose, an empirical response function (RF), which 
takes into account the peak height and the response time, was employed to evaluate the response. This 
RF was modified using the coefficient of variation in order to discriminate not only for high absorbance 
and adequate response time, but also for the best precision. 

Flow injection (FI) has proved to be a con- 
venient way of sample introduction for spectro- 
metric techniques, owing to the possibility of 
handling small sample volumes under controlled 
conditions of dilution. However, often the 
difficult in controling the variability among the 
transient signals is one of the principal weak- 
nesses of the technique in this case? -3 FI systems 
are generally characterized by complex inter- 
relations between several factors, for example, 
the dilution of a plug of sample inserted in 
a continuous carrier stream is influenced by 
physical variables such as the injected volume, 
the flow rate, the geometry (size and orienta- 
tion) of the mixing coils or dilution chambers 
employed, and if the analytical method involves 
other phenomena such as chemical reactions. 
Other important factors such as reagent concen- 
tration, pH, kinetics, etc., make the optimization 
a very complicated and time-consuming pro- 
cess.l'3 Furthermore, if the FI system is coupled 
to the nebulizer of the flame burner, the compet- 
ing fast aspiration flow introduces an additional 
source of variation. *'~ 

The optimization of analytical systems is 
carried out in order to find the combination 
of factors levels which maximizes the response. 
The traditional empirical univariate method of 
optimization involves varying each parameter 
in turn while keeping the others constant. This 
method has been applied to improve the behav- 
ior of analytical systems with varying degrees of 
success. However, in complex systems, such as 
the FI systems, in which the variables involved 

may not be independent of each other, this 
method may not be suitable owing to the con- 
vergence problems which may appear in some 
particular situations. In recent years, several 
methods for response surface modeling and 
prediction have been applied successfully to the 
optimization of flow injection systems such 
as the simplex and the Powell. 6-s These methods 
are very useful for the optimization of flow and 
chemical conditions of flow injection systems, 
however, they offer little information about the 
nature of the response surface, and the exper- 
imental generation of this surface is needed as 
an aid to characterize the system. 6 Factorial 
optimization is a very fast method to find the 
conditions that maximize the response of system 
as long as the area of response surface studied 
presents only one maximum and the same is not 
located at the border of the surface. 9-~3 There 
are several reasons for employing a factorial 
design instead of an univariate (one-at-a-time) 
design for system optimization, particularly when 
the experiment is carried out to test whether the 
response depends on a factor level. First, with 
the factorial design it is possible to detect and 
estimate any interaction among the factors 
involved which is not possible with an univariate 
design. Second, when the effects of the factors 
are additive, the factorial design requires fewer 
measurements, in order to obtain the same pre- 
cision. Third, when the optimization involves 
more than one variable or factor, and the factors 
affect the response in an interactive fashion 
(the variables are not independent of each 
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other), the univariate method is unsatisfactory 
for achieving the optimum conditionsJ °-r3 Box 
and Wilson t4 added star designs (additional 
axial and center points) to 2 k factorials to 
form central composite designs which are useful 
for modeling response surfaces with a reduced 
number of experimental runs. 

In this work we study the usefulness of a 
totally randomized factorial central composite 
design (a second factorial design augmented with 
a star) Z°:3 as a tool for the rapid exploration 
of the response as a function of the flow rate 
and the length of the dispersion coil of a flow 
injection system for on-line dilution. 

EXPERIMENTAL 

Apparatus 

A Varian atomic absorption apparatus model 
AA-1475 with deuterium lamp background 
corrector was employed as a detector. A Varian 
copper hollow cathode lamp was operated at 
4 mA at a wavelength set to 324.6 nm and a 
spectral slit-width of 0.5 nm. Two peristaltic 
pumps, a Gilsen (model Miniplus 2) and a Sage 
Instruments (model 375 A) were employed. A 
graduated 50/~1 micro-syringe and a homemade 
septum injector were used for initial sample 
introduction. The suction air-pressurized device 
consists of a bottle with a pressure regulator 
up to 40 cm Hg and an Iwaki AP- 115 air pump 
which produces the suction pressure. A Gralab 
900 digital temporizer was used to control the 
operation time of a solenoid injector described 
elsewhere by Burguera et aU 5:6 PTFE tubing 
of 0.8 mm i.d. was employed in all the system, 
except for the injector valves where resistant 
and flexible Viton ~ tubing was employed. The 
loops of the dispersion coil had an i.d. of I cm. 
All the connections were made as indicated in 
Fig. 1. 

Reagents 

A stock solution of Cu (10,000 mg/l.) 
prepared by dissolving l g of copper (Merck, 
99.99%), in 15 ml of HNO3 ( l : l )  (Merck, 65% 
Pro-Analysis), to a final volume of 100 ml, was 
employed for the dilutions. Deionized water was 
used throughout. 

Manifold 

The flow injection manifold employed is 
represented in Fig. I. The graduated dilution 
chamber with agitation has a maximal volume 
of 50 ml. The agitation is produced with a 
small motor at the top of the chamber. Valves 
(VI-V5) are controlled by the temporized 
solenoid injector. 

Operation 

For the present work the flow system has 
two sets of tubing (set l: V~, V 3 and Vs; set 2: 
V2 and V4), which are used for regulating the 
flow of sample and carrier through the system. 
The doubly stopping shutter of the solenoid 
injector j5 either closed or opened any of these 
sets of tubing at a fixed time, thus allowing the 
sequential introduction of sample as described 
below. The sample volume was assessed by a 
procedure similar to that used earlier, 15 by the 
differences in weight over cycles of 50 injections. 

The operation of the manifold is as follows: 
(i) 25/zl of concentrated copper solution (500- 
4000 rag/1.) are injected using the sample injec- 
tion septum (I of Fig. l); (2) the pump number 
I is operated for 3 min until the 25 ml mark is 
reached in the dilution chamber (flow rate of 
8.3 ml/min), where the solution is constantly 
agitated; (3) the loading operation is performed 
by operating the solenoid injector for 2 to open 
and close the first and second sets of valves, 
respectively. In this way the sample fills the 
coil l by suction, while the carrier is pumped 

Sample 

% 
Water R 

1~-4erl U V2 I/3 

|Dilution]Water ~ ,., ~ _  '41 
Suclion ] [  Coil 1 Coil 2 VS 

P1 pressure 

~ - ( D - *  Waste 

Fig. !. Representation of the flow-Jn~:ction manifold employed (A, dilution chamber with a~tation; 
Pj and P2, peristaltic pumps; VI-V5 valves I-5. 
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by P2 to the spectrometer's nebulizer; (4) The 
sample introduction procedure is performed by 
activating the solenoid to the alternate position 
for 10 sec in order to pump the solution con- 
tained in coil 2 to the spectrometer's nebulizer; 
(5) The injection cycle is performed by the 
sequential alternation of both solenoid positions 
for periods of 0.8 and 10 sec. This allows the 
repetitive and reproducible intercalation of 
120 #1 in coil 2 and its transportation to the 
nebulizer by the cartier solution. By injecting 
120 #1 of sample volumes good precision and 
sensitivity were obtained. Besides, no over- 
heating of the solenoid valve was observed 
when the solenoid activation time was of 
0.8 sec, which was used to dispense this sample 
volume. 

Software 

The three-dimensional graph of the exper- 
imental surface was plotted with the aid of 
the Excel program (version 4.0; for Windows 3.1 
of Microsoft). The statistical analysis of the 
factorial model for surface fitting and the plot 
of the estimated response function was realized 
with the aid of the Statgraph program (version 
5.1, Statistical Graphics). 

Procedures 

Response surface. A three dimensional 
response surface (RS) was constructed from 
the data obtained by systematically varying the 
factors levels, u In order to elaborate the RS, 
a fixed volume (120 #1) of a 20 rag/1, copper 
solution was injected in the FI system at least 
10 times in each set of conditions of carrier 
flow rate and dispersion coil length. The carrier 
flow rate was varied from 3.5 to 10 ml/min 
for each dispersion coils employed of 34, 50, 70, 
and 140 cm. An aspiration rate of 6.0 ml/min for 
the spectrometer nebulizer was kept constant 
throughout the experiment. 

Firstly, the RS was constructed taking the 
average peak height absorbance. Secondly, the 
response was evaluated as a modified experimen- 
tal target function similar to the one successfully 
employed earlier for this purpose. This response 
function (RF) is a linear combination of the peak 
height and residence time aimed to achieve the 
maximum sensitivity and sample throughput. 6"7 

RF = kl H~ + k2(l - tn), (1) 

were Hn and tn are the normalized values of the 
peak height and residence time, and the con- 

stants kt = k 2 = 0.5 give the same signification 
to both terms. 6 

The modified response function (MRF) 
employed in this work also takes into account 
the variability of the peak height absorbance 
measured in each set of experimental conditions. 
This is accomplished by dividing the RF calcu- 
lated by the coefficient of variation (CV) of at 
least 10 consecutive measurements. 

MRF = RF/CV. (2) 

This modification favors not only the conditions 
in which the maximum sensitivity and sample 
throughput are reached, but also the ones in 
which the precision is best. This function was 
employed in the construction of the experimental 
response surface and in the factorial design for 
surface fitting to the mathematical model from 
which the optimum values of the variables were 
derived. 

Univariate evaluation of the response. The 
response was evaluated employing the univariate 
method. For this purpose, the response was 
evaluated for varying the coil length at a fixed 
flow rate. The coil length of maximal response 
was chosen from the curve obtained. Then the 
response was evaluated varying the flow rate 
from 3.5 to 10 ml/min. 

Factorial exploration of the response of the 
FI system. The exploration of the response of 
a flow injection system (cartier flow and disper- 
sion coil length) of the manifold represented in 
Fig. 1 was carried out using a second factorial 
design (2 k, k = 2 factors) augmented with a 
star design to form a second order composite 
design. ~4 Composites or complete factorial 
require at least 2*+ 2k + 1 experimental runs 
(k = number of factors). JT'~s For the response 
surface fitting, an orthogonal two-factor central 
composite design with five center points was 
employed. The additional center points are used 
for the evaluation of the internal variation of 
the method. ~°'~3 The central composite design 
employed had four cube points, four axial 
points and five center points and an axial spac- 
ing of + 1.2671, for a matrix of 13 experimental 
runs which were carried out in a randomized 
way. The minimum ( - i ) ,  maximum (+1), 
medium (0) and axial (± 1.2671) values of the 
factors codified in this matrix are presented in 
Table 1. The design expanded the run ranges 
from 3.5 to 8.5 ml/min for the cartier flow rate 
and from 34 to 224 cm for the dispersion coil 
length. 
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Table 1. Values of the factors codified in the factorial matrix 

- 1 + 1 0 -- !.2671 4- 1.2671 

Carrier flow rate 
(A)  (ml/min) 4 8 6 3.5 8.5 

Dispersion coil length 
(B) (cm) 55 205 130 34 224 

A 

ABSORBANCE 

COIL (cm) 
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i 

l J  4 
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Fig. 2. (A) Three-dimensional plot of the peak height absorbance experimental response produce by the 
variation of the dispersion coil length vs. the flow rate. (B) Peak height absorbance contour surface plot show- 
ing the area of maximal response for the dispersion coil of 50 cm and flow rates between 4.5 and 6.5 ml/min. 
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RESULTS AND DISCUSSION 

Description of the experimental response 

The RS for the peak height absorbance 
surface and its contour surface are projection 
is presented in Fig. 2. The RS derived from the 
application of the RF to the absorbance and 
response time data is shown in Fig. 3, and the 
plot of the %CV vs. flow rate for the different 
coil lengths is presented in Fig. 4. The RS 
obtained from the MRF and its contour surface 
are shown in Fig. 5. 

The RS for the peak absorbance (Fig. 2A) 
shows a flat maximal absorbance for the 50 cm 
coil over a wide range (Fig. 2B) of carrier flow 
rates (~4-6  ml/min) which apparently could 
indicate the possibility to chose among any of 
this flow rates without any adverse effects over 
the quality of the signal. Though the application 
of the RF (Fig. 3) discriminates the too-long 
and too-short response times, it did not changed 
the appearance of the surface in the area of 
maximal response. However, a study of the 
distribution of the %CV for the different flow 
rates and coil lengths (Fig. 4) suggests that the 
variation gradually increases with the flow rate 

and that it is very high for all the coil lengths at 
flow rates over 7.1 ml/min. The lowest variation 
appears to be related to the shorter coils (34 
and 50 cm) and to moderate low flow rates of 
4-6 ml/min. In fact, from the MRF surface (RF 
discriminated by the CV) shown in Fig. 5A, it 
is evident that the shape of the surface changes 
drastically, and from the MRF contour surface 
shown in Fig. 5B, the maximal response appears 
to be lying at the surface area which corre- 
sponds to a flow rate of around 5 ml/min and 
a dispersion coil of near 50 cm. However, in 
spite that the MRF yields an RS which gives 
an apparently better picture of the location of 
the maximal response (maximal absorbance, 
minimal variation and adequate response time), 
a more detailed description of the area of 
maximal response would be required in order 
to chose the optimum values of the parameters. 
This would require a considerable amount of 
experimentation with no guarantee of the suc- 
cessful location of the real maximal response. 

Factorial optimization 

The factorial optimization of the FIA 
system performed gave the estimated regression 

~1oo RF 
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Fig. 3 Experimental response surface obtained from the empirical target function RF. 
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Fig. 4. Plot of % CV vs .  flow rate. The minimal variation is observed for flow rates between 4.3 and 
5.5 ml/min and dispersion coil length of 36 and 50 cm. 

coefficients the second-order equation (equation 
3) which describes the response as a function of  
the coded factor levels 

Y = 53.01 - 11.16A - 15.82B 

- 22.05A 2 _ 9.13B 2 + 8.69AB. (3) 

The analysis of  variance (ANOVA) of  the two- 
factor composite design is presented in Table 2. 
The sums of  squares owing to the regression as 
a percentage of  the total sum of  squares was 
99.9%, indicating that most of  the variance is 
explained by the regression equation. The ratio 
of  the sum of  squares due to lack-of-fit and 
the sum of  squares due to pure error is 0.35 
(Table 2), a low value which indicates that the 
second order model is an adequate approxim- 
ation to the data. The total error mean square 
of  0.3897 can be used as an estimate of the error 
variance. The square root of  this value (0.6243) 
gives the standard deviation about the regres- 
sion. Three times this value (1.87) indicates that 
there is a 99.7% probability that any single 
additional measurement within the region of  
interest would fall within plus minus 1.87 units 
of  the predicted response. The adequacy of  

the fit was further evaluated analyzing the 
coefficients of the regression. First, the estimated 
variances of  the individual coefficients were 
obtained by multiplying corresponding value of  
the principal diagonal of the X'X-~ matrix by 
the residual mean square. ~7'~8 The square root 
of  these variances provide the standard error of  
the estimates. The regression coefficients were 
then individually tested in order to determine 
if they were significantly different from zero. 
This was achieved by forming ratios of  the 
coefficients to their standard errors to give 
t-values. The probability that the coefficient 
is not zero is equal to one minus twice the 
probability that a sample from a t-distribution 
should be at least as large as the observed 
t-value. The probability values observed of  
> 99.5% in all indicate that all the coefficients 
would seem to be non-zero. This confirms that 
an adequate fit has been made. 

The plot of  the mathematically estimated 
response surface and its contour, using M R F  as 
the target function, are shown in Figs 6 and 7, 
respectively. The predicted maximal response 
according to this model is 64.1 l, and its cor- 
respondent stationary or critical point are of  
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-0.4669 for A and -1.0875 for B. This 
maximal response was found by taking partial 
derivatives of the prediction equation with 
respect to each factor. These derivatives were 
equated to zero and solved for the factor levels. 
The optimal values of the factors predicted by 
this model are of 5.07 ml/min for the carrier 
flow rate and of 48.5 crn for the dispersion 
coil length. These values agree with the area of 

maximal response observed in the experimental 
response surfaces derived from the MRF 
(Fig. 5A and B). A comparison of the results 
obtained for the values of the dispersion coil 
and the flow rate with the factorial and the 
univariate methods is presented in Table 3. 

Fixing the optimal conditions found for the 
FI system, an experimental response of 63.0 was 
observed for an injection of 120 #! of a solution 
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Table 2. ANOVA for the MRF--carrier flow rate--dispersion coil 

Effect SS d.f. MS F-ratio 

Flow rate (A) 898.90115 1 898.9011 2306.84 
Dispersion coil (B) 1804.38032 1 1804.3803 4630.56 
AB 301.88281 1 301.8828 774.72 
A A 2507.49514 1 2507.4951 6434.95 
BB 429.95485 1 429.9548 1103.39 
Total error 2.72768 7 0.3897 
Lack-of-fit 0.7121 3 0.2374 0.35 
Pure error 2.0156 4 0.5039 
Regression 5943.0368 5 
Total (coor.) 5945.34986 12 

R-squared = 0.9995. 
R-squared (adj. for d.f.) = 0.9992. 

of 20 mg/l. of copper (2.4 #g/injection), which 
is a 98.3% of the expected response. The low 
carrier flow of 5.07 ml/min (lower than the 
aspiration rate of  6.0 ml/min) agrees with the 
results reported by Fang and Welz) They 
studied the effects of carrier flow rate and of the. 
aspiration rate over the peak height absorbance 
and found that (for injection volumes >/100 #1) 
lower-than-aspiration carrier flow rates improve 
the precision and the sensitivity in flow injection 
systems possibly due to an increase in the 
nebulization efficiency. 

The characteristics of the calibration graph 
equation obtained after setting the conditions 
found (5 ml/min flow rate of carrier and 48.5 cm 
dispersion coil length) are described by the 
equation: Y = 0.23 + 10.49X for an r-squared 
of 0.9999, where Y represents absorbance and 
X (5-60 mg/1.) represents the copper concen- 
tration. A coefficient of variation (CV) of 
2.0% (from 1.5 to 2.4%) was obtained for 20 
consecutive measurements of 20 mg/l. copper. 

CONCLUSION 

The optimization of the carrier flow rate 
and the dispersion coil length of the FI system 
studied by the modification of the response 

Table 3. Univariate vs. Factorial--Comparison of results 

Method 

Univariate Factorial 

No. of experiments 20 
No. of measurements 200 
Coil length of maximal 50 

response (cm ) 
Flow rate of maximal 5.5 

response (ml /min ) 
Maximal response 60.0 

13 
130 
48.5 

5.07 

64.14 

surface, employing the MRF as the target 
function, yields the practical possibility to dis- 
criminate not only for the conditions of best 
sensitivity and residence times but also for the 
ones that minimize variation an therefore im- 
prove the precision. The factorial optimization 
of the system using this MRF is a tool which 
allows to find, in a rapid and efficient way, the 
optimum conditions for the maximal response. 
However, it must be kept in mind that the 
factorial method has several important limit- 
ations for its application, for example, when 
the maximal response is located at the border 
of the surface. In the particular situation studied, 
the maximum is located near the center of  the 
experimental surface, and the modification of 
the RS by the MRF gives a roughly parabolic 
surface. 
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Summary--A cationic exchanger paper is used to retain analytes in solution and, after drying, to analyze 
directly by measuring the UV-Vis absorbance of the paper. The method was applied to determination of 
iron using its known I, 10-phenanthroline complex. Using 100 ml of sample the applicable concentration 
range was between 1.0 and 10.0 ng/ml with a detection limit of 0.2 ng/ml and a RSD around 2%. The 
method was applied to determination of iron total in snow, human serum and wine. 

Preconcentration is not only an alternative to 
the use of sophisticated instrumentation in trace 
level analysis, but is also a previous step in the 
treatment of the sample before the measurement 
when the analyte to be determined is present in 
the sample at levels below the detection limits of 
the method. 

The use of filters (cellulose, ion exchange resin 
loaded paper or PTFE, chelating paper, glass 
fiber, etc.) is a very elegant way to retain 
analytes and is often used as a preconcentration 
procedure. When the sample is concentrated by 
fixation on the filter it is usually desorbed with 
the aid of a reagent I or dissolved together with 
the filter, before making the measurements.: 
Another way is to make the measurement 
directly on the filter in order to combine precon- 
centration and measurement. The use of ion- 
collecting filters as a preconcentration step for 
analysis of water by X-ray spectrometric tech- 
niques has also been described in the literature) 

The direct measurement of luminescence 
properties allows the direct assay of substances 
in the solid-phase: 

UV-Vis absorption techniques used in con- 
nection with filtration systems are related to 
solid phase spectrophotometry (SPS). s Four 
main groups of applications are described in the 
literature: 

(i) Use of finely divided ion-exchanger resin 
particles (d ~< 30 /tm) to collect rapidly 

*Author to whom correspondence should be addressed. 

(ii) 

(iii) 

(iv) 

coloured analytes or reaction products 
and back coagulation by addition of 
suspensions of oppositely charged resin 
particles. The filtration of the coagulated 
resin through a filter paper and the 
measurement of the absorbance allows 
one to do the analysis. 6-9 
In some cases the desired coloured com- 
plex in the presence of ionic surfactants 
is collected onto a membrane filter and 
then determined directly on it) °-u' 
Separation by a membrane filter of the 
coloured complex sorbed with a finely 
dispersed ion exchanger and direct spec- 
trophotometric measurement, t2 
The direct retention of a complex on 
a solid support. For instance, the 
strong retention of the Be(II)- 
Chromazurol B complex in a cellulose 
nitrate membrane filter in the presence of 
hexadecyltrimethylammonium bromide 
combined with SPS allows the Be 
analysis) 3 

The aim of this work was to use an ion- 
exchanger paper to retain a coloured complex 
by filtration and, after its preconcentration, to 
analyze it directly on the same filter by SPS. To 
the best of our knowledge the retention of 
analytes or reaction products on ion-exchanger 
paper through filtration and direct determi- 
nation has not been reported. 

As a model system we have selected the 
well known Fe(II)-l,10-phenanthroline system, 
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applying it to the analysis of both Fe(III) and 
Fe(II) in samples from several provenances. 

EXPERIMENTAL 

Apparatus and software 

All spectrophotometric measurements were 
performed with a UV-Vis Beckman DU-8B 
spectrophotometer. A pellet holder (ref. MD- 
OZ) from an IR spectrophotometer Beckman 
IR 4240 was used as a support for the filter 
paper disk. A Crison 501 digital pH-meter with 
a combined glass-saturated calomel electrode 
and a vacuum pump (Edwards model ED 100) 
were used. 

We used a 47 mm glass filter holder Millipore 
(ref. XX1004700) taking advantage of a ring- 
shaped metachrylate plug with an internal diam- 
eter of 14 mm to decrease the filtration area 
contacting a like rubber ring of I mm thickness 
to allow for good adjustment and avoiding 
lateral diffusion of the solution. 

Startgraphics software package 1' was used for 
regression analysis (linear model). 

Reagent 

All reagents used were of analytical reagent 
grade. Reverse osmosis type quality water was 
used for the dilution of samples and preparation 
of reagents. 

Fe(III) stock solution (1 g/1.) was prepared by 
dissolution of 1 g of Fe metal (Merck) in 50 ml 
of HNO3 (1:1) (v/v) and later dilution with high 
purity water to 1 1. Working solutions were 
prepared by appropriate dilution maintaining 
the pH at 2.2 in all instances by addition of 1M 
HNO3. 

Buffer solutions of the required pH were 
prepared from 0.01M sodium acetate (Merck) 
and 0.01M acetic acid (Merck). 

A stock solution of hydroquinone 
(9.0 x 10-4M) was prepared by dissolving ap- 
propriate amounts of hydroquinone (Merck) in 
water. 

A stock solution of 1,10-phenanthroline 
(2.78 x 10-3M) was prepared by dissolving 
0.1250 g of 1,10-phenanthroline (Merck) in hot 
water and levelling off to 250 ml. 

Cation exchanger paper was Whatman P-81 
cellulose phosphate paper, thickness 0.23 ram, 
linear flow rate (water) 125 ram/30 rain and an 
exchange capacity of 20.34/~eq/cm z calculated 
by us. This paper was cut in a circular shape of 
16 mm diameter. In order to compact the filter 
paper and obtain repeatability in the measured 

absorbance, immediately before utilization 100 
mi of deionized water was filtered through the 
paper disks. 

Absorbance measurements 

The paper disk with the retained coloured 
complex was placed on a 13 mm KBr pellet 
holder from an IR spectrophotometer and sub- 
sequently attached into the sample compart- 
ment of a UV-VIS spectrophotometer. The 
absorbance was measured at 510 nm with a slit 
width of 5 nm. 

The net absorbance of the complex fixed on 
the paper disk was obtained at 510 nm subtract- 
ing from the observed absorbance the ab- 
sorbance of a paper disk equilibrated with blank 
solution. 

General procedure 

To an aliquot of sample containing between 
100 and 1000 ng of iron, 10 ml ofpH 3.5 acetate 
buffer solution, 5 ml of 9.0 x 10-4M hydro- 
quinone solution and 2 ml of 2.78 x 10-3M 
1,10-phenanthroline solution were added level- 
ling to 100 ml with water. After 10 min the 
mixture was filtered under suction at 10 ml/min 
through a 16 mm diameter circular cation ex- 
changer paper, which was dried by blowing hot 
air for 10 min at 60°C. 

The other paper filter disk was prepared using 
a blank solution containing all the reagents 
except the analyte and treated in the same way. 
The absorbance of both paper filters (sample 
and blank) were measured at 510 nm. The 
calibration curve was drawn in the same way 
using Fe(III) solutions of known concentration. 

Procedure for real samples 

For determination of iron in 2 ml samples 
wine were previously diluted to 200 ml with 
water and appropriate volumes were taken for 
analysis applying the General Procedure. The 
standard addition method was used for cali- 
bration purposes. 

For determination of Fe in snow, 10 ml 
samples were taken and the standard addition 
method was also used. 

In the case of human serum a blood sample 
was previously centrifuged and 1 mi of serum 
was taken and diluted to 25 ml with water. 
Appropriate volumes were taken for analysis 
applying the General Procedure. For cali- 
bration, the standard addition method was 
used. 
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Treatment of the samples 

Wine, serum and melted snow were filtered 
through filter paper of pore size 0.45/am (Milli- 
pore HAWP04700) and collected into a 
polyethylene container which had been carefully 
precleaned with nitric acid and water. The snow 
samples were preserved at pH 2.2 with nitric 
acid and stored at 4°C till analysis. Analysis 
were performed with the least possible delay and 
the usual general precautions were taken to 
avoid contamination. 

RESULTS AND DISCUSSION 

The simplest system for retention of an ana- 
iyte on an ion-exchanger filter is its filtration 
through it. Owing to hindrances caused by the 
glass filter holder located below the ion-ex- 
changer paper, the use of a vacuum pump was 
required. 

As a small diameter filtration zone increases 
the sensitivity of the method and a large diam- 
eter decreases filtration time, we selected a 16 
mm diameter filter as a compromise and a glass 
filter holder as described under Apparatus. 

Physical variables 

In order to test the influence of the vacuum 
pressure on the absorbance measurements 
different values of vacuum pressure, i.e. different 
flow rates, were checked for solutions contain- 
ing 15.0 ng/ml of iron. The absorbance re- 
mained stable at vacuum pressure values higher 
than 70 mbar (Fig. 1). As a compromise, 75 
mbar vacuum pressure (rate of filtration 10 
ml/min) and filtration times of around 10 min 
were used. 

On the other hand, as adequate reproducibil- 
ity requires measurements to be carried out 
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Fig. 1. Absorbanc~ of  the Fe(II)-I ,  10-phenanthroline com- 
plex as a function of  the pressure and filtration time at 
2 = 518 rim. [F¢(III)] = 2.7 x 10-TM; [hydroquinone] = 
4.5 x 10-SM; [ l ,10-phcnanthroline]--  5.56 x 10-SM. (A) 

Absorbanc¢ vs .  pressure; (B) filtration time vs .  pressure. 
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Fig. 2. Influence of the pH on the absorbance of Fe(l l ) - l ,10-  
phenanthroline complex. [Fe(III)] = 4.1 x 10-7M; [hydro- 
quinone] = 4.5 x 10-SM; [1,10-phenanthroline] = 5.56 x 
10-~M; filtration rate = 10 ml/min. (A) Absorbance vs .  pH 
adjusted by H2SO~ (0.1M); (B) absorbanee vs .  pH adjusted 

by acetate buffers (0.01M). 

over dry paper, several drying tests indicated 
the suitability of blowing hot air at 60°C for 10 
rain. 

Chemical variables 

The cationic Fe--l,10-phenanthroline com- 
plex is strongly retained on cellulose cation 
exchanger paper (Whatman P-81) containing 
phosphate as functional groups, showing the 
well known red colour of the complex and an 
absorption spectrum similar to that of solution 
()'max - 5 1 0  n m ) .  

The effect of pH was studied using sodium 
hydroxide and hydrochloric acid for adjust- 
ment. 

The optimum pH value for the fixation of the 
Fe(II)-l,10-phenanthroline complex was within 
the range 3-5.5 (Fig. 2). At pH values below 3 
absorbance of the complex decreases signifi- 
cantly because the fixation process does not take 
place owing to the protonation of the functional 
groups. At pH values above 5.5, the Na + cat- 
ions compete with the complex in the fixation. 
This behaviour is different to that showed in 
solution where the absorbance does not change 
for pH range between 2 and 9. 

Citrate, monochloroacetate, hydrogen phtha- 
late, oxalate and acetate buffer solutions of 
various concentrations (1 × 10 -t, I x 10 -2 and 
1 x 10-3M) were tested. It was found that acetic 
acid-sodium acetate (1 x 10-2M) buffer 
affected the absorbance reading the least. 

An acetic/acetate buffer solution pH 3.5 
(0.01M) was used to adjust the pH according to 
the major buffer capacity and the minor de- 
crease in the analytical signal (Fig. 2). 

An increase in the concentration of the cat- 
ionic components of the solution brings about a 

TAL 42/$~D 



714 F. CAPIT~.N GARciA et al. 

competition in the complex retention which 
reduces the absorbance. From a study carried 
out with several common electrolytes (NaC1, 
KNO3 and NaNO3) it was shown that for 
concentration levels of electrolyte up to 10-3M 
there were no absorbance decreases, while for 
values such as 10-2M decreases of 60% were 
detected. 

It was observed that the proportion of 1,10- 
phenanthroline necessary for the formation and 
retention of the complex is higher than in 
solution, in which proportions near stoichio- 
metric are needed. Here a plateau was observed 
between 10 -4 and 10-SM, 5.65 × 10-SM was 
selected as working concentration. 

The most useful reducer for Fe(III) was 
hydroquinone, ascorbic acid and hydroxy- 
lamine also having been assayed. Independence 
from hydroquinone concentration was observed 
between 3.0 × 10 -4 and 1.0 x 10-6M. In this 
work 4.5 × 10-5M hydroquinone solutions were 
used in all instances. 

The stability of the complex fixed on the filter 
paper is very high. Thus, measurements re- 
peated on samples formerly evaluated up to 
three years ago showed only a decrease in 
absorbance of around 5%. 

Analytical parameters 

Effect of sample volume on sensitivity. One of 
the main advantages of the solid-phase spectro- 
photometry method is the potential increase in 
sensitivity with an increase in the volume of the 
sample taken for analysis. This effect can be 
assessed by measuring the absorbance of ion 
exchange paper equilibrated with different vol- 
umes of solution containing the same concen- 
tration of Fe(III) and proportional amounts of 
the other reagents. 
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Fig. 3. Loading curve of Fe(l l ) - i ,10-phenanthrol ine o n  

ion-exchange filters. [Fe(Ill)] = 4.6 × 10-TM; [hydro- 
quinone] -- 4.5 × 10-aM; pH 3.7 [CHsCOOH/ 
CH3COONa] = 0.01M; [l ,10-phenanthroline] = 5.56 x 

10-aM. Filtration rate = 10 rnl/min. 

Table 1. Analytical parameters and statistical calculus 

Parameter Sample volume 100 ml 

Intercept 0.012 
Standard error (intercept) 2.91 x 10 -3 
Slope 0.034 
Standard error (slope) 5.51 x 10 -4 
Standard error of  estimation 3,93 x 10 -3 
Linear dynamic range (ng/ml) 1.0--I0.0 
Correlation coefficient 0.9998 
Detection limit (ng/ml) 0.2 
Quantification limit (ng/ml) 1.0 

Figure 3 show the dependence of absorbance 
vs. increasing amounts of Fe(II)-l,10-phenan- 
throline. Amounts of Fe greater than 13 /zg 
cannot be retained by the ion exchange papers 
because they exceed the loading capacity of the 
filters. 

Analytical features 

A calibration graph for the determination 
of Fe(III) was prepared as described under 
Procedure. The regression line equation for 
the iron concentration was A = 3.37 x 10-2C 
(ng/ml)+0.012 (r=0.9998) in the range 
1.0-10.0 ng/ml. In all instances 100 ml of sample 
volume were used. The analytical parameters 
are summarized in Table 1. 

At iron concentrations higher than 10 ng/ml 
the calibration graph bends, thus in order to 
adjust correctly the values a 2nd-order equation 
is required. The relative standard deviations 
were 5.3 and 4.9% for 10 replicate determi- 
nations of 5.0 and 10.0 ng/ml of Fe(III). 

If we define the sensitivity of a method as the 
analyte concentration giving an absorbance of 
0.100 then we have no doubt that the method 
reported in this paper is quite sensitive when 
compared to other spectrophotometric methods 
described in the literature. Using the proposed 
method, the sensitivity is some 4.6 × 10-aM 
which is indeed much higher than the 10-SM for 
the common I, 10-phenanthroline spectrophoto- 
metric method in solution and nearly one order 
of magnitude higher than the resin phase 
method (5.8 x I0-TM)) ~ 

The detection limit (k =3)  according to 
IUPAC ~6 and the quantification limit (k = 10) t7 
were calculated for 100 ml sample volumes, the 
results obtained are summarized in Table 1. 

Effect o f foreign ions 

A systematic study of the effect of common 
foreign ions on the determination of iron at the 
5.0 ng/ml level was undertaken. The tolerance 
level was defined as the amount of foreign ions 
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Table 2. Effect of foreign ions on the determi- 
nation of 5.0 ng/ml of Fe(lll) 

Foreign ions Tolerance level (ng/ml) 

K (I) 20,00o 
Na (I) 15,000 
Mg (II) 10,OO0 
sio~- 
Ca (11) IOOO 
Ni (II) 400 
so~- 
po~- 2oo 
Co (II) 80 
AI (I I I) 40 
Cu (II) 30 
Cr (III) 30 
F-  30 
Zn (11) 10 
EDTA 5 

producing an error not exceeding + 5.0% in the 
determination of  the analyte (Table 2), 

Applications 
The proposed method was applied to determi- 

nation of iron in samples of wine (C. B. Alvear 
and Espinosa brands), snow from Sierra 
Nevada, Granada (Spain) and human serum 
from patients of the Ruiz de Alda Hospital 
(Granada). In all instances the standard ad- 
dition method was used in order to avoid the 
matrix effect. As a reference method we used 
graphite furnace AAS and the 1,10-pbenanthro- 
line spectrophotometric method. 

Table 3 shows that results are comparable 
when using the proposed method and the refer- 
ence methods whenever the detection limits of 
each of the methods can be compared. 

CONCLUSIONS 

A new application of  ion-exchanger paper as 
a system to collect coloured species that contain 
the analyte by filtration, followed by drying of 
the retaining paper and solid phase spectropho- 
tometry is described. It has been used for iron 
determination using 1,10-phenanthroline as a 
reagent, revealing several advantages over the 
solution and resin phase methods. 

The increase in sensitivity obtained with the 
proposed method (4.6 x 10-SM) with respect to 
the solution method (8.96 × 10-6M) and the 
resin phase method (5.8 x 10-TM) is substan- 
tial. The method is faster and simpler than the 
resin phase method because no isolation of the 
ion-exchanger from samples is required. Fur- 
therrnore, there are no equilibration steps, only 

Table 3. Determination of iron in different samples 

Proposed Reference 
Sample method methods 

Wines 
Espinosa 7.3 lag/ml 6.8* #g/ml 
Alvear 2.1 pg/ml 2.1" #g/ml 

Human serum 787 lag/ml 800* #g/ml 
Snow 17,5 ng/ml 18.3t ng/ml 

Sierra Nevada (Granada) 

Data are based on the average obtained from four determi- 
nations. 

*l,10-Phenanthroline spectrophotometric method in sol- 
ution. 

tGraphite furnace atomic absorption spectrometry. 

the passage of  the solution through a filter. 
Moreover, only measurement at one wavelength 
is needed and not two as is usual in the SPS 
methods. 

Other advantages are the higher stability of  
the complex fixed on the filter and the fact that 
it is possible to retain the iron as a complex and 
then to be able to measure it at a much later 
time without apparent loss in detection levels. 
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Summary--In order to determine the fate of the herbicides atrazine (as well as some of its degradation 
products) and metolaehlor in water and sediments, a method was developed to extract and analyse these 
compounds. The two matrices were separated completely by centrifugation followed by filtration using 
nylon filters (0.45 /~m). Sediments were extracted with a mixture of methanol-0. IN hydrochloric acid 
(50: 50, v/v) using a wrist-action shaker. Filtered water and extracts of sediments were adjusted to pH 4, 
then concentrated and purified onto two solid-phase extraction cartridges using in tandem C~8 bonded 
phase column atop sulfonic acid bonded column (SCX). Atrazine, deethylatrazine, deisopropylatrazine 
and metolachlor retained by the C~s column were eluted with ethyl acetate. Chlorodiaminotriazine and 
hydroxyatrazine retained by the SCX column were eluted with a 50:50 (v/v) acetonitrile-0. I M Na, HPO 4 
aqueous solution (pH 8.5). The extracts were quantified by high performance liquid chromatography with 
diode array detector (HPLC-DAD) and by gas chromatography with nitrogen-phosphorus detector 
(GC-NPD). Overall percent recoveries were about 75*/. and detection limits were between 0.05 and 0.15 
gg/1., and 0.5 and 1.5/~g/kg for water and sediments, respectively. 

Atrazine [6-chloro-N-ethyl-N '-(1-methylethyl)- 
1,3,5-triazine-2,4-diamine] and metolachlor [2- 
chloro - N- (2 - ethyl - 6 - methylphenyl) - N-  (2 - 
methoxy-l-methylethyl acetamide] are pre- and 
post-emergent herbicides, used in combination 
to control weeds in a variety of food crops. 
Their widespread utilization and their rema- 
nence in soil are responsible for their presence in 
environment. ]-6. 

In soil, atrazine is slowly degraded over a 
period of weeks to months through hydrolytic 
reactions and microbiological transformations. 7 
Its degradation products which have significant 
toxicity ~ should also be considered for their 
environmental impact. 

In order to reduce the loss of herbicides when 
used as treatment, and to prevent soil and water 
contamination, it is essential to assess their 
residue level, after treatment, in runoff water 
and sediments which constitute drainage 
sources towards surface and groundwater. 

*Author to whom correspondence should be addressed. 

The aim of the present work was to develop 
a rapid, inexpensive, quantitative and repro- 
ducible method for the determination of 
atrazine, four of its principal degradation prod- 
ucts and metolachlor in water and sediments. 

Despite the fact that several studies on the 
subject have been published s-tt none of them, 
with the exception of Schiavon's method, ~2 de- 
scribes extraction of these combined products 
from water or sediments. However, in some of 
these w o r k s ,  13"~4 extraction and purification of 
two or three of these products were exhibited in 
a chromatogram with other degradation prod- 
ucts. The main difficulty consists essentially in 
extracting and purifying all these products to- 
gether in different matrices. 

Schiavon t2 developed a method to extract all 
these products from the soil, to concentrate the 
aqueous extract by lyophilization and to analyse 
it by high performance liquid chromatography 
(HPLC). Although this method has yielded 
good results, it is time consuming and, there- 
fore, cannot be used for routine work. 
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Solid-phase extraction (SPE) is by far the 
best method for isolating pesticides from 
water, s'9't*-v However, the specificity of adsor- 
bents used for this method makes it impossible 
to extract all these products together which have 
different polarities. By using a large volume of 
water on a C~s column, Nash et al .  t9 recovered 
95% of atrazine but only 26% of deethyla- 
trazine, which is relatively more polar than the 
former compound. To avoid such a low recov- 
ery of degradation products, Karlaganis et al) ° 
divided the water sample into two fractions; C~s 
(non-polar) was used for atrazine and alumina 
oxide (polar) for deisopropylatrazine and 
deethylatrazine. 

In the majority of articles on this subject, 
authors only report the efficiency for the 
recovery of parent products, which are mostly 
non-polar products, using non-polar adsor- 
bents.9.15,]822.23 

On one hand, metolachlor, atrazine and its 
degradation products can be analyzed without 
difficulty by HPLC and gas chromatographic 
(GC) methods. 13J4"24"-28 On the other hand, ex- 
traction and purification processes represent a 
real problem for analysts. In order to solve this 
problem a unique method has been developed to 
concentrate and purify simultaneously atrazine 
(AT), deethylatrazine (DEA), deisopropyla- 
trazine (DIA), chlorodiaminotriazine (CDAT), 
hydroxyatrazine (HA) and metolachlor (M) in 
water and sediments samples, by using two 
cartridges in series: Cis (non-polar) and SCX 
(polar and ion exchange). 

To our knowledge, this is the first report, 
which describes the use of two SPE cartridges 
(C~8 and SCX) installed vertically in series, 
for efficient extraction and separation of 
AT, its four principal degradation products 
and M from runoff water and extracts of sedi- 
ments. 

EXPERIMENTAL 

Chemicals 

All the organic solvents (HPLC grade) were 
used as received from Caledon Labs (George- 
town, Ont., Canada). O-Phosphoric acid, hy- 
drochloric acid, anhydrous sodium phosphate 
monobasic and acetic acid were purchased from 
Fisher Scientific (Fairlawn, NJ, U.S.A.). Propy- 
lamine hydrochioride sodium salt and sodium 
carbonate were obtained from Aldrich Chemi- 
cal Company (Milwaukee, WI, U.S.A.). Water 
was distilled, deionized and filtered by Milli-Q- 

4-bowl reagent-grade water system (Continental 
Water Systems, Oakville, Ontario, Canada). 

Standards 

The analytical standards of AT, DEA, DIA, 
CDAT and HA were obtained from Chem 
Service (West Chester, PA, U.S.A.). M was 
obtained from Polyscience (Niles, IL, U.S.A.) 
and the internal standard (IS) diphenylamine 
from Aldrich Chemical Company. Figure I 
illustrates the chemical structure of the com- 
pounds. 

Preparation of  standards 

Stock standard solutions of AT, DEA, DIA, 
CDAT, and M and diphenylamine used as an 
internal standard (0.5 rag/25 ml) were prepared 
either in ethyl acetate (for GC analysis) or in 
acetonitrile (for HPLC analysis). A standard 
solution of HA was made by dissolving 0.5 mg 
of this compound in 10 ml of 0.1M HCI solution 
and adjusting its volume to 50.0 ml with aceto- 
nitrile. From these solutions, working standards 
were prepared at the concentration range of 
0.1-5 mg/l. 

Sampling and fortification of water and sediment 
samples 

Runoff water and entrained sediments were 
collected near an agricultural field following 
rainfall. The plot had a slope of 5% and was 
located on a Neuboir silty loam having a mod- 
erate organic matter content (4%). Samples 

R 1 CH3 CH3 

2 ~ N "  L / CH--CH2--OCH3 

R R 3 N\I~--CH2CI 
CH3 0 

S-Triazine Metolachlor 

A t r a z i n e  
ued its de|rsdallen R1 R 2 R3 

preductt 

AT CI NHCHC2H6 NHC2Hs 

DIA CI NH2 NHC2H5 

OE~ Cl NHCHC2Ht NH2 

C D A T  Cl NH2 NH2 

HA OH NHCHC2Hs NHC2Hs 

Fig. I. Chemical structures of atrazine, its degradation 
products and mctolachlor. 
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were preserved at 4°C until extraction pro- 
cedure. Being taken in the spring and outside 
treated fields, the samples did not contain herbi- 
cides residue. 

Water (100 ml) and sediment (10 g) samples, 
free of herbicides, were fortified under hom- 
ogenization with 100-500 ng of each compound. 
Spiked samples were kept 2 h at room tempera- 
ture before extraction. Unfortified samples were 
also analyzed for background comparison. 

Water samples. Liquid-liquid extraction. Five 
hundred nanogrammes of each compound was 
added to 50 ml of a water sample. The extrac- 
tion was carried out with three successive por- 
tions of 20 ml of organic solvent. The following 
solvents were tested: ethyl acetate, dichloro- 
methane, ethyl acetate-isopropanol (50:50, v/v) 
and ethyl acetate-hexane (80:20 and 90:10, 
v/v). 

Solid-phase extraction. In the preliminary ex- 
periments, different cartridges (C~s, Cs, C2, CH, 
CN, 2OH, SCX) containing 100 mg of the 
adsorbents were used for the percent recovery of 
all the compounds. These pilot studies helped: 

(i) to study the effect of each type of cartridge 
on percent recovery of each compound, 

(ii) to select C~8 and SCX cartridges, which 
yielded the maximum per cent recovery. 

In order to increase the concentration factor 
of the compounds by using higher sample vol- 
ume (100 ml) compared to lower sample volume 
(25 ml), cartridges containing higher amount of 
adsorbent (1000 mg) were used. In addition, the 
degree of separation and purification is related 
to the quantity of adsorbent used. 

A C)s solid-phase cartridge of 6-ml volume 
size containing 1000 mg of C)s octadecyl adsor- 
bent (Lida, Kenosha, WI, U.S.A.) was mounted 
on top to an aromatic sulfonic acid cartridge 
filled with 1000 mg of propylbenzenesulfonyl 
adsorbent (Lida). A 75 ml reservoir was fixed on 
Cts cartridge (Fig. 2). These cartridges were 
washed in series with 6 ml of methanol, then 
with 6 ml of distilled water followed by 2 ml of 
0.1% acetic acid at a flow-rate of 3 ml/min. A 
100 ml aliquot of the sample was centrifuged 
and filtered through 0.45 /zm nylon filter, to 
which 0.1 ml of concentrated acetic acid was 
added (final pH 4). The sample was later aspi- 
rated through the two cartridges at a flow-rate 
of 3 ml/min. At no time during this operation 
were the cartridges allowed to aspirate to dry- 
ness. After the sample had been applied, the two 

~ -- w a t e r  ( p H = 4 )  

~ 4 ~ -  r e s e r v o i r  

;l 

DIA 
C 18 DEA 

M 

I 4-" SCX 
CDAT 

HA 

Fig. 2. Scheme for extraction of water samples. 

solid-phase cartridges w e r e  rinsed in series with 
6 ml of distilled water and then separated. 

The C~ cartridge was aspirated further for 30 
min using vacuum to remove any residual water. 
AT, DEA, DIA and M were then eluted by 
passing 2 ml of ethyl acetate through the car- 
tridge at a flow-rate of l ml/min. 

The SCX column was rinsed again with 2 ml 
of acetonitrile to remove interfering products. 
The CDAT and HA were eluted from the 
column by passing a mixture of 2 ml of aceto- 
nitrile--aqueous 0.1M Na2HPO4 solution 
(50:50, v/v) (pH 8,5) through the column at a 
flow-rate of I ml/min. Twenty-five microliters of 
internal standard equivalent to 500 ng was 
added to each eluent emerging either from C~8 
or SCX cartridge. These eluents were concen- 
trated separately to 100/zl with nitrogen at 40°C 
for analysis. 

Sediment samples. A sample of about 10 g was 
accurately weighed into a 50 ml centrifuge bot- 
tle. Prior to extraction, sediments were satu- 
rated with distilled water and a mixture 
containing 25 m[ of methanol--0.1N hydro- 
chloric acid (50:50 v/v) was added to it. The 
heterogeneous mixture was vigorously shaken 
using a wrist-action shaker for 30 min at 300 
rpm. The extracts were centrifuged at 2300 rpm 
for 10 rain, and the supernatant was decanted 
into a 250 ml bottle. The extraction was re- 
peated twice. The centrifuge bottle was rinsed 
with 5 ml of organic-free water, which was 
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combined with the extract. The methanol 
was evaporated under vacuum and the pH was 
adjusted to 4 with a few milligrams of sodium 
carbonate powder. SPEs and elutions were car- 
ried out on each sediment extract (total volume 
of eluate was about 25 ml) using the two 
cartridges described in the procedure for water 
samples. Twenty-five microliters of internal 
standard equivalent to 500 ng was added to each 
eluent emerging either from Cjs or SCX car- 
tridge. These eluents were concentrated separ- 
ately to 100 F1 with nitrogen at 40°C for 
analysis. 

High pressure liquid chromatography 

The sample extracts emerging from the SCX 
cartridge were analyzed using a Hewlett Pack- 
ard 1090 Liquid Chromatograph equipped with 
a diode array detector. An ODS Hypersil C~8 
guard column (5/~m, 20 mm x 4.0 mm) and an 
ODS Hypersil C,s column (5 Fm, 20 cm x 4.6 
mm) were used with 60:40 (v/v) aceto- 
nitrile--water containing 0.017M of propylamine 
hydrochloride and 0.05M of sodium phosphate 
monobasic (pH 4.5) as the mobile phase at a 
flow-rate of 1.0 ml/min. The sample volume 
injected for analysis was 20 p l. CDAT was 
determined at a wavelength of 223 nm, and HA 
at 240 nm. Retention times were 2.679, 2.963 
and 10.338 min for CDAT, HA and dipheny- 
lamine (IS), respectively. Since no traces of 
CDAT and HA were found in the field extracts, 
only the chromatogram of authentic standards 

of these compounds analyzed at 223 nm is 
presented in Fig. 3. 

Gas chromatography 

The sample extracts emerging from the C~8 
cartridge were analyzed using a Hewlett Pack- 
ard 5730A gas chromatograph equipped with a 
nitrogen-phosphorus detector. A DB-5 (5% 
phenyl-95% methyl) capillary column (30 
m x 0.25 mm i.d., 0.25 #m coating thickness) 
was used with helium as the carrier gas at a 
flow-rate of 2 ml/min. The detector was supplied 
with hydrogen at a flow-rate of 3.4 ml/min and 
with air at a pressure of 35 psi. The nitrogen 
make-up flow-rate was 34.4 ml/min. The injec- 
tor and detector port temperatures were 250 and 
300°C, respectively. The temperature of the 
column was initially programmed at 50°C. It 
was increased to 160°C at a rate of 20°C/min, 
then to 185°C at a rate of 5°C/min and finally 
to 240°C/min at a rate of 20°C/min. The latter 
temperature was held for 3 min. The 
split/splitless capillary injector was operated in 
the splitless mode and the injection volume was 
1 #i. Retention times were 9.225, 9.525, 9.702, 
10.967 and 13.100 min for diphenylamine (IS), 
DIA, DEA, AT and M, respectively. Chro- 
matograms of field extracts are shown in Figs 4 
and 5. 

RESULTS AND DISCUSSION 

Being aware that extraction and purification 
are the most critical steps in developing a 

Z 

[.-, 

rr~ ,U 

1 : )0 .  

B0 

50 

4 0  

HA 

{ . .  
< :  

IS 

. . . .  ' . . . .  ' . . . .  ' " " " ' . . . .  2 " . 5  . . . .  ' 2 .5  5 7.5 10 1 15 

RETENTION ~ (MIN.) 

Fig. 3. Chromatogram of CDAT and HA standards by HPLC. CDAT, I #g/ml; HA, 5/~g/rn]; IS, 5 #g/ml. 
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Fig. 4. C h r o m a t o g r a m  of  an extract of  a water  sample by C-C, IS, 50 #g/l.;  DIA,  1.9/zg/l.; DEA,  3.9 
/zg/l.; AT, 12.2/zg/l.; M, 13.3 /zg/l. 

method, this investigation was thus oriented 
towards that objective. The first attempt was 
made using liquid-liquid extraction methods 
and later more trials were given to the SPE 
techniques. 

For liquid-liquid extraction methods, various 
organic solvents were tested by keeping water 
samples at neutral pH. None of them gave 
satisfactory results either for CDAT or HA (per 
cent recovery < 30%). For all others products, 
overall per cent recoveries were more than 80%. 
As for SPE techniques, three factors which 
determined the percent recoveries were studied 
namely the type of adsorbent (Table 1), the 
sample volume (Table 2) and the type of eluent. 

The choice of SPE adsorbent and extraction 
conditions were driven by the physicochemical 
properties of the herbicide products. The work 
of Wenheng et al ."  describing the separation of  
AT and HA by SCX cartridge was applied first 
in this study. The results obtained by this 
method are shown in Table 1. All the com- 
pounds studied possess at least one amine func- 
tion and in addition HA contains an hydroxyl 

group. This fact leads one to think, that the 
sulfonic acid group of SCX cartridge will retain 
the compounds, whose functional groups are 
protonated by the acidic medium of the 
samples. The results show, that by using SCX 
cartridge, all compounds were retained except 
M (Table 1). This could be due to the presence 
of tertiary amine in the chemical structure of M. 
The presence of bulky substituents linked to the 
nitrogen atom in M (Fig. 1) may hinder the 
ion-exchange capacity of SCX cartridge. Since 
SCX cartridge could not separate all the com- 
pounds, other cartidges described in Table 1 
were tried. The C~8 cartridge gave better per cent 
recovery for AT, DEA, DIA and M compared 
to all other cartridges. This fact was the turning 
point for the installation of CI8 and SCX car- 
tridges vertically in series (Fig. 2). The ion- 
exchange process using SCX cartridge requires 
acidic pH. This pH did not affect the per cent 
recovery of the compounds, which were retained 
by Cis cartridge. Therefore, all the field samples 
were acidified to pH 4 before applying to the 
two cartridges in series. 
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Fig. 5. Chromatogram of an extract of a sediment sample by GC. IS, 5/zg/kg; DIA, 27.2/zg/kg; DEA, 

47.2 ~tg/kg; AT, 629.5/zg/kg; M, 824.3/zg/kg. 

The volume of water has no effect on the 
recovery rate of parent compounds namely AT 
and M. Contrary, once the volume passes be- 
yond 100 ml, the per cent recovery of DEA and 
DIA decreases significantly. The optimum 

Table 1. Effect of the adsorbents on per cent recoveries of 
different compounds 

Adsorbent 

Compound Cis Cs C2 CH CN 2OH SCX 

AT 99 98 93 96 ND ND 70 
DEA 101 90 24 65 11 2 81 
DIA 100 70 9 95 3 3 1 i I 
M 97 96 95 94 ND ND ND 
CDAT ND ND ND ND ND ND 101 
HA 41 6 ND 4 ND ND 80 

Twenty-five milliliters of water and 100 mg of adsorbent 
were used. Ethyl acetate (2 ml) was employed for elution 
of AT, DEA, DIA and M using C m, Cs, C2, CH, CN 
and 2OH cartridges whereas acetonitrile--aqueous 0.1M 
Na 2 HPO+ solution (50:50, v/v) (2 ml) was employed for 
elution of CDAT and HA using SCX cartridge. 

The elution of HA and CDAT on Cis, Cs, C2, CH, CN and 
2OH cartridges was carried out using 2 ml of ethyl 
acetate followed by 2 ml of methanol. 

sample volume was found to be 100 ml during 
the per cent recovery experiments of each com- 
ponent using C~g cartridge (Table 2). The same 
volume was used for SCX cartridges as two 
columns were installed in series. Therefore, the 
effect of sample volume on SCX cartridge was 
not studied. 

Table 2. Effects of sample volume on per cent recoveries on 
a Cm cartridge containing 100 mg of the adsorbent 

Volume (ml) 

Compound 25 50 100 150 250 

AT 99 96 97 95 92 
DEA 101 95 87 41 21 
DIA 100 87 60 19 9 
M 97 95 98 96 95 
CDAT ND ND ND ND ND 
HA 41 ND ND ND ND 

ND." Non detected. 
A fixed quantity (500 ng) of each compound was spiked to 

different volumes of herbicide free-water. The elution of 
HA and CDAT was carried out using 2 ml of ethyl 
acetate following by 2 ml of methanol. 
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Table 3. Recovery of different products from fortified samples 

Compound Adsorbent 

Water Sediment 
samples samples 

Recovery (%) C.V. (%) Recovery (%) C.V. (%) 

AT CIs 99 5 92 5 
DEA Cn 98 6 89 7 
DIA Ct8 96 6 86 8 
M CL8 97 5 91 5 
CDAT SCX 103 10 82 12 
HA SCX 78 10 75 12 

The volume of water samples was 100 ml; the weights of sediment samples and 
adsorbents were 10 and I g, respectively. Values represent the mean of three tests. 

Table 4. Detection limits (in ppb) of different compounds in water and sediment samples 

Compound (values in ppb)/method 

Sample AT/GC DEA/GC DIA/GC M/GC CDAT/HPLC HA/HPLC 

Water 0.05 0.05 0,05 0.15 0.15 0.15 
Sediment 0.5 0.5 0.5 1.5 1.5 1.5 
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Generally the use of solid phase cartridges 
would only be applicable to samples or extracts 
entirely free of  sediments. On one hand, the 
sediments present in water can adsorb the herbi- 
cides. On the other hand, these sediments can 
affect the per cent recovery and can block the 
content of  the cartridge rendering extraction 
impossible. 

In order to determine the effect of  eluents of  
per cent recoveries using C~8 cartridges, I ml 
aqueous solutions containing 100-500 ng of  
AT, its degradation products and M were di- 
rectly deposited on these columns containing 
100 mg of  adsorbent and three tests were per- 
formed using three different solvents namely 
methanol, ethyl acetate and acetonitrile. The 
experiments on per cent recovery using SCX 
cartridges were performed according to the 
method already described in the literature, t3 
With 2 ml of  each solvent the total amount  of  
the products was recovered with the exception 
of  HA. HA could be totally recovered only with 
methanol. Ethyl acetate and acetonitrile yielded 
a recovery of  about 30% of  the latter com- 
pound. 

The per cent recoveries of  all the products are 
presented in Table 3. The overall coefficient of  
variation (C.V.) of  the compounds extracted 
with Cts is below 10%. The C.V. of those 
products extracted by SCX cartridge is below 
12%. 

The concentration factors obtained for water 
and sediment samples are 1000 and 100, respect- 
ively. 

The detection limit of  each compound was 
fixed to the minimum response of each detector 
to the respective compounds with a signal-to- 
noise ratio of  5. The lowest detection limits of  
each compound in water and sediment samples 
are given in Table 4. 

CONCLUSION 

The per cent recoveries and detection limits 
obtained with the present method are satisfac- 
tory and, moreover, they correspond to those 
mentioned in the literature? z~4"~9 Using SPE the 
water volume is of  primary importance for the 
recovery rate. It is obvious that the use of  a large 
sample volume increases chances of  detecting low 
concentrations. But unfortunately, it also has a 
negative double-action: the sample passage time 
in the cartridge is increased and the per cent re- 
covery, for some products, is directly affected. ~9 

The type of adsorbents and eluents also play 
major roles. The utilization of columns in series 
provides a good solution when one needs to 
simultaneously extract, purify and concentrate 
parent products and their degradation products, 
which otherwise would be highly time consum- 
ing. This method could very well be used with 
a great variety of  products which have different 
polarities. 
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Summary--A //-diketone-imbedded polyurethane foam was made for the sorption of uranium from 
aqueous solutions. The incorporation of the '8-diketone functional group into the polyurethane foam was 
simple, and relatively inexpensive. The ~-diketone foam was ground to facilitate the evaluation of its 
ability to extract uranium from aqueous solutions with a wide range of temperature and pH values. The 
fl-diketone material showed superior extractability of uranium from solutions with pH 7 + 3. In general, 
the ,8-diketone material showed greater extractability of uranium at all temperatures and pH values tested 
when compared to a blank polyurethane foam without the fl-diketone functional group, 

The use of polyurethane foams for the extrac- 
tion, recovery and preconcentration of various 
inorganic and organic species from aqueous, 
non-aqueous and gaseous mixtures has received 
considerable attention during the past two 
decades. Reviews of literature devoted to poly- 
urethane-based polymeric sorbents in separ- 
ation chemistry have been documented by 
Moody and Thomas j and Braun e t  al.  2"3 Poly- 
urethane foams are stable in most acids, bases 
and organic solvents. The foams will degrade in 
concentrated nitric or sulphuric acids or when 
heated above 180--200°C. 

The field of reagent-treated polyurethane 
foam materials is very extensive and has been 
comprehensively reviewed by Braun e t  al.  z3 He 
first published investigations ~'5 in 1972 using 
tributylphosphate-ioaded polymer to sorb sev- 
eral metal complexes from solution and since 
then many other loaded or coated polyurethane 
materials have been examined for concentrating 
various inorganic and organic species and for 
separations as detailed in the reviews. 2"3 Several 
chelating agents have been immobilized on 
polyurethane foam using a plasticizer such as 
tributylphosphate 6.7 and this material used to 
selectively sorb metal ions from solution. Liquid 
ion exchangers can also be used conveniently 
when they are held on polyurethane foam s,9 or 
in a plasticizer on the foam. j° Polyurethane 
foams have also been used as supports for 

*Author to whom correspondence should be addressed. 

various extractants; for example, foams treated 
with dithiazone or diethyldithiocarbamate or 
sulphide-treated foams have been used for the 
sorption of mercury, ~-j3 ethanediol-treated 
foams for antimony, ~4 and pyridylazonaphthol- 
treated foams for the sorption of zinc, copper 
and mercury, t5 Copper and cadmium were 
extracted using polyurethane treated with 
benzoyi-acetoneJ 6 Braun e t  al. jv found that 
foam could be coated with various colour-forrn- 
ing reagents either with or without plasticizer; 
these 'chromofoams' can be used qualitatively 
and semi-quantitatively to determine several 
metal ions. Huang e t  al. js and Korkisch e t  al. j9 

have extracted uranium from nitrate solutions 
with polyurethane foam. Korkisch and Steffan 2° 
and Pearson and Bowen 2~ have used poly- 
urethane foam impregnated with trioctylphos- 
phine oxide to sorb uranium from hydrochloric 
acid solution. Polyurethane foam, when coated 
with a long chain tertiary amine, was also 
effective in extracting uranium:: from acidic 
solutions with pH values between l and 3. 

HypoP m prepolymers, which are derived from 
toluene diisocyanate, react with active hydro- 
gen-containing compounds (i .e.  H20, ROH, 
e tc . )  to form polyurethane foams that are both 
elastomeric and hydrophillic in nature. These 
foams can be prepared by mixing equal weights 
of Hypol tm prepolymers and water or other 
active hydrogen-containing compounds. Addi- 
tives may be suspended or dissolved in either or 
both of the organic and aqueous layers. 23 Addi- 
tives that contain a functional group for the 

725 



726 S. KATRAGADDA et al. 

sorption of uranium can be dissolved in the 
organic layer or the aqueous layer to produce a 
modified polyurethane foam with a functional 
group imbedded into the foam. 

Selective extraction of uranium using sor- 
bents with amidoxime functional groups 
has been reported extensively by workers in 
Japan and Europe, ~4-32 mainly for the extraction 
of uranium from seawater, fl-diketone has 
been shown to be particularly effective in ex- 
tracting uranium from seawater with good selec- 
tivity 24 Other materials for extracting uranium 
include polystyrene with 1,3-diketone as the 
anchor group 2~, a macrocyclic hexaketone and a 
cyclic tetraketone 33, and a poly-fl-diketone 
resin. 34 

The preparation of a fl-diketone-imbedded 
polyurethane foam using the Hypol ~ prepoly- 
mer and the evaluation of this material for 
extracting uranium from aqueous solutions with 
a wide range of temperature and pH values is 
described in this paper. 

EXPERIMENTAL 

Reagents 

l-Benzoylacetone, N-(2-thiazolyl)aceto- 
acetamide, 4,4,4-trifluoro- 1-phenyl- 1,3-butane- 
dione and Arsenazo III were obtained from 
Aldrich Co. (WI, U.S.A.). Acetylacetone and 
uranyl acetate were obtained from Fisher Scien- 
tific Co. (NJ, U.S.A.) and BDH (U.K.), respect- 
ively. The above chemicals were of reagent 
grade and were used without further purifi- 
cation. 

HypoP m FMP 2002 prepolymer, used in the 
production of the foam, was a sample provided 
by W. R. Grace and Co., (MA, U.S.A.). 
Uranium solutions ranging from 1 to 10 ppm 
were prepared by successive dilution of a 
2000 ppm uranium stock solution which 
was prepared from uranyl acetate 
[UO2(CH3COO)2.2H20]. Water was purified 
by reverse osmosis followed by a Barnstead 
Nanopure II tm system. 

Apparatus 
A Fisher Accumet t~ (Model 825 MP) pH 

meter was used to measure pH. Polyurethane 
foams, with and without fl-diketone functional 
groups, were first cut into small pieces and were 
then frozen in liquid nitrogen. The frozen foams 
were ground to a powder in a stainless steel 
container on a Waring t~ blender (Dynamics 
Corporation of American CT, U.S.A.). 

Sample solutions were shaken either with a 
Burrell Wrist-Action Shaker (Burrell Corp., PA, 
U.S.A.) for solutions at 4°C and 22°C or a 
Dubnoff Metabolic Shaking Incubator (Pre- 
cision Scientific, IL, U.S.A.) for solutions at 
40°C and 70°C. Absorbance measurements 
were obtained with a Hewlett-Packard (Model 
8452A) Diode Array spectrophotometer 
(Hewlett-Packard Company, CA, U.S.A.). 

A quartz flow cell with 0.5 cm path length 
(Markson Science Inc., CA, U.S.A.) was used 
for the specrophotometric analysis. Sample sol- 
utions were pumped through the flow cell using 
a Piper Pump ~ (Model PIOT) peristaltic pump 
(Dungey Inc., Ontario, Canada). 

Method 

Solutions containing uranium were analyzed 
using a continuous flow spectrophotometric 
method (CFSM). 35 This method consists of sim- 
ultaneously pumping 0.006% Arsenazo III in 
0.12M HC1 (photometric reagent) and the 
uranium solution into a flow mixer to form the 
Arsenazo III-uranium complex. This complex 
then enters a flow cell where the absorbance is 
measured with a diode array spectropho- 
tometer. A flow cell requires less time per 
sample because the tedious process of cleaning 
and rinsing is avoided and the time for complex 
formation is always constant. 

Arsenazo III, [2,2'-(1,8-dihydroxy-3,6- 
disulphonaphthylene-2,7-bisazo)-bisbenzenear- 
sonic acid, FW 776.37], reacts with a wide 
variety of metal ions in weakly acidic to alkaline 
aqueous solutions, but reacts with only a few 
metals in strong mineral acid, forming highly 
coloured complexes (molar absorptivity ap- 
proximately 105). Arsenazo III has been rec- 
ommended as a highly sensitive and selective 
photometric reagent for Mg, Zr, U, Th and rare 
earths. 36 Arsenazo III is available as either a free 
acid or the disodium salt and is stable both as 
a solid and in the dissolved form. The free acid 
form of Arsenazo III was used for our analysis. 

More than 150 papers have been published in 
the last three decades, 37'3s wherein Arsenazo llI 
is the preferred choice of chromogenic reagent 
for the spectrophotometric determination of 
uranium. Uranyl ions form a 1 : 1 complex 39'~ in 
moderately acidic media and the stability con- 
stant for the complex 4° is log fl~ = 5.42. For 
these analyses the concentration of Arsenazo III 
was always higher than that of uranium. The 
flow rates of the Arsenazo III solution and 
uranium sample solution were each 8 ml/min 
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with a combined flow rate of 16 ml/min when 
reaching the flow cell. At this flow rate the air 
bubbles that often adhered inside the flow cell 
were forced out. 

An internal referencing method was used 
where the absorbance at a reference wavelength 
(768 nm) was subtracted from the absorbance at 
the analytical wavelength (650 nm). This ab- 
sorbance difference was used to obtain the 
calibration curve and for sample analysis. In- 
ternal referencing was done to improve the 
precision of the results by minimizing the impact 
of any changes that cause a baseline shift due to 
dust or other particles, air bubbles or a drift in 
lamp intensity. Quantitative analysis was per- 
formed by using the 'Quantitation' program 
which was part of the software menu for the 
Hewlett-Packard system. Uranium standards 
ranging from I to 10 ppm uranium were used to 
obtain the calibration curve in Fig. 1 using a 
second order curve fit. The absorbance obtained 
was the average reading obtained for a 10 sec 
scan period. 

The 0.006% Arsenazo III (wt/vol.) reagent 
solution in 0.12M HC1 was prepared as it was 
found that acid concentrations higher than 
0.12M HC1 produced larger errors with lower 
pH uranium solutions and concentrations lower 
than 0.12M HC1 resulted in larger errors with 
higher pH uranium solutions. The choice of 
0.12M HCI permitted the analysis of uranium 
solutions whose pH ranged between 1 and 11. 

C a l i b r a t i o n  Curve  

0.3 

~0 .2  

,.o .< 

o.I 

0.o I I ' l" ' '  I 1 I 
2 4 6 8 10 12 

Concentrat ion  

Fig. 1. Cal ibrat ion  graph  for u r a n i u m  s tandards  between 1 
and 10 ppm. A 5 mm M a r k s o n  tm f low cell  and  0.006%. 

A r s e n a z o  Ill  in 0.12M HCI was used. 

Procedure 

HypoP m foams are usually produced by 
thoroughly mixing approximately equal 
weights, of Hypol tm prepolymer and water. Ad- 
ditives that contain fl-diketones may be sus- 
pended or dissolved in either or both of the 
organic and aqueous layer. In a preliminary 
study, different fl-diketones [acetylacetone, N- 
(2-thiazolyl)acetoacetamide, 1-benzoylacetone 
and 4,4,4-trifluoro-l-phenyl-l,l-butanedione] 
were used with varying amounts (1, 5 and 10% 
by weight) in the prepolymer matrix in an 
attempt to incorporate them into the Hypol tm 
foam matrix. Among various fl-diketones stud- 
ied only the foam prepared with 5% (wt/wt) 
l-benzoylacetone, 'fl-diketone foam', showed 
good foam formation and also exhibited the 
ability to extract uranium from aqueous sol- 
utions. The incorporation of acetylacetone and 
4,4,4-trifluoro-l-phenyl-l,3-butanedione re- 
suited in the formation of a solid plastic instead 
of a foam. N-(2-thiazolyl)Acetoacetamide 
formed a foam, but it did not extract uranium. 

fl-Diketone foam was prepared by mixing 
Hypoi ~m prepolymer with 1-benzoylacetone 
solid to form a clear viscous solution. An equal 
weight of water was then added to the viscous 
polymer solution followed by rapidly stirring of 
the mixture for 15 sec by using a glass rod. The 
mixture initially became cloudy and then rose 
to 10 times the original volume by releasing 
small bubbles of carbon dioxide. The resulting 
fl-diketone foam became tack-free within 5 min 
and was air-dried in a fumehood for at least 8 
h. The fl-diketone foam was cut into small 
pieces which were frozen in liquid nitrogen and 
then the brittle foam was ground to a powder in 
a stainless steel container on a Waring 'm blender. 
The size of this material was not determined but 
consisted of various small sizes of foam par- 
ticles. These do not have the overall physical 
structure normally associated with the flexible 
polymer but naturally possess the same chemi- 
cal composition. The physical form of the poly- 
mer should have no significant effect on the 
sorption since the mechanism is a chemical 
process. Because this is an evaluation investi- 
gation, it is more important that comparative 
studies be done in a reproducible manner and if 
possible, that an equilibrium be obtained. Pow- 
dered foam reaches equilibrium more quickly 
with the uranium solutions and also ensures 
more reproducible results. If the foam was used 
unground, it would take more time for the 
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uranium solution to equilibrate but qualitat- 
ively, the results would be the same as with the 
ground material. 

The powdered foams were initially soaked in 
water for 4 h and the resulting slurry was then 
filtered under vacuum through a Whatman t~ 
No. 541 filter paper using a Buchner funnel. The 
foam was recovered from the filter paper and 
the soaking and filtering was repeated twice 
more. The foam was washed in a similar manner 
with acetone and then left to dry under vacuum 
for 4 h to remove traces of acetone vapour. The 
above cleaning procedure was undertaken to 
remove any water or acetone soluble impurities. 
A blank foam was prepared in a similar manner 
without the addition of 1-benzoylacetone. The 
colour of the clean, dry ~-diketone foam was 
cream yellow compared to the blank foam 
which was white. 

The extraction capability was evaluated using 
25 ml of 10 ppm uranium solution with 
0.200 5-0.003 g of foam in a 60 ml Nalgene t~ 
bottle. The capped bottles were shaken for 5 h 
in an automatic shaker and the solutions filtered 
and then analyzed for uranium content using 
the spectrophotometric method. 

Characterization of the foam 

The extraction characteristics of the ~-dike- 
tone foam were studied by equilibrating the 
foam with uranium solutions at different tem- 
peratures and pH values. Uranium solutions 
were adjusted with 2M HCI or 2M NaOH 
solution to pH values between 1.4 and 11.0 and 
studied at temperatures between 4°C and 70°C 
with ~-diketone foam. 

All solutions were equilibrated to the required 
temperatures before adding them to the plastic 
bottles containing the foam. Shaking of sol- 
utions at room temperature (22°C) and at cold 
room temperature (4°C) was done using a Bur- 
rell Wrist Action Shaker. Similar experiments at 
40°C and 70°C were performed with a Dubnoff 
Metabolic Shaking Incubator equipped with a 
variable temperature-controlled water bath. 
Temperature measurements were within 5- 2°C. 

Per cent extraction was calculated as 

%E = I 0 0 ( I - F ) I  -I, 

where % E is per cent extraction, F is the 
concentration of uranium left in solution after 
extraction and i is the concentration of uranium 
originally available for extraction. I is the 
concentration of uranium in solution after 
it was subjected to the identical filtration, pH 

and temperature conditions as the foam sample 
solution, but without the presence of any 
foam. 

The concentration of available uranium, 
rather than the initial concentration (i.e. I0.0 
ppm), was used to take into account any precipi- 
tation of uranium species which is known to 
occur at pH > 2. This precipitate is not visible 
to the naked eye, however, Feldman 4~ et al. 
observed the precipitation of uranyl nitrate at 
pH > 4.5 by centrifuging the solution. The val- 
ues for I and F, used in the calculation of % E, 
were the averages obtained from experiments 
that were performed in triplicate at the same pH 
and temperature. 

RESULTS AND DISCUSSION 

The ~-diketone foam exhibits high extraction 
between pH 3 and 8 with a decrease at either end 
of the pH ranges as shown in Figs 2-5.. The 
change in extraction can be explained by the fact 
that the formation of the various uranium 
species depends on the pH of the aqueous 
solutions. 

For uranium solutions acidified with 2M 
HC1, the species formed in aqueous medium are 
UO2C12 and UO2C1 + at pH values below 3, and 
above pH l0 species such as UO~(OH)~- are 
formed owing to the hydrolysis of the uranyl 
ion. ~2 These species may not be as extractable by 
this foam. 

~Diketone Foam 
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Fig. 2. Comparison for the extraction capability of uranium 
from solution by the p-diketone foam and blank foam at 

4°C.. - - O - -  p-Diketone foam; - - l l - -  blank foam. 
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Fig. 5. Comparison of the extraction capability of uranium 
from aqueous solutions by the fl-diketone and the blank 
foam at 60°C. - - 0 - -  ~-Diketone foam; - - I 1 - -  blank 

foam. 

Stary and Hladky 43 undertook a systematic 
investigation of the solvent extraction of 30 
metals using various solvents such as acetylace- 
tone, benzoylacetone and dibenzoylmethane in 
benzene. Included in their study was the extrac- 
tion of uranium by benzoylacetone and the 
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Fig. 4. Comparison of the extraction capability of uranium 
from aqueous solutions by the fl-diketone foam and the 
blank foam at 40°C. ~ 0 ~  ~-Diketone foam; - - I I - -  

blank foam. 

extraction profile reported by Stary and 
Hladky 43 is similar to the fl-diketone foam 
profile at 22°C (Fig. 3). This suggests that the 
fl-diketone foam's ability in sorbing uranium 
involves a solvent extraction type of mechanism. 

It can be seen in Table 1 that between pH 3 
and 8 the extraction generally increases with 
an increase in temperature from 4°C to 40°C, 

Table 1. Comparison of the extraction capabilities of fl- 
diketone foam with the blank foam for the extraction of 
uranium from aqueous solutions at various temperature and 

pH values 

p-Diketone foam Blank foam Temperature 
pH % extraction % extraction (°C) 

1.4 2.3 + 3.9 --0.3 ± 3.4 4 
3,0 90.0 + 4.0 0.8 5- 9.5 4 
5,3 63.8 ___ 14.1 6.5 :t: 6.1 4 
8,3 35.05- 1 4 . 7  -6.85-4.1 4 
I1.0 40.8 + 3.6 4.1 _+ 5.8 4 
1.4 - 0 . 7  5- 2.7 0.8 5- 3.2 22 
3.0 79.9 + 3.0 --0.3 5- 15.5 22 
5.3 91.1 + 2.7 2.9 5- 4.0 22 
8.3 75.2 +4.2 -3 .1  5- 5.1 22 
11.0 56.1 5- 3.3 2.5 5- 3.0 22 
1.4 1.6 + 3.8 3.2 + 3.1 40 
3.0 86.0 5- 2.9 -9 .3  + 20.5 40 
5.3 96.2 + 0.4 12.2 + ! 1.1 40 
8.3 91.3 + 1.9 7.9 5- 9.7 40 
1 ! .0 71.7 +__ 3.0 5.8 + 2.3 40 
i.4 0.3 5- 6.9 - 1.9 5- 6.8 60 
3.0 63.9 ± 6.6 -5 .5  5- 22.6 60 
5.3 92.6 + 0.2 16.1 + 3.8 60 
8.3 79.3 :t: 10.6 7.5 + 5.0 60 
I 1.0 35.6 + 7.8 12.6 4- 10,0 60 

TAL 42/J.---E 
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followed by a drop at 60°C which may be at- 
tributed to the instability of the fl-diketone 
foam at high temperatures. The decrease in 
extraction efficiency at the lower end of the pH 
range is due to a change in the uranium species 
and suggests using a solution with pH < 1 as a 
possible eluting solution to desorb uranium 
from the foam. 

Blank foams (i.e. without the inclusion of 
l-benzoylacetone) showed little capability in 
extracting uranium from aqueous solutions in 
comparison to the ~-diketone foam. Overall, 
the fl-diketone foams showed superior ex- 
tractability of uranium over blank foam at all 
values of pH and temperatures tested as shown 
in Figs 2-5. 

In general it was found that the variation in 
per cent extraction was higher for the blank 
foam when compared with the fl-diketone foam. 
The ideal temperature was 40°C for maximum 
extraction of uranium by fl-diketone foam for 
uranium solutions with pH 7 ± 3. 

Gesser and Ahmed 22 have reported that 
Adogen-impregnated polyurethane foam is 
capable of extracting uranium from acidic sol- 
utions whose pH values range from pH 1 to 3. 
The fl-diketone foam synthesized in this work 
extracts uranium from aqueous solutions whose 
pH values range from pH 3 to 10. Both foams 
(i.e. Adogen-impregnated and fl-diketone 
foams) complement each other by extending the 
ability of modified foams to extract uranium 
from aqueous solutions with a wide range of pH 
values. 

CONCLUSIONS 

1-Benzoylacetone was imbedded into the 
matrix of the polyurethane foam during the 
fabrication of the foam. The resulting fl- 
diketone foam is capable of extracting uranium 
from aqueous solution between pH 3 and 
10. The fl-diketone foam would be useful for 
the sorption of uranium from natural waters as 
the pH of most natural waters is usually in the 
range of pH 7 ± 3. The fl-diketone foam is 
simple to make, relatively inexpensive, has high 
porosity and has good chemical and mechanical 
stability. The above qualities make the p-dike- 
tone foam a promising sorbcnt for the separ- 
ation and preconcentration of uranium for both 
analytical and large scale industrial appli- 
cations, including the nuclear industry and in 
clean-up procedures for spills involving 
uranium. 
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Summary--A new method for the determination of 2.thiobarbituric acid, using its reaction with iodine 
in an alkaline medium is presented. In the volumetric titration with potentiometric end-point detection, 
the determinability range is 10--400/zmol (1.4--58 mg). In eoulometric titration using the biamperometric 
end-point detection, 0.1-20 /~mol (1.4 × 10-2-2.9 mg) of 2-thiobarbituric acid was successfully deter- 
mined. 

2-Thiobarbituric acid (4,6-dihydroxy-2-mer- 
capto-pyrimidin) is used in chemical analysis for 
spectrophotometric determination of copper, t'2 
iron, 2'3 bismuth, 4'5 and ruthenium 6 as well as 
many organic compounds including aldehydes 
and carbohydrates. 

The tested compound has been determined 
previously by titration methods, using silver(I) 7 
and mercury(II) s ions, iodine, 9.t° bromine 
chloride," dichromate ions t2't3 and sodium 
methylate? 4 Spectrophotometric j5-22 and polar- 
ographic 2r'26 methods, cathodic inversion 
voltamperometry 27 and chromatographic 2s'~ 
methods have also been proposed. The determi- 
nation has also been carried out using the 
induced iodine--azide reaction. ~32 Hitherto de- 
veloped iodometric back-titration methods for 
the determination of 2-thiobarbituric acid, con- 
sisted of  introducing excess iodine to the tested 
sample and titration of the unreacted residue 9 
after 10--20 rain, or determination of the resul- 
tant iodide ions. t° 

In the present paper, the determination of 
2-thiobarbituric acid by direct titration with 
iodine in an alkaline medium based on the 
apparent stoichiometry: 

RS- + 312 + 6OH- --, RSO~- + 6I- + 3H20 

is presented. Iodine disproportionates quickly in 
alkaline medium to give iodide and hypoiodite 
ions, so hypoiodite is the actual oxidizing agent. 
Since hypoiodite is a stronger oxidant than 
iodine in neutral medium the above reaction 
may be rapid and the proposed determination 
can be carried out. 

In determinations of larger quantities of 2- 
thiobarbituric acid, volumetric titration with a 
potentiometric detection of the end-point was 
used. Lower amounts were determined by 
couiometric titration using biamperometric 
detection of the end-point. 

EXPERIMENTAL 

Reagents 

Twice distilled water in glass apparatus, pot- 
assium iodide, sodium hydroxide. 2-Thiobarbi- 
turic acid purum (Fluka): a standard solution 
2 x 10-3M was taken by dissolving a weighed 
amount of the reagent in 3M sodium hydroxide. 
Sodium salt of 5-ethyi-5'-(i-methylbutyl)-2- 
thiobarbituric acid (thiopental) (United Phar- 
maceutical Works, Praha). Iodine: standard 
solution 1 × 10-tM and 1 x 10-2M. 

Apparatus 

Universal coulometric analyser 'Radelkis' 
(Hungary), type OH-404. Electrolysis cell with 
two platinum electrodes with an area of 5 cm ~ 
each, working in generating circuit and with a 
OH-9381 double electrode in an amperometric 
indicator-circuit with two polarized electrodes. 
Mechanical stirrer, pH-meter type OP-206 
'Radelkis' (Hungary) with platinum electrode 
and saturated calomel electrode. 

Procedure 

Volumetric determination. A sample of 2-thio- 
barbituric acid (10-400/~mol) was dissolved in 
50 ml of 3M NaOH solution and titrated with 
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iodine, using potentiometric detection of the 
end-point with a platinum indicator electrode 
and a saturated calomel electrode. 

Coulometric determination. The coulometric 
titration was carried out in the reaction solution 
containing IM KI and 3M NaOH. A sample 
solution containing 0.1-20/z real of 2-thiobarbi- 
turic acid was introduced into 20 ml of the 
reaction solution placed in the anode part of the 
electrolysis cell. The polarization voltage ap- 
plied to the indicator system electrodes was 200 
inV. After starting the mechanical stirrer, stabil- 
ized current was passed through the solution. 
The current applied to the generating circuit 
(Table 1) depended on the quantity of the 
compound being determined and was adjusted 
so as to maintain the titration time from several 
to a dozen or so minutes. The charge (Q) was 
noted after completing the titration of 2-thio- 
barbituric acid up to an indicator current of 0.02 
/zA and a delay time of 5 sec. 

The rate of the reaction between 2-thiobarbi- 
turic acid and hypoiodite close to the end of the 
coulometric titration is lower than the rate of 
hypoiodite generation. Therefore, the appear- 
ance of the excess of hypoiodite in the solution 
and the increase of the indication current cannot 
be considered to be the equivalence point of 
titration. Thus adtitration is necessary, which 
resolves into a renewed connection of current in 
the generation circuit if during the fixed period 
of time the indicator current decreases. This 
time is called the 'delay time'. The coulometric 
analyser, which was used made it possible to 
estimate the length of the delay time. The delay 
time was determined as the shortest time in 
which the correct results of the coulometric 
titration were obtained. 

The 2-thiobarbituric acid content (/zmol) in 
the tested sample was calculated according to 
Faraday's law: 

Table 1. Results of coulometric determination of 2-thiobar- 
bituric acid (n = 6) 

Relative 
Found standard 

Taken ,f :l: to.gs • 8 deviation Current 
(l~no/) (/unot) (%) (mA) 
O. IOO0 0.1004-I-0.0006 0.53 I 
0.2000 O. 1998 + 0.0006 0.29 I 
0.5000 0.5003 + 0.0017 0.33 2 
4.000 4.004:1:0.016 0.38 I0 
I0.00 9.987 + 0.013 0.12 20 
20.00 19.99 :I: 0.023 O. I I 20 

:v 
1oo 

o 

- 10C 

B 

-200 
0 

f 

i i 

10 20 
V,ml 

Fig. 1. Curves of potentiometric titration of (A) 10 #tool 
2-thiobarbituric acid with 10-2M iodine solution; (B) 400 

~mol 2-thiobarbituric acid with 10-'M iodine solution. 

AQ 103, n = z .  F 

where: AQ - Q - Qo (mC), Qo is charge corre- 
sponding to blank titration, z is number of 
electrons transferred in the reaction of 1 mol, F 
is the Faraday constant (F--96485 C/real). 

In order to compute the electric charge Qo, a 
suitable amount of water instead of 2-thiobarbi- 
turic acid was introduced into the reaction 
solution placed in the anode part of the electrol- 
ysis cell. 

RESULTS AND DISCUSSION 

It was found experimentally that the reaction 
rate of 2-thiobarbituric acid with iodine in- 
creases with an increase in concentration of 
sodium hydroxide. A concentration of sodium 
hydroxide greater than 2M provides a sutii- 
ciently high reaction rate enabling direct ti- 
tration with iodine. In neutral and acidic 
medium, the reaction rate of iodine with 2-thio- 
barbituric acid was very low and iodometric 
titration was impossible. 

Potentiometric titration 

In the volumetric titration of 10--400/~mol of 
2-thiobarbituric acid, good results were ob- 
tained using the potentiometric detection of the 
end-point. Potentiometric titration curves are 
shown in Fig. 1 and the results of determi- 
nations are given in Table 2. 
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Table 2, Results of potentiometric determination of 2-thio- 
barbituric acid (n = 6) 

Found Relative standard 
Taken ~ + t095. g deviation 
(~mol) (i,o'nol) (%) 
350.0 349.7 + 0.9 0.25 
35.0 35.01 _ 0.14 0.37 
10.0 10.03 + 0.I 1 1.02 

Direct titration considerably reduced the dur- 
ation of analysis, and the use of potentiometric 
end-point detection improved the accuracy of 
determination in comparison with the methods 
using visual detection. 9"~u4 The proposed deter- 
mination provided a higher rise in potential near 
the end-point (about 200 mV/0.05 ml of the 
titrant) than the potentiometric titration with 
mercury(II) ions. s 

Coulometric determination 

The use of potentiometric end-point detection 
in coulometric titration of lower amounts of 
2-thiobarbituric acid has turned out to be im- 
possible, owing to the slow settling of the plati- 
num indicator electrode potential at low 
concentrations of the tested compound. The use 
of the biamperometric indicator system made it 
possible to obtain correct results in the coulo- 
metric determination of 2-thiobarbituric acid 
within the range of 0.1-20 #mol. The results of 
coulometric determination are given in Table 1. 
The coulometric method presented is character- 
ized by a high accuracy and short analysis time. 
The reaction solution containing potassium iod- 
ide and sodium hydroxide is stable with time; 
unlike the acidic solutions, the alkaline one 
shows no oxidation of iodide ions with oxygen. 

Titration of a derivative of  2-thiobarbituric acid 

It was also examined whether potentiometric 
titration with iodine in the alkaline medium 
could be used for the determination of sodium 

SNa 

I 
HN/C~N 

I I o=c  /c=o 
/\ 

C2H 5 C H 2 - ~ H - C 2 H  5 

c g  3 

thiopental 

- 5 0 0  

- 1 0 0 0  

f 

6 
V, ml 

Fig. 2. Curve of potentiometric titration of 0.05 g of 
thiopental with 10-~M iodine solution. 

salt of 5-ethyl-5'-(1-methylbutyl)-2-thiobarbi- 
turic acid (thiopental). 
Again, in this case, the reaction rate increased 
with an increase in concentration of sodium 
hydroxide. To provide sufficient reaction rate 
employing the potentiometric titration, the con- 
centration of sodium hydroxide had to be at 
least 5M. Titrations of this compound were 
carried out at 5 and 10M NaOH and the 
identical titration curves obtained are shown in 
Fig. 2. 

The shape of the potentiometric titration 
curve is noteworthy. A small amount of 
iodine (oxidizer) added brings about a strong 
potential drop in the initial part of the curve. 
The end-point of titration corresponding to 
the maximum potential increase indicates 
that the number of electrons transferred in 
the reaction of i mol thiopentai is equal to 
7.43. The titration results are reproducible, but 
the titration runs more slowly than that of 
2-thiobarbituric acid, owing to the lower reac- 
tion rate. 

When excess iodine is added to the thiopental 
solution and the unreacted hypoiodite is back- 
titrated after 15 rain, 9'33 the process proceeds 
according to the 8-electron apparent stoichi- 
ometry: 

RS- + 412 + 10OH- 

---, RO- + SO~- + 8I- + 5H20. 
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The coulometric determination of thiopental 
failed owing to the iodine reaction being too 
slow. It is interesting to note that 2-thiobarbi- 
turic acid behaves differently from thiopental 
during the titration with iodine in a very strong 
alkaline medium. 

In the potentiometric titration of 2-thiobarbi- 
turic acid in 5 and ! 0M NaOH the curve shape 
(Fig. I) and the number of electrons transferred 
in the reaction of 1 mol of compound (z = 6) 
were unchanged. 

The only difference in the structure of these 
compounds is the presence of two alkyl sub- 
stituents at the fifth carbon atom in the thiopen- 
tal molecule. This makes the formation of 
tautomeric forms impossible, unlike in the case 
of 2-thiobarbituric acid, 

9. H. Wojahn and E. Wemp¢, Archly Pharm, 1955, 288160, 
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and hence the titration curves are completely 
different. 

CONCLUSIONS 

Comparing the proposed determination of 
2-thiobarbituric acid with the methods pre- 
viously reported 7-32 one may conclude that it is 
characterized by a short analysis time, a simple 
procedure, commonly available reagents and 
determination over a wide order of magnitude 
(0.1--400 #tool in a sample). The accuracy of 
coulometric determinations is higher than re- 
ported previously. 
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Summary--The spectrophotometric determination of pyridine and pyridine derivatives by means of the 
K6nig reaction was studied in micellar media of sodium dodecyl sulphate (SDS), N-cetyipyridinium 
chloride and Triton X-100. The sensitivity was largely increased in SDS micellar medium. The attack of 
the pyridine ring with cyanogen bromide to produce a glutaconic aldehyde was not affected by the presence 
of SDS, but the yield of the coupling reaction with an arylamine to produce a polymethine dye was largely 
increased. In the SDS micellar medium, aniline was superior to other coupling reagents. The limits of 
detection (LODs) were 6 x 10 -7, I x 10 -6 and 5 x 10-TM for pyridine, pyrrol-ylmethylpyridine and 
nicotinic acid, respectively, and the reproducibility for 2 x 10-SM solutions was ca. 2%. In the absence 
of SDS, the LODs were 3 x 10 -6, 3 x 10 -6 and 9 x 10-6M, respectively, and the reproducibility was ca. 
3.5%. Application was made to the determination of nicotinic acid in pharmaceuticals. 

The spectrophotometric determination of 
pyridine and pyridine derivatives can be per- 
formed previous derivatization with the K6nig 
reaction ''2 (Fig. 1). Pyridine derivatives with a 
hydrogen in at least one of the positions adja- 
cent to the heterocyclic nitrogen react with 
cyanogen bromide to produce a derivative of 
glutaconic aldehyde. The stability of this com- 
pound is frequently poor, but a stable polyme- 
thine dye can be obtained by coupling with an 
arylamine or a compound containing an active 
methylene group. Polymethine dyes absorb in 
the 450-550 nm wavelength range. Coupling 
agents differ in their toxicity, and in the sensi- 
tivity and stability of the final product. Aniline) 
benzidine, 4 o-toluidine, s barbituric acid, sul- 
phanilic acid,6 p-phenylenediamine, 7 anthranilic 
acid, 8 4,4'-diaminostilbene-2,2'-disulphonic 
acidfl 2,2-dimethyl-l,3-dioxane-4,6-dione, ~° 4- 
aminosalicylic acid," and 6-amino-l-naphthol- 
3-sulphonic acid ~2 have been recommended. 

In the last five years, an extensive investi- 
gation has been carried out in our laboratory on 
the improvement of analytical procedures 

*Author to whom correspondence should be addressed. 

through the use of micellar media. In the pres- 
ence of surfactants, equilibrium, kinetic and 
spectral properties can be modified. Some 
favourable effects are the inhibition of undesir- 
able reactions, such as hydrolysis and photoly- 
sis, stabilization of reaction intermediates, 
co-solubilization of non-polar and polar deriva- 
tization reagents, products and samples, and 
increase in reaction rates by means of micellar 
catalysis. ~3 In some cases, use is made of 
the modification of a single parameter to im- 
prove an analytical procedure, but most fre- 
quently, the simultaneous alteration of various 
physico-chemical properties of the reagents, 
intermediates and products, is involved. Spec- 
trophotometric procedures for the determi- 
nation of organic compounds that have been 
improved by the use of miceilar media are the 
coupling of the diazotized arylamines with N- 
(l-naphthyl)ethylenediamine, ~4 the coupling of 
phenols with diazotized 2,4,6-trimethylaniline, ~ 
4-aminoantipyrine, 2,6-dihalochinone chiorim- 
ides and 1-nitroso-2-naphthol, t6 the coupling of 
pyrroles with 4-(dimethylamino)benzaldehyde, t7 
the nitrosation of N,N-diethylaniline, ~a the oxi- 
dation of pyridoxal in the presence of cyanide, t9 

737 



738 J.S. ES~VE-RoM~RO et al. 

and the reduction of 5,5'-dithiobis-(2-nitroben- 
zoic acid) with sulphur dioxide. 2° 

Nicotinic acid is one of the many bioactive 
substances that can be determined by means of 
the K6nig reaction. Nicotinic acid or niacin is a 
vitamin found in minute amounts in liver, yeast, 
milk, adrenal glands, white meat, legumes, 
whole cereals and corn. Poor dietary habits 
produce pellagra and may be corrected by ad- 
ministration of multivitamin preparations con- 
taining nicotinic acid. Increased requirements of 
this vitamin may be associated with hyperthy- 
roidism, diabetes mellitus, cirrhosis, pregnancy, 
and lactation. 

In this work, the effects of the presence of 
surfactants on the spectrophotometric analyti- 
cal procedure for the determination of pyridine 
derivatives, by using the K6nig reaction are 
studied. Aniline is demonstrated to be superior 
to other coupling reagents when used in sodium 
dodecyl sulphate (SDS) micellar solutions. 
Application is made to the determination of 
nicotinic acid in pharmaceuticals. 

EXPERIMENTAL 

Reagents and apparatus 

The substrates were pyridine, nicotinic acid 
and pyrrol-ylmethyipyridine Oanssen Chimica, 
New Brunswick, NJ, U.S.A.). Cyanogen bro- 
mide (Fluka, Buchs, Switzerland) was used as 
the hydrolysis reagent. The coupling reagents 
were:  p-aminophenol, aniline, p-phenylenedi- 
amine, p-toluidine (Panreac, Barcelona, Spain), 
sulphanilamide (Sigma, St Louis, MO, U.S.A.), 
p-aminobenzoic acid, sulphanilic acid (Fluka), 
and p-aminoacetophenone (Janssen Chimica). 
The surfactants were: sodium dodecyl sulphate 
(Merck, Darmstadt, Germany), N-cetylpyri- 
dinium chloride (Scharlau, Barcelona) and Tri- 

ton X-100 (Panreac). Distilled deionized water 
(Barnstead, Sybron, Boston, MA, U.S.A.) was 
used throughout. A spectrophotometer UV-Vis- 
nir Lambda 19 (Perkin Elmer, Norwalk, CT, 
U.S.A.), and a Crison model micropH 2001 
potentiometer (Barcelona, Spain), provided 
with a combined Ag/AgCi/glass electrode, were 
used. 

Procedure 

The derivatives were prepared by mixing in a 
25-ml volumetric flask, 5 ml of 0.2M acetic 
acid-sodium acetate buffer (pH 4.5), 5 ml of 
0.5M SDS or 5 ml of water, 0-5 ml of pyridine, 
pyrroi-ylmethylpyridine or nicotinic acid, and 5 
ml of 0.25M BrCN. After 10 min (time required 
to complete the hydrolysis of the substrate), 2 
ml of 0.6M aniline was added for pyridine and 
pyrrol-ylmethylpyridine, and 0.4 ml for nic- 
otinic acid. The mixture was allowed to react for 
15 min, and the volume was completed up to the 
mark to measure the absorbance. 

RESULTS AND DISCUSSION 

Optimization of  the analytical procedure 

The optimization studies were performed 
using three model compounds: pyridine, pyrrol- 
ylmethylpyridine and nicotinic acid. Hydrolysis 
of these compounds to the corresponding gluta- 
conic aldehyde derivatives, and the coupling of 
the derivatives with aniline to yield the polyme- 
thine dyes was studied spectrophotometrically 
in the presence and absence of SDS at room 
temperature. The absorbance of a blank sol- 
ution prepared in the absence of the model 
compounds was also measured, and w a s  

checked to be always negligible. The wavelength 
of maximum absorption of the dyes changed in 
the different media studied (Table 1). 

+ B~CN -- ~-oCH C,H ~CH C,H 
I O OH Ar--N NH--Ar 
CN ÷ 

pyridine 

~ COOH $ 

C H 2 - ~  

nicotinic acid 3-(pyrml-l-ylmethyl)pyridiue 
Fig. 1. Scheme of  reaction for the hydrolysis of  pyridin¢ derivatives with cyanogen bromide, and coupling 

with an arylamine. 
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Table I. Wavelengths of maximum absorption (nm) for the aniline polymethine dyes in the presence of surfactants* 

Sodium dodecyl N-Cetylpyridinium 
Compound Non-micellar sulphate chloride Triton X-100 

Pyridine 480 485 480 490 
Pyrrol-ylrnethylpyridine 440 485 465 480 
Nicotinic acid 430 440 460 470 

*Wavelengths measured at pH 4.5 and for 0.1M surfactant solutions. 

The influence of the time of hydrolysis and 
time of coupling on the final absorbance of the 
polymethine dyes was studied. First, the reac- 
tion time between the addition of BrCN and 
the addition of aniline was varied. Figure 2a 
shows the results obtained for nicotinic acid. 
The hydrolysis reaction was completed after 
5 min, the absorbance being constant at 
least in the 5-45 min range in both SDS 
micellar and nowmicellar media. The reaction 
rate was similar for both media, however, an 
important enhancement in the sensitivity of 
the reaction was observed in the micellar 
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t , rn in  

Fig. 2. Influence of the time of hydrolysis (a) and time of 
coupling Co) for 2 × 10-sM nicotinic acid in: (1) a non-mi- 

cellar solution, and (2) a 0.05M SDS micellar solution. 

medium. Similar results were obtained for 
pyridine and pyrrol-ylmethylpyridine in the mi- 
cellar medium. 

Secondly, the absorbance was monitored for 
some time after the addition of aniline. For the 
three model compounds in an SDS micellar 
medium, a coupling time of 15 min was re- 
quired, however, the derivative was not stable, 
and a slow decomposition began after a flat 
maximum (Fig. 2b). In the non-micellar sol- 
ution, the derivatives were formed in less than 
3 min, but they also showed a slow decompo- 
sition. The derivatives of pyrrol-yl- 
methylpyridine and nicotinic acid decomposed 
more rapidly in the absence of surfactant than 
in the micellar medium. 

The concentration of BrCN was optimized by 
adding different volumes of 1M BrCN, to cover 
the 0-0.25M concentration range. In both SDS 
micellar and non-micellar media, and for the 
three model compounds, maximum absorbance 
was observed for concentrations of BrCN close 
to 0.05M. This concentration was used in the 
next series of experiments. 

The aniline concentration was optimized 
within the 0-0.3M range. In the micellar 
medium, an increase in the absorbance of the 
pyridine dye was observed at increasing concen- 
trations of aniline up to a concentration of 
0.05M, the signal being almost constant within 
the 0.05--0.3M aniline concentration range. In 
the non-micellar medium, the absorbance of the 
pyridine dye increased up to 0.1M aniline, and 
was constant in the 0.1-0.3M range. For nic- 
otinic acid, the absorbance was constant in the 
0.005--0.02 and 0.01-0.03M aniline concen- 
tration ranges in the micellar and non-micellar 
media, respectively, and decreased slowly at 
higher aniline concentrations. A 0.05M aniline 
concentration was selected as adequate for the 
determination of pyridine and the pyridine de- 
rivatives, and was used in the recommended 
procedure. 

Influence of pH 
Both the hydrolysis and coupling reactions 

can be influenced by the pH of the solutions. 
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Fig. 3. Dependence of the absorbanee of the polymethine 
dye of nicotinic acid on (a) the pH of the hydrolysis reaction, 
and (b) the pH of the coupling reaction (for a and b, the pH 
of measurement was 4.5). (c) Titration of the polymethine 
dye of nicotinic acid formed at pH 4.5, with NaOH (the 
absorbanee was corrected for dilution). The concentrations 
of nicotinic acid and SDS were always 2 x lO-SM and 

0.05M SDS, respectively. 

First, the optimum pH for hydrolysis with 
BrCN was studied in a 0.1M SDS medium, by 
adding to the nicotinic acid solution 5 ml of a 
universal buffer (0.1M acetic acid-0.1M 
NaHCO3-0.1M Na2B4OT), and HC1 or NaOH 
to achieve a constant pH during hydrolysis in 
the 2-10 pH range. After 15 rain from the 
addition of BrCN, the pH was adjusted to 4.5, 
aniline was added, and 10 min later the ab- 
sorbance was measured. Figure 3a shows that 
the optimum pH range for hydrolysis was 3-5. 

A similar study was performed for the coup- 
ling reaction. Nicotinic acid was hydrolyzed at 
pH 4.5, 5 ml of universal buffer was added, and 
the pH was adjusted to several values within the 

2-10 pH range with HC1 or NaOH. Aniline was 
added, after 15 min the pH of the solution was 
fixed to 4.5 and the absorbance was measured. 
The dependence of the absorbance with pH was 
similar to that observed for the hydrolysis reac- 
tion (Fig. 3b). 

The polymethine dyes formed by coupling 
with aniline exhibited a decrease of the molar 
absorptivity in the pH 4.5-9 range, which was 
attributed to the deprotonation of the sec- 
ondary arylamino group, For the nicotinic acid 
dye this equilibrium coincided with the deproto- 
nation of the carboxylic group. The protonation 
equilibria were observed by titration with 
NaOH, by using simultaneous potentiometric 
and spectrophotometric monitoring. First, after 
15 min of addition of aniline to the glutaconic 
aldehyde formed at pH 4.5, a small volume of 
HCI was added to lower the pH of the polyme- 
thine dye solution to 1. Then, the solution of the 
dye was titrated in the presence of the universal 
buffer with 0.25M NaOH, and the absorbance 
was measured at the wavelength of maximum 
absorbance (see Table I). Figure 3c shows the 
absorbance-pH titration curve for the nicotinic 
acid dye, obtained in the SDS micellar medium. 
It may be observed that the absorbance was 
constant in the pH 3--4.5 range, and decreased 
abruptly outside this range. In the rec- 
ommended procedure, an acetic acid/acetate 
buffer was used to regulate the final pH to 4-4.5. 

In an acidic SDS micellar medium, the spec- 
trum of the polymethine dye of nicotinic acid 
showed a maximum at 440 nm, which shifted to 
longer wavelengths at increasing pH values. 
Also, in a basic solution a new maximum ap- 
peared at 350 rim. The pyridine dye showed a 
wavelength of maximum absorption at 485 nm 
in acidic and weakly basic solutions, and a new 
maximum at 405 nm in a more basic medium. 
The pyrrol-ylmethylpyridine dye showed a 
maximum at 485 rim, which shifted to shorter 
wavelengths at increasing pH values. 

For the polymethine dye of pyridine, the 
protonation constant of the arylamino group 
was evaluated according to Garcia et ak ,  2~ being 
logK = 9.7_+0.3 and 7.64-0.2 in a 0.1M SDS 
micellar and non-miceilar media, respectively. 
The earlier protonation of the dye in the micei- 
lar solution indicated that the protonated cat- 
ionic species was more strongly associated to the 
anionic SDS micelles than the basic non-ionic 
species. In the micellar medium, the protonation 
constants of the arylamino group of the poly- 
methine dyes of nicotinic acid and pyrrol- 
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ylmethylpyridine were log K = 5.8 -4- 0.2, and 
7.8+0.1,  respectively. The protonation con- 
stant of the nicotinic acid dye should be slightly 
biased due to the almost simultaneous protona- 
tion of the carboxylate group. These constants 
could not be obtained in the absence of surfac- 
tant due to precipitation. 

Usually, protonation of alkyl-arylamino 
groups takes place around pH 5-6. The larger 
values obtained both in the micellar and non- 
micellar media can be explained as owing to the 
large conjugated system of the polymethine dye 
molecule, where the positive charge of the acidic 
proton can be easily accepted and stabilized. 

Effect of the surfactant character 

A comparative study of the hydrolysis and 
coupling reactions, and the enhancement of the 
absorbance signal of the polymethine dyes was 
performed in micellar solutions of an anionic 
(SDS), cationic (N-cetylpyridinium chloride, 
NCPC) and non-ionic surfactant (Triton X- 
100). The experimental conditions (pH, BrCN 
and aniline concentrations) were those opti- 
mized above, and the concentration of the sur- 
factants was always above the critical miceUar 
concentration (cmc). 

The influence of the concentration of the 
surfactant on the absorbance of the final 
product was first studied. The results for nic- 
otinic acid can be observed in Fig. 4. The larger 
enhancement of the signal corresponded to SDS 
solutions. For this surfactant, a large and con- 
stant absorbance was achieved just above the 
cmc (8 x 10-3M). At the pH of the reaction, 
both the aniline and the polymethine dyes were 

0.8 

0.4 

1 

0.0 
o.o 07, o.'z 

s u r f a c t a n t  , M 
Fig. 4. Influence of the surfaetant concentration on the 
absorbance of the polymethine dye of nicotinic acid for (1) 

SDS, and (2) NCPC. 

protonated, and thus they were strongly bound 
to the anionic SDS micelles. On the other hand, 
at pH 4.5 the glutaconic aldehyde derivatives 
produced by pyridine and pyrrol-yl- 
methylpyridine are non-ionic, and should be 
associated to the SDS micelles by hydrophobic 
interactions. At this pH, the glutaconic alde- 
hyde of nicotinic acid could be anionic, how- 
ever, protonation of the carboxylate group of 
this derivative should take place at a higher 
pH in the SDS micellar medium than in non- 
miceUar medium. The sensitivity enhancement 
produced by the SDS micelles could be ex- 
plained in terms of an increase of both the 
reaction yield and the molar absorptivity of the 
polymethine dye. The experiments below were 
addressed to identify the main cause of the 
enhancement in sensitivity. 

For NCPC, the absorbance increased slowly 
with the concentration of surfactant. At the pH 
of the reaction, both the aniline and the polyme- 
thine dyes should be rejected by the cationic 
NCPC micelles. Thus, the increase of either the 
reaction yield or the molar absorptivity of the 
dye when the NCPC concentration increased 
was an unexpected result. This suggested that 
the sensitivity increase was mainly due to the 
association of the non-ionic glutaconic aldehyde 
to the surfactant assemblies, which is consistent 
with the hypothesis of the modification of the 
reaction pathway. Owing to the hydrophobic 
interactions, and independently from the charge 
of the surfactant, the association of the non- 
ionic form of the glutaconic aldehyde should 
increase when the concentration of the surfac- 
tant increases. It was checked that the polyme- 
thine dye of nicotinic acid was formed rapidly in 
the NCPC micellar solution, and the stability 
during the first 30 min was similar to that 
observed with SDS. Finally, a precipitate ap- 
peared in Triton X-100 solutions for a concen- 
tration of the surfactant larger than 0.02M, and 
no enhancement in the absorbance was ob- 
served for lower concentrations. 

A series of experiments were performed to 
investigate the effect of the presence of SDS and 
NCPC on the hydrolysis and coupling reactions. 
The study was performed with nicotinic acid, by 
adding the surfactant at several points of the 
procedure: (1) before the addition of BrCN, to 
perform the hydrolysis and coupling reactions 
in the presence of the surfactant; (2) before the 
addition of aniline, thus only the coupling reac- 
tion occurred in the presence of the surfactant; 
(3) 10 min after the addition of aniline, to 
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observe the effect of the surfactant on the 
absorbance of the polymethine dye formed 
in a non-micellar medium; (4) the whole exper- 
iment was performed in the absence of surfac- 
tant. 

The effect of the presence of the surfactant 
can be found out by observing the spectra of the 
dyes (Fig. 5). The similarity of the spectra 
obtained with procedures 1 and 2, when SDS 
was used, indicated that the hydrolysis reaction 
was not affected by the presence of the anionic 
surfactant (Fig. 5a). On the other hand, the 
comparison, in the same figure, of the spectra 
obtained with procedures 3 and 4 indicated that 
the absorbance of the polymethine dye formed 
in a non-micellar medium was only slightly 
enhanced in the presence of SDS. Therefore, 
most of the enhancement in the absorbance was 
produced by an increase in the reaction yield. 
This enhancement occurred when the surfactant 
was added before the hydrolysis of the pyridine 
derivative and also when it was added before the 
coupling reaction. Once finished the coupling 
reaction, the addition of the surfactant scarcely 

affected the absorbance of the solutions. Since 
no increase in the absorbance was produced by 
addition of SDS after the addition of aniline, a 
modification of the reaction pathway rather 
than an equilibrium shift should take place. 
Thus, the coupling reaction is in fact a competi- 
tive process in which the glutaconic aldehyde 
forms the polymethine dye and other less 
coloured or even coiourless products. 

The behaviour was completely different for 
NCPC, where the enhancement of the ab- 
sorbance was mainly achieved when the surfac- 
tant was added before the hydrolysis (Fig. 5b). 
This adds a new evidence about the association 
of the glutaconic aldehyde derivative to the 
NCPC micelles. 

Use of  other coupling reagents 

A study was performed on the influence of the 
nature of the coupling reagent on the formation 
of the polymethine dye in the SDS micellar 
medium. First, only two arylamines were taken, 
i.e. sulphanilamide and p-toluidine, more and 
less polar than aniline, respectively, to study the 
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time required for coupling. The results obtained 
in an SDS micellar and in non-micellar medium 
with these reagents were compared with those 
obtained with aniline. The model compound 
was pyridine. 

The p-toluidine dye was sparingly soluble in 
a non-micellar medium, thus for this reagent, 
the analytical procedure required the presence 
of SDS. In the micellar medium, the coupling 
reaction with p-toluidine was very slow, being 
only completed after 40 min. When sulphanil- 
amide was used in a non-micellar solution, 30 
min was required to stabilize the absorbance, 
whereas in the presence of SDS the signal was 
constant after 20 rain. Finally, when aniline was 
the coupling reagent, 5 and 20 min was required 
to achieve a constant absorbance, in the absence 
and presence of SDS, respectively. For the three 
arylamines, the final product was more stable in 
the micellar medium. 

Secondly, the evaluation of the absorbance 
enhancement obtained with other arylamines 
was performed by measuring the signal 45 rain 
after the addition of the coupling agent. The 
reagents studied were: p-aminoacetophenone, 
p-aminobenzoic acid, p-aminophenol, aniline, 
p-phenylenediamine, sulphanilamide, sul- 
phanilic acid, and p-toluidine. Increasing vol- 
umes of the coupling agents were added to the 
glutaconic aldehyde solution to make a final 
concentration in the 0-0.3M range. 

The results are shown in Table 2. All the 
reagents gave the coupling reaction in the micel- 

lar medium. The micellar medium allowed the 
use of coupling reagents that formed sparingly 
soluble dyes in the absence of surfactant (p- 
toluidine and p-aminophenol). Most of the re- 
agents studied gave maximum absorbance in the 
0.05-0.1M reagent concentration range. It 
should be remarked that only the use of aniline 
allowed a wide concentration range of the coup- 
ling reagent, giving the same absorbance signal 
(0.05-0.3M). In other cases, the sensitivity de- 
pended largely on the concentration of the 
coupling reagent. For some reagents, a constant 
absorbance was achieved above a given concen- 
tration of the reagent, but for other reagents, 
the absorbance increased continuously with 
their concentration (p-aminoacetophenone, p-  
aminophenol and sulphanilamide). Also, for 
some reagents, the polymethine dye or the re- 
agent itself precipitated (sulphanilic acid and 
sulphanilamide). The sensitivity enhancement 
was large in all cases (usually 1.7- to 3.7-fold), 
but it was especially high for the p-phenylenedi- 
amine dye (13-fold), which could be a result of 
the very strong association of this reagent to the 
SDS micelles by both electrostatic and hydro- 
phobic interactions. However, the molar ab- 
sorptivity of the p-phenylenediamine dye in the 
SDS solution was similar to the aniline dye, 
and the reagent concentration range was more 
critical. 

In the past, several reagents were proposed to 
substitute the use of aniline in the K6nig reac- 
tion due to its low sensitivity. The results given 

Table 2. Influence of different coupling reagents on the formation of polymethine dyes of pyridine (the concentration of 
pyridine was 2 × 10-SM) 

Molar absorptivity 
Optimum concentration (M - i c m  - t  ) 

Coupling reagent Medium range (M) (reagent concentration, M) 

p-Aminoacetophenone SDS * 55000 (0.08t) 
Non-micellar * 31000 (0.08?) 

p-Aminobenzoic acid SDS 0.05-0. I ? 52000 (0.1) 
Non-micellar 0.05-0. I t 31000 (0. I) 

p-Aminophenol SDS * 2600 (0.02:~) 
Non-micellar 

Aniline SDS 0.05-0.3t 37000 (0.05) 
Non-micellar 0.1-0,3$ 10000 (0.1) 

p-Phenylenediamine SDS 0.02-0.06t 34000 (0.065) 
Non-micellar 0.02-0.06t 2600 (0.0651:) 

Sulphanilic acid SDS * 8400 (0.06~) 
Non-micellar 0.06~.08§ 2600 (0.06) 

Sulphanilamide SDS * 43000 (0. I t) 
Non-micellar * 21000 (0. I ?) 

p-Toluidine SDS 0.004-0.007t 63000 (0.02) 
Non-micellar 

*There was no coupling reagent concentration range for which a constant absorbance was obtained. 
tMaximum coupling reagent concentration studied. 
5The absorbance of the blank solution was excessive at larger concentrations of the coupling reagent. 
§A precipitate appeared for larger concentrations of the coupling reagent. 
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Table 3. Evaluation of nicotinic acid in pharmaceutical formulations 

Formulation Recovery* CV (%) 
(laboratory) Composition (%) n = 3 

Espasmo Digestomen per tablet: 10 mg nicotinic acid, 20 mg flopropione, 100 mg 99 4.0 
(Menarini, Badalona, methionine phenylbutyrate, 25 mg pepsin (1:2500), 50 mg 
Barcelona) papain, 25 mg betaine chlorhydrate, 15 mg diastase, 50 mg 

pancreatin, 10 mg pancreatic lipase, 25 mg liver bile extract, 
15 mg cellulase, 15 mg hemi-cellulase, excipient 
per pill: 300 mg xanthinol nicotinate, excipient Landrina 300 

(Landerlan, Madrid) 
Piasmaclar 
(Lacer, Barcelona) 
Rulun 
(Lacer, Barcelona) 

96 3.1 

97 3.1 

98 2.0 

per capsule: 100 mg xanthinol nicotinate, 35 mg pcntosan 
sulphonic ester, excipient 
per tablet: 100 mg xanthinoi nicotinate, 20 mg 
hydrochlorothiazide, 3 mg trichloromethiazide, 170 mg sacarose, 
2.3 mg selective fraction of Rauwolfia S. Dehra Dun alcaloids, 
25 mg pentosan sulphonic ester, lactose, excipient 

Tensiocomplet per pill: 50 mg xanthinol nicotinate, 15 mg chlorthalidone, I0 mg 97 2.1 
(Medea, Barcelona) dihydraiazine chlorhydrate, 0.25 mg reserpine, 0.20 mg 

protoveratrine A + B, 5 rag rutoside, 50 mg potassium gluconic 
acid, 144 mg sacarose, excipient 

*Recovery with respect to the contents declared by the manufacturer. 

in this work indicated, however, that in an SDS 
micellar medium aniline was perhaps the best 
coupling reagent o f  those studied, because of  the 
large absorbance enhancements produced, 
which gave high molar  absorptivities. Also, the 
coupling time (15-20 rain) with aniline was not 
excessive, the opt imum reagent concentration 
range was wide, and the reaction was possible 
for different substrates. 

Analy t i ca l  f igures  

The recommended procedure with aniline was 
used to obtain the calibration plots for pyridine, 
pyrrol-ylmethylpyridine and nicotinic acid. The 
calibration straight lines fitted by least-squares 
gave an intercept at 0.002-0.003. The molar  
absorptivities were 3.7 × 104, 2.35 x 10' and 
4.25 x 10*M -j cm -*, in a 0.1M SDS medium, 
and 1 ,0x104 , 1 .0x104 and 3 . 0 x 1 0 3 M  -I 
c m -  *, in the non-micellar solution, for pyridine, 
pyrrol-ylmethylpyridine and nicotinic acid, re- 
spectively. 

The limits of  detection (LODs) in the SDS 
micellar medium were obtained by measuring 
the absorbance of  the blank solution in the 
absence of  the analyte (16 replicates, 3s cri- 
terion), being 6 x 10-TM, 1 x 10-rM and 
5 × 10-TM for pyridine, pyrrol-ylmethyl- 
pyridine and nicotinic acid, respectively. The 
reproducibility was obtained from the measure- 
ment  of  the absorbance of  16 aliquots of  the 
analytes, which were hydrolyzed and coupled 
separately. The coefficients of  variation were 
2.1% for 2 x  10-SM pyridine, 2.0% for 
2 x 10-~M pyrrol-ylmethylpyridine, and 1.7% 
for 1.5 x 10-SMnicotinic acid. In the absence of  

SDS, the LODs were 3 x 10-6M, 3 x 10-6M 
and 9 x 10-6M, respectively, and the reproduci- 
bility ca. 3.5%. 

Evaluat ion o f  nicot inic  acid  in f o rmu la t i ons  

The optimized procedure was applied to the 
determination of  nicotinic acid in several phar- 
maceutical preparations. For  the analyses, 10 
tablets or pills were weighted and pulverized, a 
portion was taken, weighted, dissolved in 5 ml 
of  ethanol, and diluted with 0.SM SDS. In 
addition, the contents o f  10 capsules were hom- 
ogenized before a portion was taken, following 
the same procedure. The results are given in 
Table 3. The recoveries were always close to 
100%, with coefficients o f  variation of  
2.0--4.0%. 
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Summm'y--S9788 is a novel triazinodiaminopiperidine derivative which reverses the multidrug resistance 
of tumour cells to anticancer drugs. In this study, a new HPLC method was developed to determine this 
compound in P388 leukaemia cells. The influence of various parameters (composition and pH of the 
mobile phase, nature of the column) on the separation of $9788 and derivatives was investigated. Using 
a microsphere Cl8 column and the optimal mobile phase (acetonitrile-0.4M phosphate buffer containing 
0.2% triethylamine, 40:60 v/v, pH 6.5) it was possible to separate $9788 and seven hypothetical 
metabolites and derivatives in 15 rain. The limits of detection and quantification of $9788 are 75 and 250 
pg, respectively. This MDR modulator was extracted from biological media by a rapid two-step procedure 
which removed proteins before direct injection of the sample. Absolute recoveries ranged from 90 to 100% 
with a mean RSD (%) lower than 5. 

The resistance of turnouts to anticancer drugs, 
whether innate or acquired, is a crucial problem 
in the treatment of cancer diseases. Multidrug 
resistance (MDR) is a pleiotropic type of resist- 
ance which mainly affects anthracyclines, vinca- 
alkaloids and epipodophyllotoxines ~-4 and may 
be particularly important. The most important 
type of MDR is known to be associated with the 
overexpression of a membrane glycoprotein, 
Pgp 170. In tumours, Pgp encoded by the 
mdr-1 gene, 5 has been identified as an energy- 
transducing transport pump which appears 
to confer resistance by inducing the efflux of 
cytotoxic drugs, thereby diminishing their intra- 
cellular concentrations3 A wide variety of com- 
pounds have now been shown to reverse MDR 
in vitro. 7 Among these molecules only verapamil 
has been extensively tested in clinical studies; 
however, serious side effects such as hypo- 
tension and arrhythmia were observed. 8 $9788, 
a novel triazinodiaminopiperidine derivative 
which does not belong to any of the classes of 

*Author to whom correspondence should be addressed. 

agents known to reverse MDR, was able to 
increase the accumulation and retention of cyto- 
toxic drugs in rodent and human tumour cell 
lines displaying the MDR phenotype. 9-13 This 
drug is currently under clinical investigation 
as an MDR modulator in cancer diseases. 9-'3 
However, numerous problems of disposition 
remain to be solved to understand its mechan- 
ism of action. ~4 Therefore, the aim of this paper 
is to develop a selective high performance-liquid 
chromatography (HPLC) ~5 assay suitable to 
study the intracellular drug accumulation 
in vitro of $9788 and five hypothetical metab- 
olites. The optimisation of the isocratic elution 
conditions permitted the separation, within 15 
min, of compounds which had very different 
partition coefficients. The protocol was con- 
ducted according to the stability and character- 
istics of the C18 or C8 reversed phase columns. 
We describe here a rapid method to extract 
$9788 from cancer cells and discuss for the first 
time the simultaneous HPLC separation of this 
drug in the presence of five potential metabolites 
and two structurally related derivatives. 
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Fig. I. Structures of molecules. 

EXPERIMENTAL 

Chemicals: $9788 (Fig. 1) was kindly pro- 
vided by the Institute of International Research 
Servier (Courbevoie, France). Its hypothetical 
metabolites: S16636, S16637, S16638, S16639 
and S16640 (Fig. 1) and a derivative S15061 
tested as an internal standard (Fig. 2a) were 
kindly offered by Servier Research and Devel- 
opment Ltd (Fulmer, U.K.). Hexamethylmel- 
amine (HMM) was a generous gift from the 
National Cancer Institute (Bethesda, MD, 
U.S.A.) (Fig. 2b). 

Reagents and instrumentation 

All reagents were of analytical grade 
(Merck; Overijse, Belgium), except acetonitrile 
(Lab-Scan Analytical Sciences, Ireland, far 

I I  N H , ~ , , , ,  ~ 

b CH3 C~3 
I 

N ~CH3 
I 

CH3 

Fig. 2. Structures of internal standards. (a) SI5061; (b) hexa- 
rnethylm¢laminv (HMM). 

UV grade). The HPLC system consisted of: a 
Rheodyne 71125 injector (Analysis, Belgium) 
equipped with a 100/~l injector loop, a Gilson 
307 solvent delivery system (Analysis, Belgium) 
operated at a flow rate of 1.00 ml/min, a pre- 
column (10 x 4.6 mm) packed with reverse- 
phase (R2) C18 (Chrompack, Belgium) and a 
column (100 x 4.6 ram) packed either with 3/~m 
reverse phase microsphere C18 or 5/~m chrom- 
spher C8 (Chrompack, Belgium). 

Two detectors were used: a HP I050 variable 
wavelength detector operated at 220 nm 
(Hewlett-Packard), linked to a Kipp and Zonen 
BD40 potentiometer recorder (Ankersmit, Bel- 
gium) and a photodiode array detector (Beck- 
man Instruments: module 168 system gold and 
system gold chromatography software (ASW 2). 
After optimization of the method, the following 
mobile phase was chosen: 0.4M phosphate 
buffer containing 0.2% triethylamine and aceto- 
nitrile (60:40, v/v) on a Cl8 column. The pH 
of a 0.4M KH2 PO4 solution was adjusted to 6 
with 0.4M K:HPO4; the apparent pH of the 
mobile phase was 6.5. The flow rate was fixed 
at 1.00 mi/min, analyses were performed at 
ambient temperature and the injected volume 
was 50/~1. 

Cell line and culture medium 

The P388 murine leukaemia cell line ~6 was 
used to study the extraction procedure. These 
cells, obtained from the institute of Research 
Servier (Suresnes, France), were maintained in 
RPMI medium 1640 supplemented with 10% 
foetal calf serum, 2 mM L-glutamine (100 U/ml) 
10 mM Hepes buffer (pH 7.4) (Gibco, Belgium), 
20/~M /~ mercapto-ethanol (Sigma, Belgium), 
penicillin (100 U/ml) and streptomycin (100 
/~g/ml). 
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Extraction of $9788, S15061 and HMM from 
P388 cells 

Before extraction, the cells were plated in 96 
well microtiter plates (Nunc, Gibco, U.K.) 
(25,000 cells/well). The cells were then further 
incubated in a drug free medium (250 #1) for 
24 hr at 37°C in humidified air containing 5% 
CO2. The supernatant was then carefully drawn 
up and replaced by 100 #1 of culture medium 
containing the investigated drug. After stirring 
for 30 sec, the cell suspension was transferred 
in a glass tube and the cells were disrupted 
and the proteins precipitated by adding of 
0.4 ml acetonitrile. The tube was then stirred 
for 10 sec, left at 4°C for 10 min and centri- 
fuged 10 min at 600 g. An aliquot (50 #1) of the 
supernatant was directly injected into the chro- 
matograph• Low intracellular concentrations 
were determined by pooling cells from several 
wells. 

RESULTS AND DISCUSSION 

The main goal of  this work was to develop 
an HPLC method allowing the analysis of the 
new reversant drug $9788 in biological media 
and particularly in cancer cells• In order to 
identify the optimal separation conditions, the 
chromatographic behaviour of the analytes was 
studied as a function of pH and organic 
modifier concentration. The former was regu- 
lated with 0.025M phosphoric acid, 0.025M 
potassium dihydrogen and 0.025M mono- 
hydrogen phosphate• Four pH values (3.0, 4.0, 
5.0, 6.0) were studied for each acetonitrile con- 
centration (40, 50 and 60%) and column pack- 
ing (C18, C8). 

Influence of CH3CN concentration and pH 

C18 column• Table 1 shows that capacity 
factors were higher and that resolution and 
selectivity were better when the pH of the 
mobile phase was increased from 3 to 6. Inves- 
tigations of buffers with pH above 6 were 
not conducted to insure an optimum stability 
of  the column. On the other hand the trend 
showed that pH below 3 would decrease 
the resolution factor and increase the risk of  
hydrolysis of the bonded moiety• Further- 
more, our data showed that at pH 6 the phos- 
phate buffer system was mostly effective and 
the solutes were highly stable• Decreasing the 
acetonitrile concentration to 40% gave better 
selectivity and resolution at pH 5, the peak 
width was sharper at pH 6. The selectivity was 
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generally better when 50% acetonitrile were 
included into the mobile phase but 40% aceto- 
nitrile gave the highest capacity factor and the 
best resolution of analytes at all pHs. Our 
results showed that analysis with higher or 
lower concentrations of CH3CN would give 
either bad resolution, or unsatisfactory k'. 
For this reason we did not explore other 
CH3CN concentrations. To maintain easy and 
highly reproductible analysis conditions suitable 
for the determination of numerous samples, 
gradient elution was not investigated in this 
study. 

C8 column. A complex behaviour was 
observed during the separation of these drugs 
on a C8 column. Generally, capacity factors 
increased as the pH increased but this feature 
was not systematically observed. No direct 
correlation, between selectivity and resolution 
on one hand and pH on the other was found. 
Capacity factors increased when the concen- 
tration of acetonitrile in the mobile phase was 
lower. Resolution and selectivity were generally 
poor when the concentration of the organic 
modifier decreased. These effects were particu- 
larly observed when the pH was raised from 3 
to 6. Table 1, clearly indicates that an acceptable 
separation of $9788 and S15061 was reached 
with a Cl8 column and a mobile phase consti- 
tuted of 40% of acetonitrile and 60% of 0.025M 

20 / 1.0 

O 

0.5 =, 
u 

1 I I I 
i00 200 3OO 400 

mM 

Fig. 3. Effect o f  phosphate buffer concentration on the 
resolution R s ( I )  a n d  the  capacity factors k" of  derivatives 

$9788 (&) and S!5061 ( 0 ) .  

phosphate buffer containing 0.2% triethyl- 
amine. The C! 8 column was selected for further 
studies. 

Tailing suppression 

Triethylamine significantly diminished the 
tailing of peaks whereas THF had no effect. 
In the range 0.05--0.2% in the mobile phase, 
triethylamine did not modify the retention 

2 = 

7 8 

~-o (5 2o 2~ t MIN 

B 

8 

6 7 

I 

15 t M I N  

Fig. 4. Influence of  buffer concentration on c h r o m a t o -  
g r a p h i c  separation. Peaks: i =  injection; 2 = SI6636 (2.0 
#~g); 3 = S1(~40 (0.5 .g) ;  4 = S1~37 (0.5 #xg); 5 = S1~38 
(0.5 /~g); 6 ffi HMM (0.3 #g injected); 7 = $9788 (1.6 /~g 
injected); 8 = S15061 (1.5 gg  injected). Buffer contraction in 
mobile phase (A) 25 m M  phosphate; (B) 400 m M  phos- 

phate. 
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Table 2. Spectral UV characteristics of $9788 and derivatives 

Limit of 
quantification Limit of 

Compounds a* b* • (pg) detection (pg) 

S16638 1.82 -7.15 0.9893 62 12 
S16639 1.98 -0.90 0.9974 62 12 
SI6637 1.14 0.94 0.9997 125 37 
S16640 1.45 2.24 0.9995 83 25 
S16636 0.94 2.22 0.9968 83 25 
HMM 0.94 2.21 0.9968 62 12 
$9788 0.26 -0.35 0.9994 250 75 
S15061 0.22 -0.00 0.9992 250 75 

*Standard curves y = ax + b. 
y ffi Absorbance; x = amount of $9788 injected; • 

a = slope; b = intercept. 
= correlation coefficient; 
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times. Choice of  optimal conditions required a 
compromise between maximum resolution for 
the two analytes and capacity to separate five 
additional hypothetical metabolites. In order to 
conduct the optimisation, we selected a mobile 
phase buffered at pH 6 and containing 0.2% 
triethylamine. These conditions permitted us to 
increase the capacity factor without an appreci- 
able degradation of  performances (at = 1.2 and 
Rs = 1.1). 

Buffer concentration 

The buffer concentration (C18 column) was 
varied from 0.025 to 0.4M phosphate at pH 6 in 
the presence of  40% of  acetonitrile. Figure 3 
shows that lower values of  k '  were observed 
when phosphate concentration was increased. 
The k '  values were decreased while the resol- 
ution factors were better. Moreover,  sensitivity 
was increased twice (Fig. 3, Fig. 4a, b). The 
opt imum buffer concentration was found to 
be the highest tested (400 raM). At this con- 
centration, no problem of  salt precipitation 
was encountered. The opt imum buffer con- 

Table 3. Analytical parameters of 
the investigated compounds standard 
curves, linearity range 5-6.5 x 105 

ng/ml 

Compounds 2 m ,,,., ~,~.~ 104 

$9788 204 0.79 
S15061 199 0.70 
HMM 225 0.56 
S16636 203 0.74 
S16637 203 1.13 
S16638 203 1.25 
S16640 204 1.64 

).: Wavelength; e: molar absorbance 
coefficient. 

centration was found to be the highest tested 
(400 raM). This concentration was the maxi- 
mum admissible limit to prevent salt precipi- 
tation which occurred when higher phosphate 
concentrations were used. The results showed 
that it was more adequate to increase the phos- 
phate concentration than the percentage of  
CH3CN in the mobile phase in order to obtain 
the highest Rs with the lowest k ' .  At 0.025M, 
the k '  were very high and the trend clearly 
indicated that lower concentration of  buffer 
could not offer acceptable analysis conditions. 
As a result the final composition of the mobile 
phase was acetonitrile-0.4M phosphate buffer 
containing 0.2% triethylamine 40:60 (v/v). To 
obtain good operatory conditions for this type 
of  column, the flow rate was fixed at l ml/min 
which produced a pressure of  approximately 
130 bars. 

Calibration curve limit o f  detection and limit 
quantification 

Each data-item of the calibration curves was 
the mean of three injections (solvent:mobile 
phase). Linear regression equation and corre- 
lation coefficients are collected in Table 2. All 
drugs showed a linear relationship between 
peak height and concentration, over a range of  
5 ng/ml-650 #g/ml. The absolute limits of  detec- 
tion and quantification, calculated as three and 
l0 times the standard deviation of  the baseline 
signal, respectively were at the picogram level 
(Table 3). 

U V  study 

The detection wavelength was chosen 
following a UV spectral study of  all deriva- 
tives dissolved in the chromatographic mobile 
phase. Even though the optimal wavelength 
of the derivatives was around 205 nm (Table 3) 
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Table 4. intra- and inter-assay validation of the $9788 determination after extraction 
$9788 HMM S15061 

lntra-assay Inter-assay lntra-assay Inter-assay lntra-assay Inter-assay 

Concentration recovery R.S.D. recovery R.S.D recovery R.S.D. recovery R.S.D. recovery R.S.D. recovery R.S.D. 
added (ng/ml) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) 

8 91 12 94 21 93 10 94 18 94 13 95 23 
40 93 5.9 96 15 96 6.2 95 16 94 7.0 95 18 

200 97 3.1 97 12 99 4.3 98 10 97 6.2 98 15 
1000 102 2.8 99 8.0 100 2.3 101 7.0 100 4.4 99 12 
5000 101 2.4 100 5.0 102 2.1 101 6.2 104 3.0 101 10 

25,000 100 1.9 101 3.2 101 1.7 99 3.7 102 2.1 102 7.3 
125,000 102 1.7 100 2.7 99 1.3 100 3.1 101 1.9 100 4.7 
625,000 100 1.4 100 2.5 I00 0.8 100 2.6 102 2.1 101 4.2 

a working wavelength of 220 nm was chosen in 
order to minimize unspecified absorbance. 

Extraction o f  $9788, H M M  and S15061 f rom 
cancer cells 

The good linear relationship in the calibration 
curves calculated after extraction of these three 
drugs from cancer cells (r > 0.996), as well as 
the excellent recovery results (Table 4) are likely 
owing to the simplicity of sample treatment 
prior to analysis. The procedure used for the 
sample preparation is virtually a dilution in a 
acetonitrile/water mixture. This provides maxi- 
mum of accuracy while introducing minimum 

2 2 

5 10 15 I l l  

D 

MIN 

Fig. 5. Uptake of $9788 by P388 cells. Time (A) 1.00 min; 
(B) I0.00 min; (C) 60.00 rain; (D) 120.00 rain. Peaks: 1 = 
injection; 2 .~ HMM (IS); 3--$9788. Incubated concen- 

tration of $9788:5/zM. 

of artefacts during the preparation. Intra-day 
variability was assessed with six extraction pro- 
cedures and the inter-assay reproducibility was 
determined by pooling the data of three days. 
As indicated by the RSD (%) values (Table 4), 
the precision of this method is reasonably 
good and can be used in a very large range of 
concentrations. Similar results were found for 
drugs S16636, S!6637, S16638, S166639 and 
S16640. Specificity of the method was controlled 
by diode array analysis. The chromatographic 
behaviour and recovery results showed that 
HMM and S15061 are possible internal stan- 
dards (IS) to quantify $9788 in cells. HMM has 
the advantage of a shorter retention time. 

Preliminary in vitro transport studies of 
$9788, showed that the limit of quantification 
of the proposed method would allow us to 
determine the intracellular drug concentration 
vs. time curves from micro samples. This feature 
is essential in order to follow the transport 
kinetics in 96 well micro plates used for parallel 
cytotoxic tests. Figure 5 shows chromatograms 
obtained after incubation of $9788 with cells 
for l, 10, 60 and 120 min. No metabolite was 
detected in P388 cells even after 120 min of 
incubation. Moreover, no interference peak was 
detected (HMM was used as IS). The results 
proved a (quick) penetration and accumulation 
of this new drug in the cells. 

In conclusion, the HPLC system developed 
permitted the separation of $9788, five possible 
metabolites and two IS, which are molecules 
comprising a large range of lipophilicity and 
polarity, in less than 15 min. The selectivity and 
reproducibility of the method is good, allowing 
the successful determination of $9788 in P388 
leukaemia cells. 

Acknowledgement--Thanks are expressed to the KISANE 
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tributed to the achievement of this study. 
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Summary--A flexible pervaporation module was developed and characterized. The spacers it uses allows 
the volume of the donor and/or aceeptor to be altered as required. The performance of the module was 
tested as regards both dynamic behaviour and continuous pervaporation in terms of flow-rates, 
temperature, type of membrane, flow mode, etc. A method for the determination of ethanol in different 
types of wine was developed and applied to various samples in order to validate the proposed continuous 
separation approach. 

Non-chromatographic continuous separation 
techniques make interesting choices for imple- 
menting various preliminary operations of the 
analytical process ~ in order to accommodate the 
raw sample to the measuring instrument. 2 Be- 
sides the well known advantages of separation 
techniques, they offer additional assets such as 
reduced human participation, easy on-line 
coupling with many instruments, diminished 
errors and hazards, markedly increased sample 
throughput and sparing used of sample and 
reagents. There are a variety of continuous 
sample treatment techniques that can be 
classified according to the type of interface 
involved in the mass transfer process, namely 
gas-liquid (e.g. gas-diffusion, continuous hy- 
dride generation, distillation, evaporation), 
liquid-liquid (e.g. dialysis, extraction) and 
solid-liquid (e.g. ion-exchange, precipitation, 
supercritical fluid extraction). 

Indirectly improving the selectivity and sensi- 
tivity by interference removal and preconcentra- 
tion, respectively, are no doubt the two primary 
targets of separation techniques in many ana- 
lytical processes involving real samples. Oc- 
casionally, the complexity of such techniques 
entails using more than one separation ap- 
proach in order to accomplish the desired sensi- 
tivity and/or selectivity levels. Coupling two 

*Permanent address: Institute of Chemistry, State Univer- 
sity of Campinas, SP, Brazil (C.P. 6154). 

identical or different continuous separation 
techniques can aid in dealing with complex 
samples via a synergistic effect. There are three 
general approaches to this type of coupling, 
namely (a) parallel; (b) serial; and (c) inte- 
grated) 

Separation membranes play a crucial role in 
continuous-flow systems, where they can be 
used for gas-diffusion or dialysis, as well as for 
separation of immiscible liquid phases, among 
others. 4 Continuous gas-diffusion techniques 
take advantage of the volatility of some analytes 
or their reaction products. They provide excel- 
lent means for enhancing selectivity and sensi- 
tivity. 2"5 A serial of parallel combination of 
gas-diffusion and another separation technique 
(e.g. dialysisY ion-exchange s'9) in continuous 
ftow systems clearly improves on the individual 
use of such techniques. On the other hand, 
continuous distillation and evaporation, both 
based on the differential volatility of the analyte 
and other sample components are scarcely used 
in continuous flow manifolds owing to the 
inherent difficulty to achieve reproducible re- 
sults and the high complexity of the associated 
continuous separation methods. 2 

In this work we developed a relatively new 
approach to implementing non-chromato- 
graphic continuous separation techniques on 
the analytical scale based on the volatility of an 
analyte removed from a complex matrix. The 
proposed approach combines evaporation and 
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gas-diffusion through a gas-permeable mem- 
brane in the same unit. The phenomenon is 
called 'pervaporation' in order to emphasize the 
fact that the analyte or its reaction product 
(whichever the permeate is) undergoes a phase 
change from liquid to vapor before reaching the 
gas-diffusion membrane) ° The new method- 
ology integrates two different analytical separ- 
ation principles in the same micromodule for 
simplicity, miniaturizability and minimal hu- 
man participation in order to enhance analytical 
quality and productivity.It 

Pervaporation is a developing membrane 
technology that is raising great expectations 
according to the DOE study 'Membrane Separ- 
ation Systems. A Research Needs Assessment', 
sponsored by the US Department of Energy, 
which includes this integrated separation 
alternative on its top research priority list for 
organic/organic separations in the chemical in- 
dustry. ~2 Several pervaporation studies have 
been carried out on a small scale. Toshiro et al. 13 

developed a new type of membrane based on the 
plasma-graft co-polymerization of 2-hydroxy- 
ethyl methacrylate with acrylic-methacrylic 
acids on polypropylene films that selectively 
permeate water from water-ethanol mixtures. 
Strathman et a l )  4 used composite hollow-fibre 
membranes with poly(sulfone) as support, 
coated with a solvent-selective layer of poly 
(dimethyl siloxane) for continuous removal of 
ethanol from fermentation broths by pervapo- 
ration. Also, Hickey et aL ~5 used hydrophobic 
silicone-based membranes for separation of al- 
cohols such as n-butanol and isopropanol from 
a bioreactor. 

There are few references to the use of perva- 
poration for analytical purposes. Schmidt 
et al. ~6 used a pervaporation module coupled 
on-line with an enzymatic continuous manifold 
for the determination of ethanol and diacetyl in 
simulated brewing mixtures. Recently the same 
team have developed an improved pervapora- 
tion module integrated in a flow injection enzy- 
matic manifold for the determination of ethanol 
in both beer and baker's yeast cultivation. ~7 
Determinations based the separation of 
aqueous-organic mixtures by pervaporation, 
followed by mass spectrometry or coupled gas- 
chromatography-mass spectrometry, were re- 
ported over 10 years ago. ~s 

In this work we constructed a flexible minia- 
ture pervaporation module able to work in 
either a single or a double dynamic mode, that 
was coupled on-line to a continuous unseg- 

mented flow manifold. After the module was 
characterized in hydrodynamic and separation 
terms, a non-enzymatic photometric method for 
the determination of ethanol in different types 
of wine was developed in order to test the 
potential of this integrated separation technique 
for analytical purposes. 

EXPERIMENTAL 

Reagen t s  

All chemicals used were of analytical reagent 
grade, and solutions were prepared in distilled/ 
deionized water. An aqueous potassium dichro- 
mate solution was prepared by dissolving 17.0 g 
of KzCr407 (Merck) in ca. 100 ml water, adding 
162.5 ml H2SO4 (96%, Panreac) and making up 
to 500 ml with water. A 1 x 10-2M Na2B407 
aqueous solution was used as carrier for the 
Bromocresol Green (BCG) solution, which was 
also made in this borate medium (50 and 100 
/ag/ml). An absolute ethanol standard (Merck) 
was used at a suitable dilution. Wine samples 
provided by Official Start of the MontiUa- 
Morilles region (C6rdoba, Spain) were also 
used. 

Cellulose, PTFE and PDVF pervaporation 
membranes (all of 5.0 #m pore size and 47 mm 
diameter and supplied by Millipore) were used. 

Appara tus  

A Unicam 8625 spectrophotometer furnished 
with a Hellma QS flow-cell (10-mm light path) 
and connected to a Radiometer REC-80 
recorder and a Selecta 382-S recirculating ther- 
mostat was used. A four-channel Gilson 
Minipuls-2 peristaltic pump fitted with a rate 
selector, a Rheodyne 5041 injection valve, and 
Teflon tubing of 0.5 mm i.d. was also used. 

Pervaporat ion  module  

The pervaporation unit was custom-built 
from machined parts and is shown schemati- 
cally in Fig. 1. It consisted of the following 
elements: 

(a) An upper chamber with an inlet and outlet 
through which the acceptor stream is circulated. 
The acceptor solution collected the gaseous 
analyte, whether by dissolution or by reaction 
with a suitable reagent contained in it. 
(b) A thin membrane support (1 mm thickness) 
made of Teflon owing to the difficulty to 
machine it in methacrylate. 
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(c) Spacers of different thickness (from 2 to 10 
mm) placed below and above the membrane 
support in order to enlarge the lower and upper 
chamber, respectively. 
(d) A lower, donor stream/sample chamber 
through which the feed stream for evapor- 
ation/diffusion process was circulated. 

The whole pervaporation module (membrane 
support excluded) was made of methacrylate in 
order to allow continuous checking of its oper- 
ation during the experiments. 
(e)-(g) Additional fastening devices intended to 
avoid leaking. Firm contact between parts 
was achieved by screwing the aluminium sup- 
ports (e) with four cylinders (f). Previously, the 
different parts of the pervaporation module 
were aligned by passing (g) through the four 
cylinder bores. 
(h) Connectors for the inlet and outlet stream in 
both chambers. 

The cross-sectional views of Fig. I(B) 
show the dimensions and shape of the two 
chambers. 

(A) 

I 
Fig. I(A). (Caption on following page). 
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RESULTS AND DISCUSSION 

After the pervaporation module was designed 
and built, its performance was tested using the 
univariate experimental approach in order to 
determine which variables affected its operation. 
In this case the implementation of the optimiz- 
ation studies using a multivariate experimental 
design could be highly beneficial taking into 
account the large number of variables which 
influence the performance of the module, but 
these designs are usually 'blind' to the effect of 
each individual variable. For this reason the 
module was checked by the univariate method. 
First, it was checked for hydrodynamic per- 
formance, and for continuous pervaporation. 
Finally, a method for determining ethanol was 
developed and used to quantify the analyte in 
various types of wine, 

Characterization of the pervaporation module 

Dynamic behaviour. In order to check the 
performance of the pervaporation unit (Fig. 1) 
in a continuous dynamic regime, it was coupled 
to a flow injection manifold as shown in Fig. 2. 
For this purpose a volume of 500 p 1 of 50 or 100 
/~g/ml Bromocresol Green (BCG) in borate 
buffer was injected into a borate carrier stream 
and the transient signal obtained on passage 
through the detector was monitored and used to 
determine the influence of the incoming and 
outgoing flow-rates (q~, and qo,,, respectively) of 
the donor and acceptor streams. Both the upper 
and the lower chamber were checked in turn by 
connecting the spectrophotometric detector to 
their outlets. 

It should be noted that the detector waste in 
both the upper and lower chamber must be 
aspirated in order to aid circulation of the 
streams through the unit and avoid leakage of 
the solution through the membrane and the 
wall-module/membrane in the upper chamber, 
as well as to raise the donor stream level in the 
lower chamber. 

The operation of the upper chamber was 
checked by keeping the flow-rate in the lower 
chamber constant (qi, = qoo~ = 2 ml/min) and 
changing at the upper chamber inlet between 0.7 
and 3.0 ml/min while keeping both constant at 
0.7 ml/min the qou, and using the same value as 
in the inlet. Identical incoming and outgoing 
flow-rates resulted in no leakage, whatever their 
value. At qi, > qo,t the dye leaked both through 
the membrane and (particularly at the latter). 
Leakage was assessed by keeping qou, constant at 
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Fig. I. (A) Parts of the pervaporation module. (a) Receptor chamber, (b) membrane support, (c) spacer, 
(d) donor/sample chamber, (e) aluminium supports, (f) and (g) rods for screwing and aligning the module, 
(h) connectors. (B) Cross-sectional (a and b) and plant views (c, d) of the acceptor and sample chambers, 

respectively. 

0.7 ml/min while changing q~,. The analytical 
signal decreased by ca. 10% at qm = 1.0 ml/min, 
and by as much as ca. 50% at qi, = 3.0 ml/min. 
The detector response was strongly distorted at 
qo,t > qin as a result of  air bubbles crossing the 
membrane and reaching the flow-cell. Thus, 
correct functioning of  the upper chamber re- 
quired using a flow-rate ratio qi,/qo,,  = 1. 

The operation of  the lower chamber was 
studied in respects: The influence of  the q~,/qo~t 
ratio and the extent of  homogenization of  the 
injected dye in the carrier solution, on which 
reproducibility was found to depend. The differ- 

ent qin/qo,~ ratios were studied by injecting i ml 
of  dye into the carrier solution and connecting 
the spectrophotometer to the chamber outlet. 
The solution level in the chamber remained 
virtually constant at qou, > qin at the in--out level 
and the maximum transient signal was obtained 
which was unstable as air bubbles were pulled to 
the flow-cell from the chamber liquid surface. 
Increasing the q J q o . ,  ratio decreased the sol- 
ution level in the chamber being raised and as 
a result of  dye augmented. A q~./qo., ratio of  I 
was thus required for optimal functioning of  the 
lower chamber. 
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Fig. 2. Flow injection arrangement used to characterize the pervaporation module and develop a method 
for the determination of ethanol. (Ct and Cz) Donor and acceptor stream, respectively; (S) sample; (IV) 

injection valve; (PM) pervaporation module; (D) detector; (W) waste. 
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Even if a unity flow-rate ratio was main- 
tained, irreproducible signals were still obtained 
in successive injections. Dispersion of the dye in 
the carrier solution held in the chamber was 
visually observed to be non-uniform and irre- 
producible. This problem was addressed in two 
ways were: with magnetic stirring at 60 rpm and 
by packing the chamber with glass beads (0.3 
mm diameter). As shown in Table l, the repro- 
ducibility (as r.s.d.) was improved by using 
either magnetic stirring or a packed chamber, 
particularly in the latter case. Also, the signal 
obtained was higher as the chamber volume 
occupied by the sample/carrier mixture was 
smaller (even though the solution level was the 
same in all the experiments--qin = qout--the real 
volume was smaller as a part of  it was occupied 
by the beads). In addition magnetic stirring 
would hinder thermostatting of the module, is 
usually required in pervaporation processes. 

Based on the above results, no BCG was 
pervaporated (i.e. no dye passed from the lower 
chamber to the upper chamber). 

Continuous pervaporation. The effect of  the 
parameters potentially influencing continuous 
pervaporation in the proposed module was 
studied by using the flow system depicted in 
Fig. 2. Ethanol, the target analyte, was injected 

Table 1. Ways of improving homogenization inside the 
sample compartiment 

Chamber type Mean SD RSD (%)* 
Open 0.443 0.050 11.29 
Packed with glass beads 0.548 0.004 0.79 
Magnetically stirred 0.289 0.004 1.87 

*Injection of 1 ml of lO0 #g BCG/ml, n = 10. 

into a water-carrier stream that drove it to the 
lower chamber, where it evaporated and perme- 
ated across the membrane into a cold potassium 
dichromate acid stream where the following 
reaction took place: 

2Cr20 ~- + 3C2HsOH + 16H + 

4Cr3+3CH3COOH + 1 IH20.  

The Cr 3+ formed was driven to the spectropho- 
tometer and monitored at 600 nm. 

The f low-rates of  the donor  and acceptor 
stream had a critical effect on the separation 
efficiency. Their optimal values were found to 
depend on the module design and the nature of  
the analyte. 

First, the influence of the qm = qo= ratio for 
the acceptor stream was studied by keeping the 
donor  stream conditions constant (2 ml/min and 
40°C). A decrease in the analytical signal of  ca. 
50% was observed by changing the flow-rate 
from 0.5 to 1.0 mi/min (see Fig. 3). However, 
the decrease was not so marked above 1.0 
mi/min. Higher acceptor stream/analyte inter- 
action was achieved by decreasing the flow-rate 
as a result of the longer contact time. 

According to van der Linden, ~9 the amount  of  
analyte that diffuses into the acceptor stream 
depends on the rate of  diffusion of the analyte 
from the bulk solution to the membrane surface, 
partitioning between donor and separation el- 
ement, diffusion inside the membrane pores, 
partitioning between membrane and acceptor, 
and diffusion from the membrane surface into 
the bulk acceptor. 

Thus, the separation efficiency can be altered 
by changing the acceptor stream flow-rate. 
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The effect of temperature was studied by 
immersing the donor cartier and sample reser- 
voirs, the pervaporation module and the con- 
necting tubes in a thermostatted bath at 30, 
40, 50 and 60°C. Various membranes of the 
same pore diameter (5.0/~m) were assayed at 
each temperature. Figure 4 illustrates the 
influence of temperature and the type of 
membrane used on the absorbance of the 
transient signal obtained. 

As expected, the separation efficiency in- 
creased with increasing temperature for any 
type of membrane, as the logical result of a 
higher analyte volatility. There was no a ther- 
mal gradient inside the pervaporation module, 
which would have boosted separation. The 
different types of membrane provided variable 
efficiency; PTFE yielded the best results (an 
analytical signal 30 and 60% higher than 
those provided by PDVF and cellulose mem- 
branes, respectively, at 30°C). An absorbance 
increase by ca. 80% was obtained with the 
PTFE membrane by raising the temperature 
from 30 to 60°C. Although the effect of tem- 

Fig. 3. Influence of the acceptor and donor flow-rate on the 
pervaporation process (injected volume 2.0 mi/min; 40°C; 

PTFE membrane, 5/tin pore size). 

However, it should be noted that increasing 
the analytical signal in this way decreases 
the sampling frequency. Thus, a compromise 
must be made; a flow-rate of 2.0 ml/min 
selected for subsequent experiments as a 
compromise between sensitivity and through- 
put. 

Second, the donor stream flow-rate was 
changed from 0.5 to 3.0 ml/min. Figure 3 
also shows changes in the analytical signal 
with changes in this variable. The response 
was identical with that of the acceptor stream 
in all instances. Increasing the flow-rate short- 
ened the residence time of the sample in the 
lower chamber, thereby reducing the time for 
analyte evaporation and decreasing the separ- 
ation efficiency. An incoming and outgoing 
flow-rate of 2 ml/min as a compromise be- 
tween adequate sensitivity and sampling fre- 
quency was also used for the donor stream. 

T h e  separation unit variables studied in- 
cluded the temperature (through which the 
pervaporation efficiency can be altered), the 
type of membrane used for permeating the 
analyte; and the volume of the sample and 
collecting chamber. 
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Fig. 4. Influence of temperature and the type of membrane 
used on the pervaporation process. Working conditions: 
membrane pore size 5.0 /~m; inlet/outlet flow-rate 2.0 
ml/min; sample volume, 2 ml of 10% (v/v) ethanol standard 
solution (17 PTFE, ~7 PDVF, A cellulose membranes). 
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Fig. 5. Influence of the inner volume of the chambers on the 
pervaporation process. Working conditions: inlet/outlet 0,5 
flow rate = 2.0 ml/min (in both the acceptor and sample 
chamber); sample volume, 2.0 ml of 10% (v/v) ethanol 
standard solution and 40°C; PTFE membrane (V upper 

chamber, /~ lower chamber). 
0,4 . . . .  
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perature on the performance of the other two 
membrane materials was more marked than 
that on PTFE, the absolute absorbance ob- 
tained was greater for the latter (see Fig. 4). In ~o 0.3 
addition, the PTFE membrane proved more 
stable as it remained unaltered for at least one 
day's worth of work. On the other hand, the o 
PDVF and cellulose membranes allowed leak- ~ 0.2 
age of the dichromate solution into the sample 
chamber after a few minutes. Taking into ac- 
count the corrosive nature of the acceptor 
stream, which increased temperature, 40°C was 0,1 
selected in order to avoid rapid deterioration. 

The inner volume of the acceptor and/or 
donor chamber was found to strongly affect the 
separation efficiency. The effect of this variable 
was readily studied by placing spacers of vari- ° o 
able thickness (c in Fig. 1A) in the module as 
required. As can be seen in Fig. 5, both 
chambers performed optimally at the minimum 
volume tested; the spacers caused dilution of the 
analyte, both in the gas phase and in the accep- 
tor liquid phase. 

The effect of halting theflow during pervapo- 

ration was studied in three modes: by stopping 
the acceptor stream, the donor stream or both. 
The stop time was varied from 30 to 180 sec, and 
each time was tested in two sample introduction 
modes: continuous insertion and injection. In 
the latter mode, the flow was halted l0 sec after 
injection, i.e. when most of the injected plug was 
inside the lower chamber. 

Figure 6 shows the effect of both variables. As 
can be seen, halting the acceptor stream strongly 
influenced the analytical signal in both sample 
introduction modes, which showed the mem- 
brane to have a restrictive effect. 

A higher analytical signal was also obtained 
by increasing the stop-time. In fact an increase 
in the analytical signal by ca. 130% relative to 
the continuous working conditions was ob- 
tained for a 180 sec stop-time. The effect was 
even more marked (ca. 170%) if both streams 
were halted. The stopped-flow mode can be of 
special interest when a high sensitivity is re- 
quired; however, these working conditions dra- 
matically decrease sample throughput, which 
hinders application in routine work. 

30 60 90 120 180 

Stopped-flow time (s) 
Fig. 6. Effect of stopping the acceptor stream, the donor 
stream or both on the pervaporation process. The flow was 
halted for 0 and 180 sec. (1) With continuous sample 
aspiration; (2) with sample injection, 1.0 ml of 10% (v/v) 
ethanol standard solution, 4ff'C (flow stopped in the upper 

chamber ~ ;  lower chamber z~; both I-1). 

TAL 42 'S-~G 



762 I.L. DE M^Tros et al. 

Table 2. Analytical curves obtained under various experimental conditions 

Working condition 
Linear 

Temp. (°C) Time (sec) interval (%) Equation r RSD* 
40I" 0 0.0-40.0 A = 0.02(Eth) - 0.027 0.9985 1.5 
40 60 0.0-40.0 A -- 0.03(Eth) - 0.029 0.9982 1.7 
40 180 0.0-15.0 A = 0.07(Eth) + 0.024 0.9982 2.0 
60 0 0.0-20.0 A = 0.02(Eth) + 0.004 0.9993 2.0 
60 60 0.0-20.0 .4 = 0.04(Eth) + 0.027 0.9950 2.3 
60 180 0.0-10.0 A = 0.1 l(Eth) + 0.023 0.9970 2.4 
40~ 0 0.0-40.0 A -- 0.01(Eth) + 0.005 0.9992 1.7 
40 60 0.0-40.0 A = 0.02(Eth) + 0.014 0.9991 2.1 
40 180 0.0-20.0 A -- 0.03(Eth) + 0.020 0.9980 2.5 
60 0 0.0-30.0 A = 0.01(Eth) + 0.016 0.9970 2.0 
60 60 0.0-30.0 A -- 0.02(Eth) + 0.020 0.9980 2.1 
60 180 0.0-20.0 .4 = 0.05(Eth) + 0.020 0.9980 2.6 

*!0% (v/v) in ethanol, n = 10. 
tSample aspiration. 
~Sample injection (1 ml). 
§Both the acceptor and donor stream were halted. 

Determination of ethanol in wine 

The proposed manifold (Fig. 2) is remarkably 
stable; in fact, no significant change in the 
baseline absorbance was observed after 8 hr 
operation. Several calibration graphs were run 
at various temperature and stoptimes and fitted 
by least-squares polynomial regression. Their 
equations and statistical parameter are shown in 
Table 2. The working conditions can be 
matched to the linear range and sensitivity 
required. As noted earlier a flow stopping time 
of  180 sec provided the best slope for the 
calibration graph, to the detriment of the 
sample throughput. The slope was maximal at 
60°C; under these conditions the relative stan- 
dard deviation was increased as a result, how- 
ever, and the membrane deteriorated more 
rapidly. 

Wider linear ranges and better reproducibility 
were obtained by shortening or suppressing the 
flow stopping time. With no flow stopping, the 
sampling frequency obtained was 10 hr - t ,  with 
a repeatability of  1.7%, expressed as RSD. 

Table 3. Determination of ethanol in wine 

Sample* 

Recovery (%)~ 

EthanolT 1st addition 2nd addition 

I 10.96 92.4 97.9 
2 11.76 92.6 98.3 
3 11.86 95.0 94.9 
4 10.26 91.7 89.7 
5 9.46 95.9 99.4 
6 10.26 102.7 101.4 

*Wines from the Montilla-Moriles region. 
tlnjection of undiluted samples. 
2[:2.5 and 5% (v/v) for the first and second addition, respect- 

ively. 

In order to test the performance of  the re- 
ported approach on real samples, the ethanol 
content in various wines (white, ros6 and red) 
was determined. Table 3 summarizes the results: 
the analyte contents found and the recoveries 
obtained from two standard additions (between 
89.7 and 102.7%). 

FINAL REMARKS 

Pervaporation enhances the performance of  
continuous flow systems, as shown in this work 
by using a pervaporation module to determine 
ethanol in real samples. The most salient advan- 
tage of  continuous pervaporation over existing 
alternatives such as gas diffusion arises from the 
fact never contacts the separation membrane, 
thereby avoiding a number of  problems (e.g. 
pore clogging) encountered in processing real 
samples (e.g. waste water, fermentation broth). 
By using appropriate working conditions, a 
variety of  analytical problems can be addressed 
with the aid of  the proposed module. Some 
potential applications include the direct deter- 
mination of  volatile species such as acetone, 
biacetil, alcohols, and the indirect determination 
of  analytes forming volatile species such as 
fluoride and boron. In addition, pervaporation 
could be used for the determination of  such 
analytes as ammonium, sulphite and carbonate 
by pH changes, and compared in terms of 
performance with conventional gas-diffusion 
methods for these ions. 
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Summary--The phase-inversion (PI) method was used to cast permselective cellulose acetate membranes 
on glassy carbon electrodes with the aim of suppressing protein interferences in anodic stripping 
voltammetry (ASV). By using cadmium and lead as test analytes and differential pulse ASV as detection 
method, it was found that the modification of the electrode greatly reduces the interference from albumin. 
Cellulose acetate membranes prepared by the PI method give better protection against protein interference 
and have more reproducible permeability characteristics than membranes of comparable thickness 
prepared by the base hydrolysis method. An optimization study of the PI coating procedure was 
undertaken. 

The direct determination of trace metals in 
polluted waters and biological samples by 
anodic stripping voltammetry (ASV) is often 
hampered by interference effects from organic 
constituents of the sample matrix. Adsorption 
of surface-active compounds onto the working 
electrode usually causes peak depression, ~ and 
the adsorption/desorption process as such may 
yield tensammetric peaks which can interfere 
with or be mistaken for the metal peaks. 2 Con- 
sequently, it is often necessary to mineralize the 
sample matrix prior to stripping analysis. How- 
ever, sample decomposition complicates and 
lengthens the analytical procedure and intro- 
duces contamination risks. 

Recently, coating of the working electrode 
with permselective membranes has been intro- 
duced as a means of circumventing the organic 
interferences in ASV. One of the most successful 
membrane materials for this purpose has proven 
to be cellulose acetate (CA). The coating of the 
electrode is done either by mounting a pre- 
formed bulk membrane directly in contact with 
the electrode, or by casting the membrane in situ 
on the electrode surface, usually followed by 
suitable conditioning. Stewart and Smart 3'4 cov- 
ered a glassy carbon electrode with a bulk CA 
membrane (1000 MW cutoff) through which a 
thin mercury film was plated. For cadmium, 

*Author to whom correspondence should be addressed. 

excellent resistance toward organic interferences 
was obtained, although the membrane to some 
extent interfered with the mass transport of the 
analyte. Owing to their thickness, bulk mem- 
branes suffer from the general drawback that 
the time required for equilibration with the 
contacting solution is of the same order of 
magnitude as the duration of a typical ASV 
experiment, and the response time of the elec- 
trode can become a limiting factor. Moreover, 
bulk membranes strongly impede the mass 
transport of the analyte to and from the elec- 
trode surface, and cause a reduction of the 
sensitivity in ASV by a factor as high as 18, 5 
which is unacceptable in most applications. In 
contrast, an in situ formed CA membrane can be 
made much thinner, partly owing to the fact 
that it is cast directly on a solid support 
(the electrode) and is not moved herefrom. 
Therefore, the membrane does not need to be 
mechanically self-supporting. Wang and co- 
workers have extensively demonstrated the util- 
ity of permselective, in situ formed CA coatings 
on electrodes for protection against surfactant 
interferences in stripping analysis 6'7 and for se- 
lective detection of low molecular weight species 
in amperometric detectors, s.9 Electrode modifi- 
cation was carried out by casting a dense 
CA film which was subsequently subjected 
to base hydrolysis (BH). This treatment breaks 
the polymer backbone and increases the 
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permeability of the CA membrane, s and the 
permselectivity can be controlled via the hy- 
drolysis time. However, poor stability and re- 
producibility of CA coatings prepared in this 
manner have also been reported,~° which prob- 
ably is a result of the degradation of the mem- 
brane polymer in the BH step. '~ 

An alternative way of controlling the per- 
meability of CA membranes is achieved in the 
wet phase-inversion (PI) process, in which a 
pore former or swelling agent is added to the 
casting solution. ~2 When the casting solvent has 
evaporated, leaving behind a viscous solution of 
CA and the pore former, the membrane is 
immersed in a non-solvent gelation bath where 
the polymer precipitates. The precipitation 
begins at the surface of the membrane and 
propagates as pore former is exchanged by 
non-solvent. The porosity of the resulting mem- 
brane depends in a complex manner on the 
composition of the casting solution, the pore 
former/swelling agent used, and the experimen- 
tal conditions in the casting procedure. ~2-~4 Gen- 
erally, anisotrophic membranes are produced 
with a dense skin layer, which accounts for the 
permselectivity, and a porous sub-layer. ~2'14 
Kuhn et al. concluded that this structure is also 
found in very thin membranes prepared by the 
PI process. H The PI method has two advantages 
in comparison with the BH method: firstly, the 
process does not involve any degradation of the 
CA polymer. Secondly, the main diffusional 
barrier in CA membranes prepared by the PI 
process is the thin skin layer, and the inevitable 
inhibition of the mass transport of analytes 
caused by the permselective coating is therefore 
minimal. In contrast, CA coatings prepared by 
the BH process are homogenous in depth, and 
the diffusional resistance of the membrane rela- 
tive to its permselectivity is higher. In spite of 
these advantages, only Kuhn et al. have used the 
PI process for preparation of membrane coat- 
ings on electrodes.~'~5 

Nation, a perfluorosulfonate cation-exchange 
resin, has also proven to be a useful material for 
preparation of protective electrode coatings in 
ASV. A Nation-coated thin mercury film elec- 
trode (NCTMFE) is less susceptible to interfer- 
ence from surface-active compounds (including 
proteins) than the conventional TMFE, 16 and it 
has been used successfully for the direct deter- 
mination of trace metals in body fluids. 17 More- 
over, signal enhancement is achieved with the 
NCTMFE when used in conjunction with differ- 
ential stripping techniques, ~6"~8 and it offers high 

signal stability. ~8 However, the permselectivity 
of thin Nation membranes is complex as it 
results from a combination of charge and size 
exclusion effects and hydrophobic interactions 
between the fluorocarbon polymer backbone 
and the penetrating species.~9-2z In contrast, the 
permselectivity of CA membranes is primarily 
based on size exclusion, 8 and this membrane 
material is, therefore, to be preferred when 
interfering species can be discriminated against 
on the basis of molecular size alone. 

The purpose of the present work was to assess 
the usefulness of the PI process for preparation 
of CA-coated electrodes for protection against 
protein interferences in ASV, and to compare 
the virtues of CA coatings made by the PI and 
the BH methods. Most of the results and con- 
clusions concerning the usefulness of the PI 
process for preparation of permselective mem- 
brane coatings on electrodes are not limited to 
ASV but also apply to many other electroana- 
lytical methods where suppression of interfer- 
ences from surface-active compounds is 
desirable. 

EXPERIMENTAL 

Apparatus 

Voltammetric measurements were performed 
with a programmable electrochemical analy- 
serY The electrochemical cell comprised a 
Metrohm 628-50 rotating disk electrode unit 
with a 3-mm diameter glassy carbon electrode. 
The reference electrode was a Radiometer K401 
saturated calomel electrode (SCE), while the 
counter electrode was a glass-fitted platinum 
wire (I cm long, 0.5 mm thick). 

Reagents 

Buffers and supporting electrolyte media were 
prepared from Merck Suprapur reagents and 
triply distilled water, while other reagents were 
of analytical grade. Cellulose acetate (39.8% 
acetyl content, 30,000 MW) was obtained from 
Aldrich. Bovine albumin (fraction V, essentially 
globulin free, lyophilized, 66,000 MW) was ob- 
tained from Sigma. A 0.1 (w/v)% albumin 
solution in distilled water was prepared daily. 
The composition of the casting solution for the 
PI membranes was: 20 ml acetone, 0.5 ml of 
0.52M Mg(CIO4)2 in water and 0.05 g CA, while 
the casting solution for the BH membranes was 
composed of 10 mi acetone, 10 ml cyclohex- 
anone and 0.05 g CA. The concentration of CA 
in both solutions was 0.25 (w/v)%. In the 
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following, the formulations of these casting 
solutions are referred to as the standard compo- 
sitions. 

Procedure for preparation of modified electrodes 

Prior to coating, the glassy carbon electrode 
was polished with 0.25 #m diamond paste, 
rinsed with ethanol and dried with lens paper. 
Coating with CA was done by inverting the 
rotating disk electrode and applying 2.5 #l of 
the casting solution to the glassy carbon surface. 
Rotation was immediately switched on at 1500 
rpm. In the preparation of the PI membranes, 
the duration of this evaporation step was 30 sec, 
after which the electrode was immersed in an 
ice-water gelation bath (0 °) for 30 rain. For the 
BH membranes, the evaporation step lasted 20 
min, and the electrode was subsequently im- 
mersed in a 0.06M KOH solution for 16 min. 
Mercury was deposited on the glassy car- 
bon/CA substrate by electrolysis for l0 rain. at 

- l V vs. SCE in deaerated acetate buffer spiked 
with 2.5 × 10-SM mercury(II). A conventional 
thin mercury film electrode (TMFE) was pre- 
pared in the same manner apart from the poly- 
mer coating. 

The procedure for the preparation of the BH 
membranes was adopted from Ref. 10, while the 
general guidelines for the preparation of the PI 
membranes were found in Ref. 11. In the follow- 
ing, a TMFE coated with CA by the BH or the 
PI process is abbreviated as BH-TMFE and 
PI-TMFE, respectively. 

Procedure .for DPASV measurements 

All measurements were performed in 0.1M 
acetate buffer spiked with 2.0 x 10-TM Cd(II) 
and 2.0 × 10-TM Pb(II). Solutions were deaer- 
ated with argon for 5 rain prior to DPASV 
measurement. The working electrode was ro- 
tated at 750 rpm during deposition, while strip- 
ping was carried out in a quiescent solution 
following a 15 sec rest period. The stripping 
signals were recorded in differential pulse mode 
with the following instrumental settings: depo- 
sition potential, -1000 mV vs. SCE; deposition 
time, 2 rain; scan range, - 1000 to - 50 mV vs. 
SCE; pulse height, 50 mV; pulse width, 22 msec; 
sampling time, 2 msec; pulse repetition time, 
0.24 sec; effective scan rate, 12.3 mV/sec. Signals 
were smoothed with a seven-point Savitsky- 
Golay algorithm, and the background signal 
was corrected for by subtraction of an interp- 
olated linear baseline. A freshly prepared elec- 
trode was preconditioned by performing two 

deposition/stripping cycles in the acetate buffer. 
In the stability studies, the repeated DPASV 
experiments were performed automatically 
under computer control. 

In the protein interference experiments, the 
albumin concentration in the test solution was 
raised incrementally in the following sequence: 
l, 2, 5, 10 and 20 ppm. Two stripping measure- 
ments were carried out after each addition. In 
this manner, the dependence of the DPASV 
peak current on the protein concentration 
could be studied, and the adsorption of protein 
onto the working electrode was closer to equi- 
librium. 

RESULTS AND DISCUSSION 

The DPASV peak currents for cadmium and 
lead at the conventional TMFE are strongly 
depressed by albumin (Fig. 1 and Table I). 
Moreover, the functional relationship between 
the peak current and the albumin concentration 
is such (cf. Fig. 1) that even low concentrations 
of albumin (1-2 ppm) cause a large peak de- 
pression, while further increases of the protein 
concentration only affect the peak current mod- 
estly. Both the BH- and the PI-celluiose acetate 
coatings suppressed the albumin interference, 
but the latter was clearly superior (Table l). A 
t-test showed that the peak depression observed 
with the two electrode modification schemes is 
different at a 98% confidence level for cadmium 
as well as lead. Equally important, the variabil- 
ity of individual electrode preparations with 
respect to the suppression of the albumin 
interference is much smaller for the PI-TMFE 
than for the BH-TMFE. Most likely, this 
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Fig. 1. Effect of albumin on the DPASV peak current of 
cadmium (O) and lead (O) obtained with (A) PI-TMFE, 
(B) BH-TMFE and (C) TMFE. The peak c u r r e n t s  arc  given 
relative to the initial value prior to albumin addition. The 
measurements were performed with electrodes which were 

representative for each type of electrode preparation. 
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Table 1. Effect of albumin on the DPASV peak current for cadmium and lead 

Cd Pb 

Mean change of Standard deviation Mean change of Standard deviation 
Electrode peak current* of change of peak current* of change of 
preparation (%) peak current (%) (%) peak current (%) hi" 

TMFE - 85 3 - 75 3 5 
PI-TMFE - 2 6  12 - 2 8  I I 18 
BH-TMFE - 47 26 - 44 20 15 

*Change in DPASV peak current after addition of 20 ppm albumin (see Experimental). 
tNo. of individual electrode preparations. 

improvement is owing to the fact that no degra- 
dation of the cellulose acetate takes place in the 
PI process. Dam et aL to also attributed the poor 
reproducibility of BH-TMFEs to the break- 
down of the polymer during the hydrolysis step. 

The DPASV peak currents obtained with the 
PI-TMFE and the BH-TMFE are similar for 
cadmium as well as lead (Table 2). Thus, the 
superior resistance of the PI-TMFE over the 
BH-TMFE towards the albumin interference is 
not achieved at the expense of sensitivity. The 
peak currents at the membrane-coated elec- 
trodes are reduced by a factor of approximately 
2.5 in comparison with the bare TMFE. This 
effect can be explained by increased diffusional 
resistance due to the membrane barrier, and 
possibly also a reduction of the effective elec- 
trode area. It was found that the signal suppres- 
sion caused by albumin and the initial DPASV 
peak current for individual electrode prep- 
arations were weakly correlated. Thus, for the 
PI-TMFE the correlation coefficient was 0.42 
for cadmium and 0.50 for lead, while the corre- 
sponding figures for the BH-TMFE were 0.72 
and 0.67, respectively. The correlation can be 
explained by random variations in the distri- 
bution of pore sizes between individual mem- 
branes because a membrane with a more open 
pore structure will yield a higher signal but will 
withhold the interferent less effectively and vice 
versa. 

The signal stabilities of the TMFE and the 
modified electrodes in the absence of albumin 

were similar (Table 3). For all electrode prep- 
arations, the decrease in the signal during the 
repeated stripping experiments was larger for 
lead than for cadmium. The PI-TMFE and the 
BH-TMFE have lower signal stability than the 
Nation-coated TMFE. ~8 As explained above, 
the addition of albumin in the protein interfer- 
ence study was done incrementally during a 
total of 12 deposition/stripping cycles, and the 
"natural" fall-off of the signal occurring in the 
absence of protein will, therefore, contribute to 
the peak depressions given in Table I. 

The detection limit for a PI-TMFE with 
typical sensitivity was found to be 9 nM for 
cadmium and 5 nM for lead (3tr level, 2 rain 
deposition time). The linear range for the 
DPASV peak current measured with a PI- 
TMFE was evaluated by varying the concen- 
tration of cadmium and lead between 40 nM 
and 1.0/zM. Again, a 2 rain deposition time was 
employed. For cadmium, the data for the result- 
ing calibration line were: slope, 9.0 IzA/I~M; 
intercept, 0.15/aA; regression coefficient, 0.9990 
(n = 10), while the corresponding figures for 
lead were: 19.1 ttA/IzM, 0.22 /~A and 0.9989 
(n -- 10). Curvature of the calibration plot was 
observed at metal concentrations higher than l 
gM. In practice, however, this problem was 
easily remedied by lowering the deposition time. 

The cellulose acetate coatings prepared by the 
BH as well as the PI method were transparent 
and somewhat more dull than the bare glassy 
carbon electrode. No pinholes in the polymer 

Table 2. DPASV peak current of cadmium and lead obtained with the PI-TMFE, BH-TMFE and TMFE 

Cd Pb 

Mean Standard deviation Mean Standard deviation 
Electrode peak current of peak current peak current of peak current 
preparation (#A) (gA) (#A) (#A) n* 

TMFE 5.7 1.9 10 I. I 10 
PI-TMFE 2.4 I. I 4.5 1.7 26 
BH-TMFE 2.3 1.4 3.9 1.8 24 

*No. of individual electrode preparations. 
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Table 3. Signal stability of PI-TMFE, BH-TMFE and TMFE* 
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Cd Pb 

Mean change of Standard deviation Mean change of Standard deviation 
Electrode peak currentt of change of peak currentt of change of 
preparation (%) peak current (%) (%) peak current (%) n:~ 

TMFE§ - 13 8 - 17 6 5 
PI-TMFE - 12 5 -20 5 6 
BH-TM FE - 9 7 - 20 6 5 

*Each stability experiment commenced with a freshly prepared working electrode. Twenty consecutive DPASV signals were 
acquired during 72 rain. 

tChange of the DPASV peak current between first and twentieth signal. 
~:No. of individual electrode preparations. 
§Data from Ref. 17. 

layer could be seen in an optical microscope at 
500 x magnification. The cellulose acetate coat- 
ing adhered strongly to the glassy carbon sub- 
strate, and withstood gentle wiping with filter 
paper. 

As discussed by Kesting, 12 the properties of  PI 
cellulose acetate membranes are strongly depen- 
dent on the formulation of the casting solution 
as well as the experimental conditions during 
drying and gelation of the membrane.  There- 
fore, an optimization study was undertaken 
with the aim of preparing membrane coatings 
with high permselectivity and high reproducibil- 
ity of  the properties of  the resulting electrodes. 
In order to avoid an excessive number of  exper- 
iments, an experimental design was chosen in 
which one parameter  at a time in the standard 
procedure described above was varied. Further- 
more, some constraints on the formulation of  
the casting solution were chosen. Dam et aL to 

have previously obtained good protection 
against protein interference with a B H - T M F E  
by applying an amount  of  cellulose acetate 
corresponding to 0.8 #g /mm 2 on the electrode 
surface, and this value was initially chosen as 
reference for the PI membranes as well. The 
surface tension of the casting solution was such 
that a maximum of  2.5/~1 could be applied to 
the glassy carbon surface without spillage 
during the spin-coating procedure. These con- 
siderations in combination dictate the polymer- 
to-solvent ratio in the casting solution. The 
composition of the swelling agent [0.52M 
aqueous Mg(CIO4)2] was chosen on the basis of  
the recommendations in Ref. II  and was not 
varied. 

The influence of  the concentrations of  cellu- 
lose acetate and swelling agent in the casting 
solution on the properties of  the P I -TM F E is 
given in Table 4. The DPASV peak current and 
the suppression of the albumin interference vary 

monotonically with the amount  of  cellulose 
acetate applied to the electrode, and the compo-  
sition of  the standard casting solution is an 
acceptable compromise between suppression of  
the albumin interference and sensitivity. Sur- 
prisingly, a reduction of the amount  of  swelling 
agent led to a poorer suppression of the albumin 
interference. This observation, which was ver- 
ified in four separate experiments, implies that 
there is an optimal concentration of swelling 
agent in the casting solution at which the best 
rejection of albumin is obtained. For  bulk PI 
membranes,  the general rule is that permeability 
decreases monotonically with decreasing con- 
tent of  swelling agent, t2"14 However, it should be 
noted that the PI membranes employed in the 
present study were much thinner than those 
used in the previous model experiments, j4 and it 
is, therefore, likely that the explanation of  the 
discrepancy is linked to this difference in the 
experimental conditions. 

A number of variations of  the coating pro- 
cedure for the PI membranes were also at- 
tempted. At room temperature, the solvent 

Table 4. Effects of variations in the casting solution compo- 
sition on DPASV response of the PI-TMFE* 

Variation* Effect 

Amount of 
cellulose acetate 
doubled 
Amount of 
cellulose acetate 
halved 
Amount of 
swelling agent 
doubled 
Amount of 
swelling agent 
halved 

substantial decrease in peak currents: 
little improvement in suppression of 
albumin interference 
increase in peak currents; poorer 
suppression of albumin interference 

increase in peak currents', poorer 
suppression of albumin interference 

substantial decrease in peak currents; 
poorer suppression of albumin 
interference 

*The variations are relative to the standard composition of 
the casting solution given in Experimental. A minimum 
of three electrode modifications were carried out for each 
variation. 
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quickly evaporated when the casting solution 
was applied to the electrode surface, and the 
system was, therefore, far from equilibrium 
during the formation of  the cellulose acet- 
ate/swelling agent phase. Thus, it was examined 
whether any advantages accrued from slowing 
down the evaporation of  the solvent. This was 
accomplished in two different ways: by perform- 
ing the electrode coating at 4 ° in a cold room 
(after equilibrating the equipment and the cast- 
ing solution to this temperature), or by applying 
the casting solution in an atmosphere in equi- 
librium with mixtures of  water and acetone in 
varying ratios. However, neither method led to 
any improvement  in the properties of  the result- 
ing membranes and it was, therefore, concluded 
that the evaporation step in the electrode prep- 
aration procedure is not critical. 

Spin-coating was found to improve the repro- 
ducibility of  the characteristics o f  the P I -TMF E  
as well as the B H - T M F E  in comparison with 
electrodes where no rotation was applied during 
the evaporation step. This improvement,  which 
is quite general, ~3 is probably a result of  a 
more even spreading of  the polymer over the 
electrode surface. Spin-coating changed the 
visual appearance of  the coating: without 
rotation, chaotic refraction patterns could be 
seen, while the electrodes which had been ro- 
tated only had diffuse, concentric refraction 
rings. These observations can also be attributed 
to the more uniform polymer layer obtained by 
spin-coating. 

The temperature of  the gelation bath had a 
pronounced effect on the performance of  the 
PI-TMFE.  Increasing the gelation bath tem- 
perature to 22 ° was accompanied by a decrease 
in the discriminative power of  the membrane 
towards albumin and an increase in the DPASV 
peak current for cadmium and lead, and gela- 
tion at 40 ° yielded electrodes which resembled 
the conventional TMFE.  Thus, gelation in ice 
water is essential in order to obtain good 
permselectivity. These observations are in agree- 
ment with the work of  Kesting et al., ~4 who 
explained the loss in permselectivity at higher 
gelation temperatures by rupture of  the skin 
layer owing to mechanical stress during the 
rapid precipitation of  the polymer. 

Annealing of  the PI membrane in warm or 
hot water after the gelation bath is known to 
decrease the permeability of  the membrane,  :4 
and this procedure was also attempted. It was 
found that the effect of  the treatment was 
strongly dependent on the temperature of  the 

annealing bath. At 50 ° , little effect on the per- 
formance of  the electrode was noted, but raising 
the annealing temperature to 60 ° or higher 
caused a substantial reduction in the DPASV 
currents without any accompanying improve- 
ment in the suppression of  the albumin interfer- 
ence. Therefore, further use of  the annealing 
procedure was given up. 

In conclusion, the protein interferences in 
ASV are significantly suppressed at a PI -TMFE,  
and it offers better protection than a B H - T M F E  
coated with the same amount  of  CA. Moreover, 
the variation in permselectivity between individ- 
ual coatings prepared by the PI process is 
smaller than is the case with the BH method. 
Even so, the reproducibility of  the PI method 
with respect to the properties of  the resulting 
membranes needs to be improved in order to 
make the P I -TMFE more useful for routine use. 
At present, the possibility of  further optimizing 
the procedure for casting PI membranes onto 
electrodes is being investigated. 
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Sumnmry--Naphthalene-2,3-dicarboxaidehyde, l-phenylnaphthalene-2,3-diearboxaldehyde and an- 
thraeene-2,3-dicarboxladehyde have been characterized for use as fluorigenie reagents for the determi- 
nation of primary amines and amino acids at the microgram level. The reaction conditions, spectral 
properties and the stability of the derivatives (isoindoles) have been investigated with standard amino 
acids. The results have been compared with other fluorigenic reagents such as ortho-phthalaldehyde. 

INTRODUCTION 

Fluorimetry is a sensitive method for detection 
of amino acids and there are a number of useful 
fluorigenic reagents such as o-phthalaldehyde 
(OPA), t~ dansyl chloride, 3 fluorescamine, 4 4- 
chloro-7-nitrobenzo-2-oxa-l,3-diazole (NBD- 
CI) 5 and 3-benzoyl-2-quinoline carboxaldehyde 
(BQ CA)Y Of these, OPA is widely used for 
amino functional groups. The reaction product 
is an isoindole with optimal wavelengths, 
Eex = 340 nm and E~m = 455 rim. The emission, 
however, suffers spectral interferences, es- 
pecially for biological samples in which back- 
ground emission overlaps the emission of the 
isoindoles. 

New reagents such as l-phenylnaphthalene- 
2,3-dicarboxaldehyde (~bNDA), anthracene-2,3- 
dicarboxaldehyde (ADA) including the 
published naphthalene-2,3-dicarboxaldehyde 
(NDA) a'9 have been synthesized in the author's 
laboratory according to Cook et al. 8 and used 
for measuring amino acid groups. These re- 
agents from fluorescent isoindoles (Fig. 1, I-III) 
with compounds containing a primary group. 
The emission wavelengths of the products ob- 
tained by using these reagents are much longer 
than those for OPA-adducts. 

This paper reports reactions of these reagents 
and their utility for determination of amino 
acids in trace quantities. Important properties, 

*Present address for correspondence: Department of Chem- 
istry, Islamia University, Bahawaipur, Pakistan. 

e.g. reaction time, effect of solvent, pH of the 
medium and stability of the product, are re- 
ported. 

EXPERIMENTAL 

Borate buffer (pH 10.0) 

Borax (4.8 g/l.) and sodium hydroxide (0.80 
g/l.) were dissolved in distilled water and stirred 
well to obtain a clear solution. 

Fluorigenic reagent solution 

Each fluorigenic reagent was dissolved in a 
minimum volume of ethanol and made up to the 
required volume with either distilled water or 
0.025M sodium borate buffer (pH 10.0) to ob- 
tain solutions of known molarity. 

o-Phthalaldehyde (OPA), ethanethiol (ET), 
2-methyl-2-propanethiol (2MPT), 2-mercap- 
toethanol and 3-mercaptoropionic acid were 
purchased from Aldrich Chemical Co. Ltd. 
Amino acids and all other chemicals were of 
analytical grade. 

Spectrofluorimetric procedure 

Dilute solutions, 10-4-10-3M, of sample 
(0.2--0.3 ml) were treated with 1 ml of 10.9raM 
//-cyclodextrin (~-CD). A 0.5 ml portion of 
borax-sodium hydroxide buffer (pH 10.0) and 
0.1 ml aqueous thiol solution (0.1% v/v) were 
then added, followed by the addition of the 
suitable fluorigenic reagent in slight excess over 
the sample. The final volume was made up to 5 
ml with water. The fluorescence emission was 
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SRI ~ SRI 

1 H !il 

Fig. 1. Fluorescent isoindoles: I, NDA-derivative; II, ~NDA-derivative; and III, ADA-derivative. 

then measured at a suitable wavelength with 
excitation of the fluorescent derivative at an 
appropriate wavelength. Blanks without amino 
acid were used to evaluate blank interferences. 
For the OPA derivatives the labelling procedure 
was same as above but omitting fl-CD from the 
reaction solution, unless stated otherwise. 

RESULTS AND DISCUSSION 

Reaction and fluorescence spectra 

The fluorigenic reagents studied are dialde- 
hydes similar to o-phthalaldehyde (OPA). With 
the use of a thiol as the nucleophilic substitution 
in derivative formation it may be assumed that 
the resultant fluorophores are 1-alkylthio-2- 
alkyl substituted isoindoles. 2't°at Decomposition 
occurs owing to spontaneous intramolecular 
sulphur-to-oxygen rearrangement leading to 
non-fluorescent 2,3-dihydro- 1H-isoindole- 1- Ioc 

one. :a° The fluorigenic reaction of the polyaro- 
matic dialdehydes, e.g. NDA, C NDA and 9o 
ADA, in the presence of thiol, with amines, 
amino acids and proteins is useful since it can be m 
conducted in aqueous solution. 

Figure 2 shows emission spectra of NDA and 
70 OPA-glycine derivatives using 2MPT and ET. .9 

The observed fluorescence spectra were ob- 
tained by excitation of the molecules at 462 and .,= 60 
350 nm, respectively. The fluorescence emission ,~ 
occurred at 550 and 510 nm for the NDA-ad- ~ 5o 
ducts by using ET and 2MPT, respectively. A ~ 
similar trend was observed for the OPA-adducts ~ 4o 
where the wavelengths of emission shifted from "~ 
450 to 410 nm for a corresponding change of ~" m 
thiols. 

Similarly, ~NDA and ADA derivatives of 20 
glycine were also found to give fluorescence 
emission at longer wavelengths, 520 and 640 

l0 
nm, for excitation wavelengths of 462 and 470 
nm, respectively. 

The derivatization reaction, using all these 
new fluorigenic reagents, is fast. It takes only 
3-5 rain for full fluorescence intensities to de- 
velop. 

Fluorescence intensity as a function of pH 

The yield of the derivative is sensitive to pH 
changes. The fluorescence intensity at 520 nm 
was measured as a function of pH. Glycine and 
NDA both at 2 x 10-SM concentration were 
derivatized in the presence ofa  thiol, varying the 
pH of the reaction medium from 5 to 12. Results 
showed that as the pH increased there was a 
gradual increase in fluorescence intensity, reach- 
ing a maximum around pH 10 followed by a 
continuous decrease in fluorescence intensity. 
The fluorescence increase with increasing pH 
may be ascribed to contributions owing to the 
unprotonated amino group at high pH. This 
point of view is supported by the fact that the 
reaction rates are faster 12 at high pH. The other 
fluorigenic reagents, ~b NDA and ADA, showed 

01 
350 400 450 500 550 600 650 700 

Wavelength (nm) 

Fig. 2. Emission spectra of NDA- and OPA-glycine deriva- 
tives. 
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similar behaviour to that of the OPA fluorigenic 
reaction. 

Enhancement of fluorescence intensity by ~- 
cyclodextrin and detergent 

In order to obtain enhanced fluorescence of 
the derivative, cyclodextrins were incorporated 
into the fluorigenic reaction of 10-4M glycine 
with NDA of the same molarity as glycine. 
Cyclodextrin possesses cyclic sugar molecules 
which form a cavity rich in electron density 
because of glucosidic oxygens, and has the 
tendency to physically trap the guest molecules 
entering the cavity. Cyclodextrins, in fact, form 
complexes in aqueous solution with various 
substrates? 3 Experiments have indicated the 
effects of three cyclodextrins (0% fl and 7). fl- 
Cyclodextrin (flCD), enhances fluorescence in- 
tensity of the NDA derivatives by nearly eight 
times, compared with the NDA-derivative with- 
out BCD. Similar results were obtained using 
qbNDA and ADA as fluorigenic reagents. How- 
ever, the fluorescence enhancement was greater 
for an addition of a little over 2.5 mmol of flCD 
to the reaction mixture. The significant increase 
in fluorescence of the derivatives may be caused 
by side chain functional groups of the derivative 
entering the cavity while the rest of the molecule 
may remain outside. 

The effect of the detergent, Brij-35, on fluor- 
escence intensity is noticeable. In the presence of 
Brij-35, the NDA-glycine derivative formed 
with 2-methyl-2-propanethiol (2MPT) was 
found to give enhanced fluorescence. A very 
small improvement in the fluorescence intensity 
by the detergent may be a result of: (i) shielding 
of the NDA-glycine fluorophore from vi- 
brational quenching by the hydrogen bond 
structure of water, (ii) alteration of the quantum 
efficiency ~0~'6 or (iii) increased local viscosity 
about the fluorophore micelle binding sites not 
being so effective as the deactivation modes. 

Influence of thiol structure on the stability of the 
derivatives 

The utility of thiol structure for amino acid 
analysis is demonstrated by the following obser- 
vations. The wavelengths of emission are con- 
siderably affected by the thiol structure and this 
has been discussed in the preceding section. 
Furthermore, the thiol structure seems to alter 
the stability of the derivatives. The amino acid 
derivatives formed with the active, NDA, 
~NDA or ADA/thiol reagent exhibited not 
only varying fluorescent responses but also 

varying degrees of stability. The ADA-gly de- 
rivative using 2MPT was found to be very 
stable. On the other hand, NDA and ~bNDA 
derivatives of glycine with 2MPT were compar- 
atively less stable and decomposed sharply. The 
stability was, however, found to be much more 
affected if the 2MPT is replaced by ethanethiol, 
2-mercaptoethanol or 3-mercaptopropionic acid 
(not shown here). These results are in agreement 
with those for OPA-derivatives which showed 
similar instability '7''' in the presence of 2-mer- 
captoethanol and ethanethiol. A branched thiol 
provides stability to the molecule through steric 
hinderance. 

Effect of solvents on the fluorescence properties of 
the derivatives 

A study of the effects of organic solvents on 
fluorescence intensity and wavelengths of emis- 
sion has led to some interesting results. 
~bNDA-glycine derivatives exhibited emission 
wavelength shifts from longer to shorter wave- 
lengths as the reaction medium was changed 
from water to an organic solvent (Fig. 3). The 
results indicate that the lower the dielectric 
constants of the solvent, the shorter is the 
wavelength of emission, suggesting a much re- 
duced dipole--dipole interaction between the 
fluorescent molecules and the solvent. The inter- 
action is increased in water and the emission 
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Fig, 3. Spectra of  NDA-glycine derivative showing the effect 
of  organic solvents on fluorescence properties. 
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moves further towards lower energy. J9 An inves- 
tigation on NDA and OPA-glycine derivatives 
resulted in similar solvent effects on their spec- 
tral properties. 

The effects of solvents on the fluorescence 
intensity of the NDA, ~bNDA and OPA- 
adducts seemed to be moderate. The fluor- 
escence intensity seems to depend very much on 
the structure of the fluorigenic reagents. A more 
hydrophobic character associated with ~bNDA 
offers enhanced fluorescence in the solvents 
having lower dielectric constants. This result 
is supported by the observation that NDA- 
derivatives fluoresce more intensely in water as 
compared to organic solvents. 

Limits of detection 

One of the benefits of using fluorimetric 
methods of analysis is the ability to identify and 
determine much smaller quantities of analyte 
than would be possible using classical tech- 
niques. 

Limits of detection for the technique are of 
particular interest. The limit of detection is 
defined as the quantity or concentration of 
analyte that produces a signal 2 standard devi- 
ations above the blank (i.e. a + 2SY/X), where 
a is the background signal (the intercept) and 
SY/X is the standard deviation of a single 
measurement. Such a concentration can be dis- 
tinguished from the blank with 97.5% confi- 
dence. 

The limit of detection for giycine using 
both NDA and ~bNDA was found to be 
3.6 × 10-TmM (3.2 × 10 -5 g/ml). This result 
compares with o-phthalaldehyde 2° which has 
limits of detection of 0.2 × 10 -9 mol/ml for 
NH~" in sea-water 21 and picograms (55-100) for 
catechol-amines z2 in urine following prechro- 
matographic derivatization reaction. The newly 
produced fluorigenic reagents offer a wave- 
length of emission which is at longer wave- 
lengths (550-620 nm). Although the present 
study does not include work for real biological 
samples it is hoped that measurement of emis- 
sion at the reported longer wavelengths will 
have little interferences, especially from the 
background signaF 3 which has a direct bearing 
on the limit of detection in fluorescence spectro- 
photometry. 

The detection limit capabilities 24 are greatly 
increased using high performance liquid chro- 
matography (HPLC) coupled with laser- 
induced fluorescence (LIF) detection. The 
results in that study indicated that NDA is 

superior to OPA as a labelling reagent. The 
detections of amino acids using LIF were at the 
sub-fmol range with NDA-derivatization, lower 
by over an order of magnitude compared to the 
results for OPA-amino acids. 

CONCLUSIONS 

The newly synthesized reagents have been 
useful for producing fluorescent derivatives of 
amino acids. The reaction is rapid and proceeds 
reproducibly in aqueous medium (pH 10, room 
temperature). The fluorescence emission of the 
derivatives at longer wavelengths makes the 
reagents suitable for use in the analysis of 
biological samples, minimizing interference. 
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Summary--Two flow injection systems for the spectrophotometric determination of ascorbic acrid at 245 
nm have been described. On treatment with sodium hydroxide a fraction of the ascorbic acid was 
decomposed into substances, which do not absorb in UV region, and the decrease in signal measured. 
This was directly related to the amount of ascorbic acid present. The calibration graph was linear over 
the range 1-25 and 1-50 ~g/ml in the two methods with a correlation coefficient of 0.9981 and 0.9994, 
respectively. The detection limit (2or) was 0.5 and 0.2 9g/ml, respectively. The RSD for l ~g/ml standard 
was 2.5 and 1,8% (n = 6) in the two methods, and the sampling throughput 30/hr. The methods permitted 
the use of 6 #g/ml of 2-mereaptoethanol as an anti-oxidant and stabilizer for ascorbic acid, which is 
difficult to handle at its ~g/ml level. Upon matrix absorbance correction, spiked samples that are known 
to contain UV-absorbing substances produced an average recovery of 101% with a RSD of 1.2%. The 
methods were used for the rapid and simple determination of ascorbic acid in soft drinks, preserved fruit 
juices and pharmaceuticals and the results thus produced compared with those obtained by previously 
checked methods involving titration with iodine, chloranil 2,6-dichlorophenolindophenol, and HPLC. 
When there was a disagreement between the results, this was traced to the presence of substances which 
are known to interfere in comparison methods. 

Its simplicity and relatively close correlation 
with the results of biological assays have led to 
the extensive use of titration with 2,6-dich- 
lorophenolindophenol for the determination of 
ascorbic acid in fruit juices, pharmaceuticals 
and biological samples. However, difficulties are 
encountered with coloured samples, when the 
detection of the end point is cumbersome, or in 
the presence of reducing substances other than 
ascorbic acid, which can bleach the dye and 
make analysis non-specific? -3 Among these sub- 
stances some are naturally present in fruit juices 
and biological fluids, e.g. cysteine, reduced glu- 
tathione and iron(II), whereas others are added 
to foodstuffs as preservatives, e.g. sulphite, 
dithionite and sulphide. Dithiothreithol, 4 homo- 
cysteine s and cysteine 6 are added to reduce 
concomitant dehydroascorbic acid to ascorbic 
acid in order to determine a total of two species. 
Excess thiol reagent can also react with the 

*Author to whom correspondence should be addressed 

indophenol dye and vitiate the analysis. Besides 
achieving higher sensitivity and rapidity, most 
methods that are reported in literature attempt 
to circumvent some of these drawbacks. 

Titration with N-bromosuccinimidc in the 
presence of iodide/starch indicator, giving in- 
tense blue colour at the end point, has been 
reported to tolerate large quantities of iron(II), 7 
and found applicable to coloured samples, s In- 
terference from sulphur containing reducing 
substances was still a shortcoming. Many other 
redox titrants behave analogously. 9-11 Interfer- 
ence of thiol groups and sulphite has been 
avoided by their masking with acrylonitrile '2-~4 
and acrylamide) 5 and of sulphitc with furan-2- 
aldehyde. :2 

Owing to the non-equilibrium state of the 
chemical system, interferences occur at a lower 
level in flow injection analysis. Manual titrimet- 
ric methods ~z'~'~7 based on redox properties of 
ascorbic acid have been adapted to flow injec- 
tion analysis, ls-2~ Methods based on reduction of 
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iron(Ill) and measurement of iron(II) by its 
complex formation with 1,10-phenanthroline, 22 
or catalyzed light emission from luminol oxi- 
dation with hydrogen peroxide, 2a and photo- 
chemical reduction of methylene blue 24"25 have 
been of late reported. These methods work 
well for assay in drug formulations and fresh 
fruit juices, however, the interference of sulphur 
containing reducing substances is much the 
same. 

A high sensitivity measurement of ascorbic 
acid has been carried out amperometrically. 26 
The detector is not selective, however, when 
measurements are made without and with reac- 
tion with immobilized ascorbate oxidase that is 
incorporated in a flow injection system, and the 
difference in detector response is related with the 
ascorbic acid content, a good correlation with 
the actual values is obtained. 27 The enzyme 
activity has been reported to remain unimpaired 
in the presence of thiols. 2s 

HPLC 5'6"29-al is more selective and sensitive, 
nevertheless, in most methods ascorbic acid 
elutes very close to the void volume which may 
lead to errors. 

Ascorbic acid absorbs strongly at 245 nm in 
acidic media and at 267 nm in neutral solutions, 
and is electroactive whereas dehydroascorbic 
acid has no such property. These characteristics 
form the basis for the determination of ascorbic 
acid. However, the detector response corre- 
sponds to any ascorbic acid present and to that 
of the sample matrix in case the concomitant 
substances either also absorb at the wavelength 
of determination in spectrophotometry, or are 
electroactive in amperometry. A correction can 
be made by measuring the matrix contribution 
on a second aliquot of sample solution in which 
ascorbic acid is predecomposed to produce 
materials that are unresponsive to the detector. 
The difference in detector response observed is 
related to ascorbic acid present. Since dilute 
solutions of ascorbic acid are only stable in the 
presence of reducing agents such as 2-mercap- 
toethanol, as used in this work, which does not 
absorb in the UV region of determination but 
has significant electroactivity, spectropho- 
tometry was considered as a method of choice 
for matrix correction. 

EXPERIMENTAL 

Apparatus 

A Shimadzu SPD-2A variable wavelength 
UV detector (8-/~1 flow-through cell), a Shi- 

madzu C-R2AX integrator fitted with a printer- 
plotter, two Rheodyne 5020 4-way rotary valve 
sample injectors (Anachem), a Rheodyne 5031 
double 3-way switching valve (Anachem) and 
an Ismatec Mini-S 820 peristaltic pump (Zurich) 
were used. The manifold and reaction coil tub- 
ing was 0.5 mm i.d. PTFE. Flangeless end 
fittings were made using plastic nuts and Tefzel 
couplers (Anachem). Home-made T-joints of 
0.8 mm bore were employed. 

Flow injection manifolds and experimental con- 
ditions 

Manifold A. The system consisted of a two- 
channel manifold with a carrier stream of 6 
mg/l. of 2-mercaptoethanol with a flow rate of 
0.36 ml/min and on to which a 4-way injection 
valve (V1) was placed, another similar valve 
(V2) was nested on the loop of the first valve 
(Fig. I). Two 'a' and 'b' portions of loop on 
valve VI were, respectively, 40 and 50-/~1, 
whereas V2 had a 50-/~1 loop. The effluents were 
passed through a 80-cm reaction coil, merged 
with 0.2M sulphuric acid stream that had a flow 
rate of 0.13 ml/min, passed through another 30 
cm coil and finally monitored at 245 nm. To 
determine the total absorbance of ascorbic acid 
and matrix, the sample solution was injected 
through valve V2 into the carrier stream whilst 
the valve VI already in inject position. The 
matrix absorbance (plus that of any remaining 
ascorbic acid) was determined by simul- 
taneously injecting 0.2M sodium hydroxide 
through valve V1, and sample solution through 
valve V2. The difference in peak heights 
was related to the amount of ascorbic acid 
present. 

Manifold B. A single channel manifold was 
used that consisted of 6 mg/l. of 2-mercap- 
toethanoi as a carrier solution with a flow rate 
of 0.82 ml/min and valves VI and V2 were 
placed on it, valve V2 being nested on the loop 
of the valve VI (Fig. 1). The loop sizes were the 
same as in manifold A. The simultaneously 
injected 0.02M sodium hydroxide and sample 
solution, through valves V I and V2, respect- 
ively, were allowed to mix in a delay coil of 25 
cm and then the plug stopped in the detector 6 
sec after injection by diverting the flow of 
effluents to waste using a double 3-way switch- 
ing valve (V3) placed between the delay coil and 
detector. The flow was resumed after 60 sec. The 
decrease in peak height during this period was 
owing to the decomposition of ascorbic acid, 
and related to its concentration. 
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Fig. 1. Schematic diagrams of the flow injection systems used for the determination of ascorbic acid by 
matrix absorbance correction. Manifold (A) was used for continuous flow injection and (B) for 
stopped-flow experiments. CI = water cartier; C2 -- 0.2M sulphuric acid; VI = 4-way loop injection valve 
( 'a '= 40-#1; ' b '=  50-#0; V2 = 4-way loop injection valve (50-#0; V3 = double 3-way switching valve; 
LI = delay coil of 80 crn; L2 = delay coil of 30 crn; L3 = delay coil of 25 cm; P = peristaltic pump; 
D = detector (8-#1) set to 245 nm; INT-PR = integrator and printer; PR = printer; and W = waste. All 

flow lines were made from 0.5 mm i.d. PTFE tubing. 

Reagents 

All reagents used were o f  analytical reagent 
grade. 2-Mercaptoethanol ,  6 mg/l. was used as 
a cartier solution. Sodium hydroxide:  0.2 and 
0.02M. Sulphuric acid: 0.2M. A guaranteed-  
reagent grade ascorbic acid f rom Sarabhai  M. 
Chemicals (Baroda,  India) was used that  had a 
puri ty o f  99.7% as determined by ti tration with 
2,6-dichlorophenolinophenol ,  3~ 99.5% as deter- 
mined by iodimetric t i tration 3~ and 99.8% as 
determined by ti tration with chloranil.tS A stan- 
dard solution (1000 #g/ml)  was prepared by 
dissolving 100.00 mg of  ascorbic acid in 100 ml 
o f  de-ionized water in a calibrated flask. Cali- 
brat ion s tandards were prepared by sequential 
dilution o f  the stock solution with the carrier 
solution• 

Samples 

All pharmaceut ical  dosage forms and multi- 
vi tamin preparat ions  tested were fresh and pur- 
chased f rom the local pharmacy.  A known  
number  o f  capsules were weighed and ground  
into a fine powder.  An  accurately weighed ali- 
quot  containing about  100 mg o f  ascorbic acid 
was shaken with about  25 ml o f  de-ionized 

water and filtered through W h a t m a n  No.  41 
filter-paper. The insoluble mass was washed 
with three successive 5 ml port ions o f  water, and 
the filtrate plus washings were diluted to volume 
in a 100-ml calibrated flask. A known volume 
was further diluted with the carrier solution for 
analysis. The contents o f  a known number  o f  
vitamin C injections were mixed together and a 
suitable por t ion o f  the mixture was sampled. 
The stock solutions were used for analysis by 
the compar ison  methods.  

K n o w n  volumes o f  thawed soft drinks and 
jutce concentrates were mixed with 10 ml o f  the 
carrier solution and filtered through W h a t m a n  

Table 1. Calibration data for the determintion of ascorbic 
acid involving matrix absorbance correction 

Ascorbic 
(#g/ml) Slope Intercept AFS r n 

Method using manifold A 
AH ml/ltg AH 

1-50 22.262 0.4488 0.64 0.9994 12 
Method using manifold B 

Ah ml / #g Ah 
1-25 9.546 -I.573 0.64 0.9981 12 

AH and Ah = Difference in peak heights in integrator 
arbitrary units and in mm, respectively. 
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No. 42 filter-paper. The residue was washed 
with 2 successive 2 ml portions of  the carrier, 
and the filtrate plus washings were diluted with 
carrier to known volume in calibrated flasks to 
give solutions for analysis. Suitable portions of  
soft drinks and juice concentrates were diluted 
with water, filtered and analyzed by the com- 
parison methods. 

In cases when the sample contained a soluble 
salt of  iron(II), which interfered in the proposed 
method, an aliquot of  the above prepared stock 
solution was shaken with 5 ml of  25 mg/100 ml 
of  sodium sulphide for 2 rain and filtered. The 
filtrate was diluted with the carrier solution for 
analysis. 

RESULTS AND DISCUSSION 

Ascorbic acid solutions deteriorate rapidly 
owing to oxidation by the dissolved oxygen. At 
25°C, 1-20/~g/ml solutions have been found in 
this work to lose their total ascorbic acid con- 
tent within 20 min. Thus, dilute solutions are 
very difficult to handle unless a stabilizing agent 
is used, and the sample pre-treatment, if any, 
and determination done under rapid flow injec- 
tion conditions. Commonly used stabilizers 
are reducing agents, which interfere severely 
with methods based on the redox property of  
ascorbic acid, or metaphosphoric acid which 
has been reported to result in reduced retention 
of  ascorbic acid on anion exchange columns. 29 
2-Mercaptoethanol was found to be transparent 
in the UV region, especially at 245 nm, and 
worked as an effective stabilizer. In this work, a 
6 mg/l. solution of  2-mercaptoethanol has been 

used as a carrier and in preparing the working 
solutions of  ascorbic acid. 

A number of  methods are described in the 
literature for producing a sample blank, such as 
enzymatic methods, 27.34.35 thermal decompo- 
sition, 36 catalytic decomposition with cop- 
per(II), ~3s and UV irradiation, 36.39 Ascorbic 
acid is well known to be unstable in alkaline 
solutions, 36'4° the decomposition products being 
dehydroascorbic acid and threonic acid which 
do not appreciably absorb in UV region. Thus, 
adjustment of  the sample pH to the alkaline 
range was studied as a potential blank correc- 
tion method in this work. Although rapid, 
decomposition by alkali is not selective for 
ascorbic acid, many hydroxy compounds and 
certain dyestuffs are also unstable in alkaline 
media. Thus, the study of  flow injection par- 
ameters aimed at decomposing only a good 
fraction of  ascorbic acid before any side reac- 
tion becomes appreciable. 

Study of  flow injection parameters 

Out of  several ways possible, nested loop 
injection was found as a simple means of effec- 
tively mixing ascorbic acid and sodium hydrox- 
ide. Initial flow injection experiments were 
carried out using manifold A (Fig. 1) in which 
the nested loop injectors placed on water carrier 
stream (C1, flow rate 0.82 ml/min) and the 
reaction quenching agent was 0.1M sulphuric 
acid (C2, flow rate 0.54 ml/min). The alkaline 
degradation reaction occurred in a coil (LI) of  
100 cm and the neutralization reaction in 
another coil (L2) of  75 cm. Conditions were 
studied for the determination of  10 #g/ml 

Table 2. Validation of the matrix absorbance correction method by determination 
using manifold A of known amounts of ascorbic acid in soft drink cola 

Ascorbic acid Peak height* 
added AH corrected to 
(#g/ml) AFS I II AHt AFS 0.64 

1 0.04 698 410 288 18.0 
2 0.08 676 332 344 43,0 
5 0.16 750 332 418 104.5 

10 0.32 750 310 440 220 
20 0.64 732 275 457 457 
30 0.64 1078 395 683 683 
40 0.64 1346 458 888 888 
50 1.28 948 401 547 1094 

slope = 22.164 AH ml/#g 
intercept = 0.7049 AH 

r(n = 8) = 0.9996 

*Peak height, I ffi before alkali treatment; II = after alkali treatment. 
tAH = Difference in peak heights ( I -  ll) at corresponding AFS in integrator 

arbitrary units. 
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ascorbic acid using O. I M sodium hydroxide as 
a reagent for producing blank absorbance. 

Over a flow rate 0.1-1.2 ml/min of each 
channel studied, maximum peak height differ- 
ence was observed when flow rate for C1 was 
0.36 ml/min and for C2 0.13 ml/min. Other 
parameters studied were LI = 80 cm (studied 

30-135 cm); L2 ffi 30 cm (studied 10-135 crn); 
ascorbic acid loop size (valve VI) = 50 #1 (stud- 
ied 10-100 #1); sodium hydroxide loop size 
(valve V2), side 'a' = 40/zl (studied 10-100 #1), 
and side 'b' = 50 #1 (studied 10-75 #1). Sodium 
hydroxide (studied 0.05-0.5M) and sulphuric 
acid (studied 0.025-0.4M) were each 0.2M. 

Table 3. Interference of common ingredients of pharmaceuticals, soft drinks and 
fruit juices in the determination of 10 #g/ml aseorbic acid Manifold A was used 

and no matrix absorbance correction made 

Mass ratio Recovery* 
Additive (additive: ascorbic acid) (%) 

Organic acids 
Citric 300 101 
Oxalic 150 99 
Tartaric 250 101 
Malic 100 99 
Maleic 2 130 
Benzoic I 110 
Salicylic 2 1 50 

Amino acids 
Cysteine 75 I00 
Glycine 200 99 
Serine 250 101 
Tryptophan 3 140 
Tyrosine 5 125 
Histidine 10 110 

Vitamins 
Thiamine hydrochloride I 140 
Riboflavin 2 160 
Pyridoxine hydrochloride 2 135 
Folic acid 1 110 

Mineral salt 
Magnesium sulphate 800 I00 
Manganese sulphate 500 99 
Copper(lI) sulphate 2 91 
Iron(lI) fumarate 100 101 
Iron(ll) sulphate 2 142 
Potassium chloride 600 100 
Calcium chloride 200 99 
Zinc sulphate 400 101 

Antioxidant 
Sodium hydrogen sulphite 800 102 
Hydroquinone 2 155 
Sodium sulphide 400 101 
Thiomalic acid 10 102 
2-Mercaptoethanol 50 101 

Colouring matter 
Amaranth 2 138 
Tartrazine 2 165 
Caramel 5 110 
Ponceau 4R 12 125 

Active drug 
Paracetamol 1 ! 72 
Caffeine 5 115 
Salicylamide 1 150 
Acetyisalicylic acid 1 180 

Miscellaneous 
Calcium gluconate 100 101 
Glucose 500 102 
Starch 500 99 
Lactose 500 99 
Sucrose i 000 1 O0 
EDTA, disodium salt 600 103 
Disodium hydrogen phosphate 500 99 

*The results are the average of two determinations. 
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Table 4. Determination of ascorbic acid by matrix absorbance correction 
using manifold A 

Ascorbic Ascorbic 
acid taken acid foundf RSD 

(#g/ml) Additive* (pg/ml) (%) 

1.00 Caffeine (5) 1.02 1.3 
2.50 Caffeine (10) 2.55 0.8 
5.00 Paracetamol (10) 4.96 1.0 

10.0 Paracetamol (20) 10.1 1.5 
12 .5  Salicylamide (5) 12.3 l.l 
15.0 Salicylamide (10) 15.4 1.5 
20.0 Thiamine hydrochloride (5) 19.8 0.8 
25.0 Thiamine hydrochloride (10) 25.3 2.0 
30.0 Acetylsalicylic acid (6) 30.1 1.2 
35.0 Acetylsalicylic acid (15) 36.0 2.1 
15.0 Sodium hydrogen sulphite (20) 14.8 0.6 
20.0 Sodium hydrogen sulphite (50) 20.4 1. ! 

5.0 Sodium saccharin (5) 5.05 0.8 
10.0 Sodium saccharin (15) 10.4 !.2 

*Values in parenthesis are amounts added in pg/ml. 
fThe results are the average of five determinations. 

Under these conditions of sample blank deter- 
mination 76% of ascorbic acid was decom- 
posed. 

In stopped-flow experiments using the mani- 
fold B (Fig. l), the nested loops as used above 
were placed on water carrier stream (flow rate 
0.82 ml/min), the mixing was allowed to occur 
in a reaction coil (L3) of 25 cm and the plug 
stopped in the detector for a pre-determined 

period. With this configuration, the peak maxi- 
mum appeared 6 sec after injection. Sodium 
hydroxide concentration was found to play a 
critical role that determined the sensitivity of the 
method. A 0.02M sodium hydroxide solution 
was optimum over the studied range 0.01-1M. 
Most of the ascorbic acid was decomposed 
before reaching the detector when a more con- 
centrated reagent was used, thus giving a small 

Table 5. Comparison of results for the determination of ascorbic acid in soft 
drinks and preserved fruit juices. Matrix absorbance correction was applied 

by using manifold A 

Present RSD Comparison Difference:~ 
Sample method* (%) methodf (%) 

Orange juice 64.1 0.8 64.9 (CA) - 1.6 
67.1 (IOD) -4 .7  
63.2 (HPLC) + 1.6 

Grape juice 3.8 0.6 3.7 (CA) +2.6 
4.0 (IOD) -5 .3  
4.1 (IND) -7 .9  

Pineapple juice 8.5 1.0 8.4 (CA) + 1.2 
8.9 (IOD) -4 .7  

Apple juice 3.1 2.2 3.0 (CA) + 3.2 
3.3 (IOD) -6 .4  

Lemon juice 51.0 1.1 49.3 (CA) +3.3 
52.8 (IOD) --3.5 
51.3 (HPLC) -0 .6  

Lime drink 10.3 0.5 10.6 (CA) -2 .9  
10.8 (IOD) - 4 . 8  
10.5 (IND) - 1.9 

Cola 0.0 0.0 (CA) 
Orange drink 4.5 0.8 4.4 (CA) +2.2 

4.6 (IOD) -2 .2  
4.5 (IND) 0.0 

*The results, given as mg/lO0 ml of ascorbic acid, are the average of five 
determinations. 

tThe results are the average of three determinations. IOD -- iodine titration: 33 
CA -- chloranil titration; j~ HPLC = high performance liquid chromatog- 
raphy; 3° and IND -- 2,6-dichlorophenolindophenol titration. 32 

:[:Present method--comparison method. 



FI determination of ascorbic acid 785 

Table 6. Recovery test for lime drink and cola by matrix 
correction using manifold B 

Ascorbic acid 
added Recovery* RSD 

Serial no. (mg/lO0 rot) (%) (%) 

Lime drink 
I 5.0 102 1.5 
2 10.0 98 0.8 
3 15.0 97 1.0 
4 20.0 101 1.1 
5 25.0 98 2.2 

Cola 
1 5.0 101 0.7 
2 I0.0 103 0.6 
3 15.0 99 0.8 
4 20.0 98 1.0 
5 25.0 104 1.5 

*The results are the average of five determinations. 

peak height difference and poor sensitivity. 
During a stop flow period of I min, about 55% 
of ascorbic acid was decomposed. This period 
may be suitably altered if the sample matrix 
behaviour is known. 

Calibration graph and statistical data 

Calibration graphs were constructed under 
optimum flow injection conditions using the 
manifolds A and B, and by using standard 
solutions of ascorbic acid. The regression data 
are given in Table 1. In the determination of 1, 
5 and 10 #g/ml ascorbic acid in pure solution, 
the RSD (n = 6) as found by using manifold A 
(manifold B) was, respectively, 1.8% (2.5%), 
1.1% (1.5%) and 0.6% (1%). The detection 
limit 4° was 0.2 #g/ml (0.5 #g/ml) with a RSD of 
3%(5%). 

Validation of matrix correction method 

The matrix correction method was validated 
by determination of ascorbic in soft drink cola 
that originally contained no ascorbic acid and 
had strong UV absorbance owing to the colour- 
ing matter caramel. Suitable aliquots of cola 
and of ascorbic acid standards were mixed, 
diluted to known volume and analyzed using 
manifold A. The values of actual responses are 
given in Table 2, and the calibration data are in 

Table 7. Comparison of results for the analysis of laboratory made formulations. 
Matrix absorbance correction was made by using manifold A 

Formulation Present RSD Comparison Differenc~ 
no. Nominal* methodt (%) method~t (%) 

1 II 50 51.4 0.7 50.8 (IOD) +1.2 
49.6 (CA) + 3.5 
50.5 (IND) + 1.7 

2¶ I00 99.4 0.8 99.0 (IOD) +0.4 
IOl.l (CA) -1.7 
99.2 (IND) +0.2 
100.9 (HPLC) - 1.5 

3** 150 148.5 1.0 152.1 (IOD) --2.4 
151.6 (CA) -2.1 
152.0 (IND) -2.3 

4t? 200 198.1 I.I 228.5 (IOD) -15.3 
201.8 (CA) -1 .9  
238.1 (IND) -20.2 
198.7 (HPLC) -0 .3  

5~/+ 500 505.3 1.4 503.2 (IOD) +0.4 
508.8 (IND) -0 .7  
506.4 (CA) -0 .2  

6~ 500 497.5 2.0 508.1 (IOD) -2.1 
503.1 (CA) - I . 1  
501.0 (HPLC) -0 .7  

*The nominal amount and results are given in ng of ascorbic acid. 
tThe results are the average of five analyses. 
~/The results are the average of three determinations. IOD = iodine titration; a~ 

CA = chloranil 
titration; ~ HPLC = high performance liquid chromatography; 3° and IND = 2,6- 

dichlorophenolinophenol titration) 2 
§Present method--comparison method. 
~Also contains acetylsalicylic acid (25 rag) and glucose (50 rag). 
¶Also contains salicylamide (50 mg) and lactose (50 mg). 
**Also contains paracetamol (50 rag) and starch (50 rag). 
t tAlso contains methionine (50 mg) and potassium hydrogen sulphite (20 rag). 
:[::~Also contains iron(II) sulphate (25 mg). 
~Also contains iron(II) fumarate and Indigo Carmine (2 rag). 
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Table 8. Comparison of results for the analysis of commercial formulations. Matrix 
absorbance correction was made by using manifold A 

Present RSD Comparison Differencelj 
Formulation Nominal* method? (%) method:~ (%) 

Tablet 
Celin 500 495.5 0.6 493.9 (IOD) +0.3 

494.0 (CA) +0.3 
497.4 (HFLC) -0.4 

Sorvicin 500 480.2 0.8 489.1 (CA) - 1.8 
485.0 (IOD) -1.0 
486.8 (IND) - 1.4 

Rutin I 100 98.6 1.1 97.4 (CA) + 1.2 
96.9 (IOD) - 1.7 
99.0 (IND) -0.4 

Chromostat¶ 150 152.6 1.5 150.8 (IOD) + 1.2 
154.2 (IND) -I.0 
151.3 (CA) +0.8 
155.0 (HPLC) - 1.6 

Capsule 
Fesovit** 

l~plex?t 

50 45.8 2.0 46.5 (IOD) - 1.5 
47.3 (CA) -3.2 

150 141.3 2.2 140.0 (IOD) +0.9 
143.5 (CA) - 1.6 

Injection 
Redoxon~:~ 500 502.6 1.2 500.5 (CA) +0.4 

505.8 (IOD) -0.6 
498.3 (IND) +0.8 

*The nominal amount and results are given in mg of aseorbic acid. 
?The results are the average of five analyses. 
:[:The results are the average of three determinations, 1OD = iodine titration; 33 

CA = chloranil titration; ~5 HPLC = high performance liquid chromatography) ° 
§present method---comparison method. 
MAlso contains rutin (100 rag), acetaminadione (20 rag), adrenochrome monosemicarba- 

zone (I rag) and calcium dibasic phosphate (150 rag). 
¶Also contains adrenochrome monosemicarbazone (0.5 rag), menaphthone sodium 

hydrogen sulphite (10 rag), dibasic calcium phosphate (132 rag) and calciferol (300 
U). 

**Also contains iron(ll) sulphate (150 rag), thiamine mononitrate (2 rag), nicotinamide 
(15 rag), pyridoxine hydrochloride (1 rag), panthothenic acid (calcium salt) (2.5 rag) 
and Amaranth. 

it"Also contains thiamine mononitrate (10 rag), riboflavin (10 rag), nicotinamide (45 
rag), nicotinic acid (15 rag), pyridoxine hydrochloride (25 rag), folic acid (1.5 rag), 
vitamin 132 05 rag) and Amaranth. 

~Also contains methyl paraben (0.08% m/v) and propyl parabcn (0.01% m/v). 

close agreement  with those obtained using pure 
ascorbic acid (Table 1). 

Sample matric interference 

Using manifold A, the determinat ion o f  10 
/~g/ml o f  ascorbic acid was carried out  wi thout  
any  matrix absorbance  correct ion in the pres- 
ence o f  known m o u n t s  o f  a large variety o f  
substances which are usually present in soft 
drinks, fruit juices and pharmaceut ical  prep- 
arations,  and include sweeteners, acids, colour-  
ing agents, preservatives, mineral salts, amino  
acids, vitamins and active drugs. M a n y  sub- 
stances which have a eh romophore  either a 
C-------C bond  or  a benzenoid structure interfere 
severely by absorbing  at 245 nm (Table 3). 
I ron(I I )  fumarate  did not  interfere owing to its 

insolubility in the carrier in which the solutions 
were prepared.  To assess the efficacy o f  the 
alkali t reatment  as a method o f  sample blank 
determination,  recovery tests were carried out  
on labora tory  made  synthetic samples which 
are known to contain  interfering substances 
(Table 4). The average recovery was 101% 
(range 98-104%) and average R S D  o f  1.2% 
(range 0 .6-2 .1%) over all spikes. The average 
R S D  on % recovery was 1.7%. 

Applications 

The flow injection technique was applied to 
determine ascorbic acid in soft drinks and pre- 
served fruit juices by using manifold A 
(Table 5), and for recovery studies on a soft 
drink spiked with known amounts  o f  ascorbic 



FI determination of ascorbic acid 787 

acid using manifold B (Table 6). Method using 
manifold A was used to determine ascorbic acid 
in drug formulations prepared in the laboratory 
(Table 7) and commercially available pharma- 
ceuticals (Table 8). 

Titration with iodine)  3 chlorani115 and with 
2,6-dichiorophenolindophenol titration, 32 and 
HPLC 3° were used to produce comparison re- 
sults. In many  samples there was a difference 
between the results obtained by the different 
methods. This difference was not considered to 
invalidate the present method as the titration 
methods are prone to interferences and the 
end-point was difficult to determine in coloured 
solutions. Because of  the presenece of  stabil- 
izers, which are reducing in nature, and colour- 
ing matter,  preserved fruit juices are believed to 
be difficult samples to analyze for ascorbic acid 
by a redox method. H P L C  appears to tolerate 
most  interferences and produce similar results. 

CONCLUSION 

The present flow injection methods are very 
simple and rapid (2 min per sample), and have 
high sensitivity. Using a background correction 
with sodium hydroxide, the method is made 
selective for ascorbic acid. This also allows the 
use of  2-mercaptoethanol as an anti-oxidant in 
the carrier solution and in preparing the sample 
solution otherwise ascorbic acid at #g/ml  level 
concentration are very difficult to keep at ordi- 
nary temperatures. The accuracy of  the method 
has been illustrated for various soft drinks, 
preserved fruit juices and pharmaceuticals but 
with the good sensitivity attained it would also 
be suitable for biological samples. 
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Summary--The partition of benzoic acid between 0.1M perchloric acid solution and two kinds of mixed 
solvents has been carried out at 25°C. The partition and dimerization constants of benzoic acid have been 
determined in the l-octanol-benzene and 2-octanone-benzene systems. In both the mixed solvent systems, 
with increasing content of l-octanol and 2-octanone in each mixed solvent, the partition constant of 
benzoic acid has been found to increase, and the dimerization constant of benzoic acid in each organic 
phase to decrease. These phenomena are attributable to solvation of monomeric benzoic acid by l-octanol 
and 2-octanone molecules in each mixed solvent. 

Halogenated solvents such as chloroform, car- 
bon tetrachloride, 1,2-dichloroethane, etc.,  have 
ben extensively used not only in the field of 
solvent extraction but also in other branches of 
chemistry. However, environmental concerns 
have led to voluntary control for the use of these 
halogenated solvents. The selection of the most 
appropriate solvent is an important factor in 
solvent extraction and a new useful solvent is 
expected to be developed in the place of these 
halogenated solvents. Such a mixed solvent is 
anticipated to be useful for solvent extraction, 
but has not been appreciably investigated for 
solvent extraction. A mixed solvent which 
consists of two kinds of solvents may be ex- 
pected to retain the inherent property of each 
solvent and to induce a synergistic effect be- 
tween the two solvents. In a series of investi- 
gations on the extraction of some metals with 
LIX 26 in heptane, 1-octanol was used to avoid 
third phase formation as phase modifier by 
Olazabal et a l )  -3 In the extraction of aluminum 
with LIX 26 in heptane containing 5-15% 
l-octanol, it was found that the extraction curve 
of aluminum is independent of the 1-octanol 
concentration. 

*Author to whom correspondence should be addressed. 

In an investigation on solvent extraction of 
metal ions, it is necessary to have information 
about the partition equilibrium of the extracting 
agent itself. The partition constant of benzoic 
acid and its dimerization constant in the organic 
phase were presented in 2-heptanone- 
dodecane-water (H +, Na +, SO~-) systems by 
Kalembkevich? However, the values presented 
by him seem to be unreasonable, judging 
from the relationship between the partition 
and dimerization constants of benzoic acid 
which was not touched upon at all in his 
work and is referred to in detail in our present 
work. 

The present work deals with the partition 
equilibrium of benzoic acid, which is known to 
be useful for metal ions such as copper(II), 
between aqueous solution and mixed solvents 
consisting of benzene and l-octanol or 2- 
octanone. It has be, n found that with increasing 
concentrations of 1-octanol and 2-octanone in 
each mixed solvent, the partition constant of 
benzoic acid increases, and the dimerization 
constant of the acid in each mixed solvent phase 
decreases in both the mixed solvent systems. 
Detailed explanation for these phenomena 
was attempted by considering the soivation 
of monomeric benzoic acid by l-octanol and 
2-octanone molecules. 
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E X P E R I M E N T A L  

Reagents 

Reagent grade benzene was washed succes- 
sively with concentrated sulfuric acid, dilute 
sodium hydroxide solution, dilute perchloric 
acid solution, and distilled, deionized water. 
l-Octanol and 2-octanone of  reagent grade sol- 
vents were purified in a similar manner  as for 
benzene except for concentrated sulfuric acid. 
Benzoic acid and perchloric acid were of  reagent 
grade and used without further purification. 
Aqueous solutions were prepared with distilled, 
deionized water. Mixed solvents were prepared 
to a given volume by diluting known amounts  
(by weight) of  1-octanol or 2-octanone with 
benzene. Before mixing, each solvent was satu- 
rated with water. A trace amount  of  water 
which is negligible was released by mixing the 
two solvents. 

Procedures 

A volume of  10 ml each of  0.1M perchloric 
acid aqueous solution and mixed solvent 
(Tables 1 and 2) containing 0.05-1.4M benzoic 
acid were added to a 50 ml centrifuge tube. 
After shaking for 1 hr, which is sufficient for 
complete equilibration, the tube was centrifuged 
for 5 min at 3000 rpm. Subsequently the concen- 
tration of benzoic acid in the aqueous phase 
was determined by measuring the absorbance 
of  the aqueous phase diluted 100 times with 
0.1M HCIOa aqueous solution, at 229 nm, 
one of  absorption maxima of  benzoic acid 
(,  = 1.11 x 104M -t  c m - ' ) .  Trace amounts  of  
benzene in the aqueous phase did not interfere 
with the measurement of  the absorbance at 229 
nm, because before measuring the absorbance 

Table 1. Partition and dimerization constants of benzoic 
acid (l-octanol-benzene system) 

Concentration of 
No. l-octanol (M) log Kv.H/~ log K2.s~ Sum 

0 0 (o) 0.14 2.42 2.70 
1 0.10 (i.5) 0.81 1.05 2.67 
2 0.25 (3.7) 1.07 0.52 2.66 
3 0.30 (4.5) 1.21 0.16 2.58 
4 0.40 (6.0) 1.31 -0.09 2.53 
5 0.50 (7.5) 1.39 -0.43 2.35 
6 1.00 (15.1) 1.63 - -  - -  
7 2.00 (30.5) 1.75 - -  - -  
8 3.00 (46.5) t.84 - -  - -  
9 4.00 (62.5) 1.89 - -  - -  

10 5.00 (78.6) 1.88 - -  - -  
1 ! 6.00 (94.6) 1.86 - -  - -  
12 6.34 000) 1.84 - -  - -  

The values in parentheses denote the concentration of  
percentage by volume, and sum : log K~.~  + 
2 log KD.H~, 

Table 2. Partition and dimerization constants o f  benzoic 
acid (2-octanone-benzene system) 

Concentration of  2-octanone 
No. (M) io 8 KD.H~ log K/.H~ Sum 

0 0 (0) 0.14 2.42 2.70 
13 0.10 (I.5) 0.53 1.63 2.69 
14 0.20 0.0) 0.59 1.52 2.70 
15 0.30 (4.4) 0.67 1.37 2.71 
16 0.40 (6.0) 0.74 1.23 2.71 
17 0.50 (7.5) 0.85 !.02 2.72 
18 1.00 (15.0) 1.18 0.31 2.67 
19 2.00 (30.1) 1.33 0.03 2.69 
20 3.00 (45.6) 1.50 --0.41 2.59 
21 4.00 (61.5) 1.64 --0.86 2.42 
22 5.00 (77.6) 1.78 - -  - -  
23 6.00 (94.3) 1.85 - -  
24 6.40 (100) 1.91 - -  - -  

The values in parentheses and sum are the same as in 
Table I. 

each aqueous phase was diluted 100 times with 
0.1M perchloric acid solution. 

Apparatus 

The partition of  benzoic acid was performed 
in a Cool Bath Shaker ML-10 (TAITEC Co., 
Koshigaya, Japan)  thermostatted at 25.0°C. A 
Table Top Centrifuge Model 5100 (Kubota  
Seisakusho Ltd, Tokyo,  Japan) was used for 
centrifugation. The solubility of  water in each 
mixed solvent was coulometrically measured 
using a Karl-Fischer Moisture Titrator  MKC-  
210 (Kyoto Electronics Manufacturing Co., 
Kyoto,  Japan). Spectrophotometric determi- 
nation was carded out on a UVIDEC-430A 
Double Beam Speetrophotometer  (Jasco, 
Tokyo,  Japan). 

RESULTS AND DISCUSSION 

Determination o f  partition and dimerization con- 
stants o f  benzoic acid 

The partition ratio of  benzoic acid between 
the aqueous and organic phases can be rep- 
resented by the following expression with the 
use of  three kinds of  equilibrium constants, i.e. 
the partition constant between the aqueous and 
organic phases (KD.,A=[HA]o/[HA]~), the 
dimerization constant in the organic phase 
(K2.,^ = [(HA)2]o/[HA]2o), and the dissociation 
constant in the aqueous phase 
(K, = [H + ] [A-  ]/[HA],,): 

D = CH^.o 
CHA.w 

= KD.HA( l + 2KD.H^ K2.HA[HA]w) 
K, , (I)  

1 + ~  
[H ÷ ] 
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where the subscripts 0 and w refer to the organic 
and aqueous phases, respectively, and [(HA)s]o 
denotes the concentration of the dimeric 
benzoic acid in the organic phase. As the dis- 
sociation of benzoic acid in the aqueous phase 
is negligible under the present partition con- 
ditions, the following equation can be obtained 
from equation (1): 

log D - log KD.H  ̂

= log(l + 2KD.HAK2.H^[HA]w). (2) 

If log D - log KD.H  ̂= Y and 2KD.a^K2,H^[HA]w = 
X, equation (2) is equivalent to Y = log(l + X). 
Then, on the basis of equation (2), by fitting the 
plots of log D against log[HAl,, with the normal- 
ized curve, log0 + X)  vs. log X, the partition 
and dimerization constants can be estimated 
from the respective deviations of the ordinate 
and abscissa between the plots and the normal- 
ized curve. The results for 0.5 and 6.0M 2- 
octanone-benzene mixtures are shown in Fig. I. 
The plots for the former fit well with the nor- 
realized curve described above. Then, the 
monomeric and dimeric species of benzoic acid 
were found to coexist in the organic phase in 
such mixed solvent. On the other hand, the plots 
for the latter are parallel to the horizontal axis, 
irrespective of the concentration of benzoic acid 
(Fig. 1). In this system, it has been shown that 
the dimerization of benzoic acid in the organic 
phase does not occur to any appreciable extent. 
The similar results were obtained in the mixed 
solvent systems containing 1-octanol of more 
than 1M and 2-octanone of more than 5M, 

~ ° ° . o . °  "°  

I I I . . ,  
- 3  - 2  - '  

I og[HA]. 
Fig. 1. Determination of th© partition and dim©rization 
constants of benzoic acid (2-octanonc--bcnzgn¢ system). 
Open and cio~! symbols rtfcr to the mixed solvents 
containing 0.5 and 6.0M 2-octanone, rtspectively. Dotted 
curve is the normaliz~ curve, logo + X) vs. log X. Solid 

lines art the asymptotes of the normalized curve. 

respectively. In these cases the constant distri- 
bution ratio of benzoic acid is equal to its 
partition constant. 

The values of the partition and dimerization 
constants of benzoic acid obtained for the l- 
octanol-benzene and 2-octanonc-benzene mix- 
tures with various compositions are summarized 
in Tables 1 and 2, respectively. The values for 
pure benzene are also listed in the tables, and 
are in agreement with those presented by Fujii 
et al. within experimental error? 

As shown in the tables, with increasing the 
content of l-octanol or 2-octanone in the mixed 
solvents, the partition constant of benzoic acid 
tends to increase, but the dimerization constant 
of the acid in each organic phase tends to 
decrease. These changes in the partition and 
dimerization constants of benzoic acid may be 
ascribed to solvation by 1-octanol and 2- 
octanone molecules. 

The effects of  solvation on the partition constant 
of  benzoic acid 

Benzoic acid is solvated with l-octanol or 
2-octanone molecules in the present mixed sol- 
vents in the following manner: 

(HA)o + n(S)o ~-~ (HA. Sn)o 

with 

[HA. S,]o 
// .... = [HA]o[S]~' (3) 

where S and fl,,~, represent the solvent molecule, 
and the overall solvation constant of benzoic 
acid with l-octanol or 2-octanone molecules, 
respectively. Then, in the region where the 
monomeric benzoic acid in the organic phase 
prevails, and the dissociation of benzoic acid in 
the aqueous phase is negligible, the distribution 
ratio of benzoic acid is equal to its conditional 
partition constant and can be represented as 
follows: 

D m KD.H^  r 

[HAlo -6 ~ [HA. S,]o 
n 

[HAL 

(4) 
f f  

where KD,HA' and KD,HA denote the partition 
constants of benzoic acid for the mixed solvent 
and benzene, respectively. The partition con- 
stant of benzoic acid, which was determined in 
the present work, is this conditional constant, 
KD.H^' as shown below. 
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Fig. 2. Effect of solvation on the partition constant of 
benzoic acid (l-octanol-benzene system). Numbers are the 
same as in Table !. Dotted curve and solid lines are the same 

as  in Fig. 1. 

I f  the main solvated species is only HA.S , ,  
the following expression can be obtained from 
equation (4): 

log D = log KD,H^' = log KO.HA 

+ log(l + fl,,,o[s]~). (5) 

Substituting log KD.MA' -- IOgKD..^ = Y and 
Itn fl,~.,[S]o = X, the above expression is equivalent 

to Y = log(! + X') .  According to equation (5), 
by fitting the plots of log KD.HA' against log[S]o, 
with the normalized curve, log(1 + X") vs. log X 
with suitable n, the number of  solvent molecules 
solvated to monomeric benzoic acid, and the 
solvation constant, /3,~ may be determined. 
Such plots are shown in Figs 2 and 3 for the 
l-octanol-benzene and 2-octanone-benzene 
systems, respectively. In Figs 2 and 3, log KD.HA' 
from Tables 1 and 2 is plotted against log Cs 

I I ' I  I I 
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Fig. 3. Effect of solvation on the partition constant of 
benzoic acid (2-octanone-bcnzcne system). Numbers are the 
same as in Table 2. Dotted curve and solid lines are  the  same 

a s  in Fig. I. 

| | I | | ! 

( 

I 

0 
0 1 2 3 4 5 6 

Cs 

Fig. 4. Solubility of water in the mixed solvents. Open and 
closed symbols refer to the l-octanol- and 2-OCo 

tanone-benzene systems, respectively. 

(Cs: total concentration of  1-octanol or 2- 
octanone in each mixed solvent) instead of  
log[S]o. Under the present experimental con- 
ditions, [S]o can be approximated by the total 
concentration of  l-octanol or 2-octanone. The 
plots fit in the normalized curve with n = 1, i.e. 
log(l + X) vs. log X in both the mixed solvent 
systems. It is suggested that the main 
monomeric species are HA and HA-S in each 
system. In addition, the solvation constant was 
obtained as follows: log flsv, i = log Ksv.~ = 1.54 
for the 1-octanol-benzene system, and 
log fl~.~ = log K~.t = 0.92 for the 2-octanone- 
benzene system, respectively. As can be seen 
from Fig. 2, the plots deviate downward from 
the normalized curve, with increasing content of  
l-octanol in the mixed solvent in the region 
where l-octanol concentration is more than IM 
in the l-octanol-benzene mixture. In these re- 
gions the observed partition constant, Ko..a' is 
appreciably smaller than the value which is 
expected from solvation of benzoic acid by one 
l-octanoi molecule. The solubility of  water in 
the mixed solvent increased with increasing con- 
centration of  1-octanol in the mixed solvent 
(Fig. 4). Then, the decrease in the partition 
constant is attributable to the some effect of  
water on the mixed solvent and benzoic acid. 

Inhibition of  dimerization of  benzoic acid by 
solvation 

On increasing l-octanol and 2-octanone con- 
tents in the respective mixed solvents, the dimer- 
ization constant of  benzoic acid in the organic 
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phase decreased (Tables 1 and 2). Beyond 0.SM 
l - o c t a n o l  and 4.0M 2-octanone contents in each 
mixed solvent, respectively, the dimerization of 
benzoic acid did not occur to any appreciable 
extent in either mixed solvents. This decrease in 
the dimerization constant can be anticipated 
to result from the formation of solvated 
monomeric benzoic acid by l-octanol or 2-oc- 
tanone molecules. Taking into account sol- 
vation of monomeric benzoic acid by l-octanol 
or 2-octanone molecules, the conditional dimer- 
ization constant of benzoic acid in each mixed 
solvent can be represented as follows: 

[(HA)=]o 
= 

K:,.A' ([HA]o+ [HA'S]o) 2 

= K2.HA(I + K,,., [S]o) -2, (6) 

taking logarithms of equation (6), the following 
expression is obtained: 

0.5 log Kz.H^' = 0.5 log K2.aA 

-log(1 + K,v., [S]o), (7) 

where K2..^ denotes the dimerization constant 
of benzoic acid in the benzene phase. 
The dimerization constant of benzoic acid 
estimated in this work is this conditional con- 
stant except for the pure benzene system. Substi- 
tuting 0.5 log K2.H^, -- 0.5 log K2,H  ̂= Y, and 
K~j[S]o= X, expression (7) is equivalent to 
Y = - log( l  + X). The plots of 0.5 IogK2,H^' 
against log Cs on the basis of equation (7) are 
shown in Figs 5 and 6 for the l-octanol-benzene 
and 2-octanone-benzene systems, respectively. 
As described above, [S]o can be approximated to 
the total concentration of l-octanoi or 2- 
octanone, C, under the present experimental 
conditions. The plots for 2-octanone-benzene 
system fit well with the normalized curve, 
- log(l + X )  vs. log X which is depicted on the 
basis of the values of K2.,^ and K,v., estimated 
in this work. Then, the decrease in the dimeriza- 
tion constant of benzoic acid is attributable to 
solvation of monomeric benzoic acid by one 
2-octanone molecule as well as in the case of the 
increase in the partition constant of monomeric 
benzoic acid. On the other hand, the plots for 
the l-octanol-benzene system deviate down- 
ward from the normalized curve in the region 
where the content of l-octanol is more than 
0.3M. Therefore, in this system the dimerization 
of benzoic acid has been suggested to be inhib- 
ited by not only solvation of monomeric benzoic 
acid by l-octanol molecule but also some effects 
attributed to hydration by water molecules 

-1 
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Fig. 5. Inhibition of dimerization of benzoic acid by sol- 
ration (l-octanol-benzene system). Numbers are the same 
as in Table 1. Dotted curve is the normalized curve, 
- l og0  + X) vs. log X, which was located on the basis of 
log Kza . = 2.42 in benzene and log K, vj = 1.54. Solid lines 

are the asymptotes of the normalized curve. 

whose concentration increases with increasing 
the 1-octanol content in this mixed solvent, or 
to the physical property of mixed solvent as a 
whole such as polarity, solubility parameter etc. 

Correlation o f  dimerization and partition con- 
stants o f  benzoic acid 

The relationship between the dimerization 
and partition constants of benzoic acid obtained 
in this work is shown in Fig. 7. The plots of 
log KzH A" vs. log KD.a^' fit a straight line well 
with a slope of - 2 ,  which passes through the 
point for benzene, up to 0.25M of 1-octanol 

t 
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Fig. 6. Inhibition of dimerization of benzoic acid by sol- 
vation (2-octanonc-bem~tne system). Dotted curve is the 
normalized curve, -Iog(l + X) va. log X, which was located 
on the basis of  iogK2.aA=2.42 in benzene and 
log K,v., = 0.92. Numbers and solid lines are the same as in 

Table 2 and in Fig. 5, respectively. 



794 H .  YAMADA e!  al. 

content in the l-octanol-benzene system and 
2.0M of 2-octanone content in the 2- 
octanone-benzene system, respectively. In other 
words, the sum of log Ks,a^" and 2 log KD.H^' is 
kept constant up to these contents of  l-octanoi 
and 2-octanone in the respective mixed solvents 
(eft. Tables 1 and 2). In the 2-octanone-benzene 
system, the sum of log K2..^' and 2 log KD.H^' is 
kept constant over the wide concentration 
region of 2-octanone, in contrast to the l- 
octanol-benzene system, in which the sum re- 
mains constant only over the very limited 
concentration region of 1-octanol. 

Similar relationships of the partition and 
dimerization constants of di-n-butyl phosphate 6 
and some aliphatic carboxylic acids 7 for some 
organic solvents have previously been reported. 
However, the sum of log K2.a^" and 2 log KD.a^' 
reported by them varies widely from solvent to 
solvent, especially in the former case. 

As the dissociation of benzoic acid in the 
aqueous phase can be neglected under the pre- 
sent experimental conditions, the partition be- 
haviour of benzoic acid can be represented by 
the following scheme, 

K2,HA' 
2(HA)o _ "(HA)zo 

KD,.^ ~ Ko,~,^~ aqueous phase 

K2,HA,w 

2(HA)w _ "(HA)z,w 

where Kz.,^.~ and KD.~HA)S denote the dimeriza- 
tion constant of benzoic acid in the aqueous 
phase, and the partition constant of dimeric 
benzoic acid, respectively. Then, the following 
relationship among the four kinds of  equi- 
librium constants may hold: 

log Kx,^' + 2 log KD..^' 

-- 1ogg2,HA.w 4- log KD,(HA) 2 . (8) 

From Fig. 7, and Tables l and 2, it is found that 
the value of the left-hand side of equation (8) 
tends to decrease rapidly from the constant 
value (2.69 +0.03), when the l-octanol and 
2-octanone contents in each mixed solvent rise 
above 0.25 and 2.0M, respectively. As the 
dimerization constant of benzoic acid in the 
aqueous phase can be regarded as being con- 
stant, irrespective of the composition of the 
organic phase, the partition constant of dimeric 
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Fig. 7. Relationship between the partition and dimerization 
constants of benzoic acid. Open and closed symbols refer to 
the l-octanol-benzene and 2-octanone-benzene systems, 
respectively. Closed square refers to benzene. Numbers are 
the same as in Tables 1 and 2. The solid line is a straight 

line with a slope of -2. 

benzoic acid is also anticipated to remain con- 
stant under the region where the sum of 
log Ks,HA' and 2 log KD.H '̂ remains constant, re- 
gardless of the composition of the mixed sol- 
vents. Therefore, it has been found that the 
partition behaviour of dimeric benzoic acid is 
difficult to be influenced by the solvent, contrary 
to that of monomeric benzoic acid which is 
subject to solvent effect. It is suggested that the 
main dimeric benzoic acid is the cyclic dimer in 
which two molecules are linked by a hydrogen 
bond, and because of the cyclic structure, 
dimeric benzoic acid is hard to be influenced by 
the solvent. 

CONCLUSIONS 

As can be seen from Figs 2, 3, 5 and 6, 
significant differences in the solvent effect on the 
partition equilibrium of benzoic acid between 
l -octanol-benzene and 2-octanone-benzene 
systems have been observed. This discrepancy 
may be attributed to whether the hydroxyl 
substituent is involved or not in the 1-octanol 
and 2-octanone which were mixed with benzene. 
In the l-octanol-benzene system, the hydroxyl 
substituent in l-octanoi molecule is anticipated 
to enhance the solvation ability of the l-octanol 
molecule and also to increase the solubility of 
water in l-octanol-benzene mixed solvent by 



Benzoic acid in mixed solvents 795 

hydrogen bonding. Enhancement of  solvation 
ability is enhanced by the value of  the solvation 
constant of  monomeric benzoic acid, which is 
larger in the l-octanol-benzene system than in 
the 2-octanone-benzene system. An increase in 
solubility of  water in 1-octanol-benzene mix- 
tures with increasing content of  l-octanol in the 
mixed solvents results in an increase in polarity 
as a whole and of  the hydration ability of  the 
mixed solvents. In a higher l-octanol region of  
the mixed solvent, consequently, the partition 
and dimerization constants are anticipated to 
become smaller than those predicted by sol- 
vation of  monomeric benzoic acid by the l- 
octanol molecule. 

In the 2-octanone-benzene systems, on the 
other hand, as shown in Figs 3 and 6, not only 
the increase in the conditional partition con- 
stant but also the decrease in the conditional 
dimerization constant may be reasonably ex- 
plained on the basis of  solvation of  monomeric 
benzoic acid by 2-octanone. This suggests that 
the partition equilibrium of  benzoic acid is not 
influenced to any appreciable extent by water, 
because of  the lower concentration of  water in 
the 2-octanone-benzene systems which can be 
attributed to the absence of  the hydroxyl sub- 
stituent in the 2-octanone molecule in contrast 
to the 1-octanol one. 

In the l-octanol-benzene systems, if it 
were not for the effects of  water, the conditional 

partition constant of monomeric benzoic 
acid should be estimated to be log KD.H^' = 2.48 
by extrapolation to pure l-octanol in 
Fig. 2. 

It has been found that even such a simple 
equilibrium as the partition of  benzoic acid is 
significantly dependent on kinds and contents of  
solvating solvents which are mixed with inert 
solvents. Then, the solvent extraction of a metal 
ion with an extracting reagent may be compli- 
catedly influenced by kinds and contents of 
mixed solvents. Therefore, a useful mixed sol- 
vent for the solvent extraction of a metal com- 
plex can be expected to be developed by an 
additional investigation on mixed solvent for 
solvent extraction. 
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Summary--ln the present work we obtained the experimental pKs of the amino acid a-alanine in NaCI 
at 25 ° and different ionic strengths. The equilibrium constants have been potentiometrically determined 
with a commerical glass electrode and the results analysed through three models: two directly based on 
the Pitzer and Scatchard approaches to the ion specific interaction theory and the other based on a simpler 
modification of the Debye--Hiickel equation. The three models fit the data reasonably well and the 
extrapolated pK values obtained show a good agreement. The goodness of the ridge regression method 
cannot be probed in this case. 

The problem of the dependence of the protona- 
tion constants on ionic strength is of consider- 
able importance both from theoretical and 
practical points of view) However, systematic 
studies are scarce: a clear exception is the work 
by Sammartano e t  al . ,  2-5 who have been using a 
semiempirical equation obtained by modifying 
the Debye--Hiickel equation in order to find 
similarities in the behavior of some classes of 
iigands and for some background salts for sev- 
eral years. More recently, our group has started 
to study the dependence of the salt composition 
and ionic strength on the acid-base equilibrium 
constants of organic molecules both in single 
electrolytes and mixtures. The dependence men- 
tioned above was assessed by using different 
models (Pitzer, Scatchard, Guggenheim 6-8) 
which account for the specific interaction of any 
ion in solution. These treatments, mainly 
Pitzer's equations, have been widely used to 
determine the dependence of the osmotic and 
activity coefficients as a function of the ionic 
strength, particularly in aqueous solution of 
strong electrolytes. Weak electrolytes have been, 
however, scarcely dealt with, except for the 
work by Millero e t  al.  on relevant inorganic 
equilibria in seawater? In this work we report 
the ionization of ct-alanine 
(CH3 CHNH2 COOH) at different ionic strength 
values in NaCI at 25°. 1° Data were treated in 
terms of Pitzer and Scatchard's models and the 

*Author to whom correspondence should be addressed. 

equations used by Sammartano e t  al.  4 Also the 
results were compared when the ridge regression 
(RR) II is applied instead of the ordinary least 
squares regression method, in order to over- 
come the presence of multicolinearity. 12 

EXPERIMENTAL 

The amino acids and NaCI were Merck (re- 
agent and p.a. grade, respectively). Experimen- 
tal details have been previously described. ~3-16 
Potentiometric titrations were carried out on a 
glass cell furnished with a thermostatting jacket 
and inlets for the electrode, burette and a nitro- 
gen stream intended to remove 02 and CO2 and 
at the same time, homogenize the solution. 
Merck p.a. NaOH was added from a Crison 
microBU 2031 autoburette to the amino-acid 
solution containing Merck p.a. HCI, both 
0.01M. The EMF was measured by means of a 
Crison micropH 2002 pH-meter furnished with 
Radiometer GK2401C combined glass mem- 
brane electrode, using Ag/AgCI as reference. 

Stoichiometric equilibrium constants were 
calculated from data obtained in the potentio- 
metric titrations of at-alanine by using the pro- 
gram MINIQUAD. The electrode was 
previously calibrated for the proton concen- 
tration in order to obtain the reference potential 
for each experiment. Calibrations were carried 
out for the pH-range between 2.3 and 2.9,12 
following the procedure described in Ref. 13 in 
order to minimize the influence of systematic 
errors. However, the response (nernstian or not) 
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was checked in the whole interval. Known 
volumes of a 0.1M HCI solution of the desired 
ionic strength were added over a solution of the 
background electrolyte at the same ionic 
strength and the solution potential was 
measured on each addition. 

The amino acid solutions were automatically 
titrated with the aid of the program ALIA, ~7 (F. 
Penedo and F. Arce, unpublished work) which 
controls titrant additions from the burette, com- 
mands potential readings and creates the entry 
file for the program MINIQUAD. All re- 
gression analyses were performed by using the 
Statgraphics Standard Statistical Package. ~7 The 
MINIQUAD provides pK values in the molar 
scale while Pitzer and Sc.atchard models apply 
for molal scale. Conversion can be easily made 
from molar to molal scale: pKm = 
pKc + log(c/m), where pK~ is in molal scale, pK~ 
is in molar scale, m is the concentration in 
mol/kg water and c in M. The molality can be 
determined through the density. The ex- 
pressions based on Sammartano et al.'s 
equations can be also used in molal scale since 
the difference owing to the pK scale lies below 
the maximum experiment error conventionally 
admitted (ca. 0.06 pK units), ts 

RESULTS AND DISCUSSION 

The protonation equilibria of neutral amino 
acids can be expressed as follows: 

AH~" = AH + H +, KT-- K* ~'AaTU+ (1) 

AH ~ A- + H +, K2 v = K* ~'̂ -YH+ (2) 
7^H 

The stoichiometric equilibrium constants of 
the aminoacid ~-alanine are listed in Table 1. 
The final relationships obtained to show the 
pK? (in molal scale) dependence on ionic 
strength are as follows. 

Based on Pitzer's formalism ,9.2o 

pK* = pKt x + ALl °) + B t f  (2) + CLf (3) (3) 

pK~' -- Dzf (4) -- Eft" 0) = pK2 r 

+ A 2 f  (I) + B 2 f  (2) -t- C z f  (3), (4) 

where  

1 
AI = In 10(fl^a2°--2 - # °  o 

+ 0^.2~.- 0.N,) (5) 

- i  i 
BI = ~ (fl^tha - flho) (6) 

CI - ! # - ¢/AH2N.Cl 

-- ¢,N.Cl) (7) 

1 o A~ = i ~ 6  ( /~ . .  + e^~, + ~oo + o . . . -  ~) (s) 

B~ = ln-~(~k~. + ~%) (9) 

1 /C4j C~NaCl + C~ci C2=i-~- ~ ,  AN,+ 

+ ~^N.C, + ¢.C.O) (10) 

2#~,c, 
D2= ln l0  (11) 

2 
//?2 = In 10" (12) 

The  ionic  strength funct ions  in equat ions  (3) 
and (4) are as follows: 

f (0 = 21 

f(2) = 1 - (2x/~)exp(- 2v/I ) 

fo)  = 12 

f(4)= _ 1 + (1 + 2,v/I + 2l)exp(-  2V/I ) 

fo)  = _0.392( 1 v/~ 
+ 1.2x/~ 

+ 2 ln(l + 1.2x/~)). (13) 

Based on Scatchard's formalism t9 

p K * = p K r ~ + P j I + Q ~ I 2 + R I P  (14) 

pK* + f(1 2x/~1"17--202 
+ 1.5x/1)ln i0 3 

= pK2 -r + P21 + Q212 + R213, (I  5) 

Table 1. Stoichiometric pK*s (in molal scale) of a-alanine 
in NaCI at 25 ° 

c(-Alanine 

m(NaCl) pK~ pK~ 

0.05 2.534 9.868 
0.17 2.521 9.780 
0.22 - -  9.777 
0.39 2.478 9.704 
0.56 2.554 9.723 
0.86 2.627 9.821 
1.25 2.700 9.892 
a* (0.003-0.01) (0.001-0.02) 

*Standard deviation. 
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Table 2. Interaction parameters obtained by means of  the Pitzer (equations 3 and 4), Scatchard 
(equations 13 and 14) and Sammartano et al. (equations 26 and 27) 

Pitzer 
k? i pKT A, B, C, 

799 

0 1 2.55(0.05) 0.678(0.444) - 1.587(0.992) -0.351(0,200) 0.028 
2 10.08(0.05) 0.488(0.383) 0.676(0.858) -0.142(0.289) 0.028 

0.006 i 2.54(0.04) 0.09 ! (0.060) - 0.274(0.200) 0.081 (0.07 I) 0.039 
2 10.04(0.03) 0.122(0.044) 0.141(0.154) 0.129(0.055) 0.031 

Sammartano et aL 
k i pK~ C~ D~ a 

0 1 2.53 + 0.03 0.248 + 0.209 - 0 . 3 5 0  + 0.178 0.032 
2 10.04 + 0.03 0.188 -I- 0.170 -0 .371 _+ 0.145 0.026 

0.025 1 2.51 + 0.03 -- 0.026 + 0,081 0.159 + 0.069 0.038 
2 10.01 + 0,02 0.028 + 0.063 0.185 + 0.054 0.031 

Scatchard 
k i pK~ P~ Q~ R~ a 

0 1 2.56 + 0.03 -0 .521  + 0.243 1.122 + 0.468 -0 .495  + 0.240 0.024 
2 10.11 +0.01 --3.410"t"0.203 4 .272+0.384  - 1 . 6 7 2 + 0 . 1 9 6  0.021 

0.025 1 2.51 + 0.04 0.007 :l= 0.092 0.085 + 0.035 0.027 + 0,047 0.045 
2 10.02 + 0.02 0.071 + 0.068 0.096 + 0.026 0.031 + 0.035 0,034 

*values in parenthesis correspond to the error in the parameters. 
t k  is the ridge parameter: k ffi 0 applies for Ordinary Least Squares Regression and k #~ 0 for Ridge 
Regression. 

where 

1 ~__. h(0.1) P~ ~ (a~)x + vMx..x - a~h2x 

~(o,~) + 4 )  - -  u AH2X,M X 

1 
Q' = 2 In 10 ( a ~  + b~X)HX -- a(A2~.12X 

06) 

(0,2) 
- -  bArl2X,l~X + h | )  (17) 

l 
Rt = 3 In 1-"-0 (a~)x + b~'~!.x 

- -  a(A3~42X - -  /~(0.3) '~ (18 )  VAH2X,MX/ 

P2 = l n ~ ( a ~  + b~i#,A. + a ~ x -  ho) (19) 

1 
Q2 = ( a ~  + b~'2x!As -t = 2a~)x - -  hi) 

2 In 10 

(20) 

1 
R, = 3 In 10 ( a ~  + b~'~.~. + 3a~)x). (21) 

Coefficients At, B~, C~ and D; in the Pitzer 
equations and P ,  Qt and R, in the Seatchard 
equations are parameters that result indepen- 
dently from the ionic strength and are related to 
the ionic interaction between the species in- 
volved in the equilibria and the medium. 

Based on a simpler modification of the Debye- 
Hiickel equation 2-5 

Among the very few systematic studies on 
ionization constants of organic compounds 
found in the literature we would like to mention 
the work carried out by Sammartano et al. 2-s 
(and references therein). This group has system- 
atically analysed the behaviour of such con- 
stants as a function of the ionic strength and the 
complex formation for a great number of 

Table 3. Correlation and VIF matrix for the first pK 

Correlation matrix (k --0)* VIF matrix (k • 0) 

1. Pitzer equations (3) and (4) (k = 0.006) 
1.0000 0.9689 0.9639 9.682353 -4 .922482 -4 .727976 
0.9689 i.0000 0.8699 -4 .924825 6.276455 -0 .843336 
0.9639 0.8699 1.0000 -- 4.727976 -0 .843336 6.08551 

2. Scatchard equations (14) and (15) (k ---0,025) 
1.0000 0.9639 0.9126 4.224269 - 0.86069 - 2.97766 
0,9639 1.0000 0.9874 - 0.86069 1.107245 0.070510 
0.9126 0.9874 1.0000 - 2.97766 0.070510 3.2 ! 8550 

3. Sammartano et aL equations (27) and (28) (k = 0.025) 
1.0000 0.9881 4.615115 -4 .12453 
0.9881 1.0000 -4 .12453 4.615115 

*k is the ridge parameter: k = 0 applies for Ordinary Least Squares Res re s ion  and k ~t 0 for Ridge 
Regression 



800 S. ROL et al. 

species: carboxylic acids, amines, amino acids, 
e t c .  

The general equation used by this group to 
express the stoichiometric equilibrium constants 
of amino acids is: 

log K* = log K~ - z* 3 ~ 2  + + C J  + D,P/2, 

(22) 

where 

C = P* Co + z* Cl (23) 

D, = p ' d o  + z'd, (24) 

p * = ~ (moles~.c,.n~) - ~ (molesp,od~t,) 

(25) 

z* = ~ (pz2)~=c~,,, - ~ (pZ2)p~.=, (26) 

z being the charge of the species. For the first 
equilibrium (1): z* = 0 andp* - - 1 and for the 
second one (2): z* = 2 and p* = - 1. 

Taking these expressions into account, we can 
write the stoichiometric pK*s as a function of 
the ionic strength by means of the following 
equations: 

pK*  = pKr~ - C I I  - D, 13/2) (27) 

pK*  + z * v/-I = pK~ - C21 - D213/2. 
2 + 3w/I 

(28) 

Table 2 shows for the three models the effect 
of multicolinearity between the explanatory 
variables in the calculation of highly correlated 
regression coefficients (close to unity) in the 
fitting interval used. This phenomenon is also 
revealed ~2 by a value of the VIF (variation 
inflation factor) greater than 10, which is also 
shown in Table 3. From the data in Table 2 it 
follows that any of the assayed models repro- 
duce experimental pK* vs I quite accurately and 
all the models yield similar curves (Fig. 1) and 
show an error of the fit within the convention- 
ally admitted range for potentiometry wtih com- 
mercial H ÷ glass electrodes (ca. 0.06 pK units). Js 

The ridge parameters that appear in Tables 2 
and 3 were obtained by applying the ridge trace 
method to equations (3), (4); (14), (15) and (27), 
(28). An analysis of the results also reveals that 
only for the pK2 value does the application of 
ridge regression lead to smaller errors in the 
calculated parameters when using the Pitzer 
treatment. For the other parameters no im- 
provement is observed. 

The only parameter we can compare for the 
three models is the extrapolated pK. From 
Table 2 it can be concluded that good agreement 
can be achieved. For pK~ the maximum differ- 
ence between the values obtained is 0.03, which 
is under the 0.06 accepted as experimental er- 
ror 18"2' and for pK~ the difference become 
slightly greater that 0.06 pK units, at 0.07. pK~ 
values of =-alanine in the literature :2 are very 
scarce and range from a minimum of 2.34 up to 
2.63 while the averaged extrapolated value that 
we obtained is 2.55. The values found for pK~ 
are 9.87, 9.89 and we obtained 10.08. 

It can be concluded that although Scatchard 
and mainly Pitzer approaches are very useful for 
fitting data in wide ranges of I and in mixtures 
of electrolytes, advantages that are not offered 
by other approaches, in the present case of a 
single electrolyte and a relatively reduced inter- 
val of ionic strength these models do not show 
remarkable superiority compared to a simpler 
model. 
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Fig. ]. F i t t ing curves based on P i t= r ,  Scatchard and 
Sammartano et al. equations. (O) Experimental data; ( ) 
based on Pitzer's model; (-  - - )  based on Scatchard's model; 
( . . . )  based on a more simple modification of the Dc- 

bye-Hiickel equation. 
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Summary--A chemical separation method has been developed for the determination of ~J'I'c in various 
types of radioactive wastes. Such a method includes (i) fusion with NaOH, (ii) extraction in a column 
containing methyltrioctylammonium chloride, (iii) extraction by solvent with N-benzoyI-N-phenylhydrox- 
ylamine and, (iv) measurement by inductively-coupled plasma mass spectrometry (ICP-MS). From the 
performance standpoint, the recovery of ~Tc, using ~Tc  as a yield tracer, is higher than 70%. This 
analytical method, as developed, ensures effective decontamination with respect to the radionuclides, 
insofar the decontamination factors are greater than 10 +5, whenever the residual activity may be 
measured. Taking into account a 3o counting error, the detection limit obtained with the ICP-MS 
technique is 1.9 mBq/ml; the method enabling hence to detect activities as low as 0.3 Bq/g, with analysed 
samples of 0.2 g and a radiochemical yield of 70%. Studies have been dedicated to the ~I'c measurement, 
using the electrothermal vaporization ICP-MS technique, which lowers the detection limit by a factor 10, 
with the standard solution (0.3 pg/ml), compared with the previous ICP-MS technique. 

Consideration has to be given to a number  of  
long-lived radionuclides derived from the dis- 
posal of  radwastes- -and especially spent nu- 
clear fuels, while assessing the environmental 
impact over the long term, of  the nuclear power 
generation. It  is thus essential to know the 
concentrations of  long-lived nuclides (such as 
79Se , 99Tc, 126Sn ' 129I, t35Cs ' 226Ra ' 229Th ' 237Np 

and 242pu) a s  much in the spent nuclear fuels 
and other radwastes, as in the environment.I It 
is also mandatory  to known the chemical be- 
haviour of  the radionuclides, to assess their 
transfer pathway in the environment over the 
long term, in the vicinity of  the disposal sites. 
It stands to reason that the theoretical estimates 
to be validated by actual analytical determi- 
nations. 

Among the whole spectrum of  long-lived 
nuclides derived from nuclear reactors, special 
concern is given to 99Tc, on grounds of  its 
long half-life (i.e. 2.2 x 10 5 y),  decay mode 
( ~ - ) ,  and the storage and disposal related 

*Author to whom correspondence should be addressed. 

problems, insofar 99Tc is very mobile in sur- 
face waters. Various analytical methods for 
determination of  99Tc in the environmental 
samples have been reported. I The techniques 
developed for 99Tc pre-concentration and/or  
pretreatment involve evaporation,  2.3 ion-ex- 
change, 4"5 co-precipitation, 3'6"s fusion, 8'9 and 
leaching with acidic solutions, 5.7,1°,m~ . The purifi- 
cation methods consist in co-precipitation with 
(Ph)dAsCIO4, ~2 ion-exchange 2'4's-H'm3'~4 and ex- 
traction with organic solvents. 5"6'8'9'~4'm5 Such 
work does not concern radwaste samples con- 
taining radionuclides, which requires small- 
sized samples. 

With respect to the determination of  99Tc in 
radwastes, the literature is scarce. '.3 Compared  
with the environmental samples, determination 
of  9~1"c in the radwaste samples differs basically 
insofar the latter contain several radioactive 
contaminants.  Therefore, it is of  the utmost  
importance to remove the associated ions from 
the radwaste samples used for the 9~['c separ- 
ation. 

The conventional method for 7~Tc determi- 
nation is /l-counting either a low-background 

T̂ L ~/~C 803 
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Table 1. ICP-MS and ETV-ICP-MS equipment and operating parameters 

ICP/MS 
Instrument 
Detector type 
Nebulizer type 
Solution uptake (ml/min) 
Argon gas flows (ml/min) 
Plasma rf power 

Electrothermal vaporization 
Ar carrier gas (l./min) 
Drying temp. 
Ashing temp. 
Vaporization temp. 
Acquisition 
Sample injection 

PlasmaQuad II + (VG elemental) 
Pulse counting 
Meinhard Type C 
1.2 
Coolant: 13 Auxiliary: 0.65 Nebulizer: 0.75 
Incident: 1.3 k W  Reflected: < 5 W 

0.75 
25-120°C for 2 rain 
450--800°C for 1 m/n 
800-2400°C to 1 sec 
5 sec 
50/zl 

proportional gas-flow counter, or a liquid-scin- 
tillation counter. This method has its draw- 
backs, as it requires a rather long counting time 
and a high degree of radiochemical 99Tc purifi- 
cation, to eliminate the fl-emitting nuclides in 
the samples. 

The inductively-coupled plasma mass spec- 
trometry (ICP-MS) used until recent years, ~8 has 
resulted in a very convenient method featuring 
low detection limits, which seems to be appro- 
priate to radionuclides with a half-life exceeding 
1000 yearsfl Halverson 2° and Rosenberg ~ have 
reviewed the application of mass spectrometry 
to the measurement of various low-concen- 
tration nuclides such as 99Tc, 129I, 135Cs and Pu 
isotopes. 

This paper presents a method for measur- 
ing 99Tc derived from radwastes, using the 
ICP-MS technique. The separation method, as 
developed, enables to separate technetium 
from a 0.2-g radwaste sample, while using 
99mTc as a yield tracer (half-life: 6 hr). It also 
features the elimination from the 99Tc sol- 
ution, of Ru----entailing isobaric interferences, 
and of many other radionuclides. Another ad- 
vantage of this chemical separation method is 
that the ICP-MS may be used without a 
glove-box. 

EXPERIMENTAL 

Apparatus 
The ICP-MS spectrometer used, was of the 

VG PlasmaQuad 2 + type (VG Elemental, Wins- 
ford, Cheshire, U.K.). The operating par- 
ameters are shown in Table 1 The background 
at m/z 101 was used for background correction 
at m/z 99, in the absence of Ru. The scintillation 
spectrometer used, was a I.K.B., Wallac 1410, 
with Instagel Packard. The activity of interfer- 
ing radionuclides was measured with a high- 
purity germanium type detector (EGPC 18), 
connected to an appropriate data acquisition 
system. 

Reagents 
A calibrated reference source of 99Tc has been 

purchased from L.M.R.I., ~ and diluted in a 
0.1M ammonia solution, having the appropriate 
specific activities. The 99Tc tracer has been de- 
rived from a medical 99"Tc generator (Elumatic 
III, 1.85 GBq, 50 mCi). Methyltrioctylammo- 
nium chloride and N-benzoyl-N-phenyl- 
hydroxylamine (BPHA) have been purchased 
from Aldrich Chemical Company Inc. All 
the chemicals were of the analytical-reagent 
grade. 

Table 2. Recoveries of ~Tc (used as yield tracer) with the developed procedure 

Chemical procedure 

~l'c recovery (%) 

Yield per phase Cumulative overall yield 

Pretreatment 
Fusion (NaOH) 84.4 84.4 
Extraction column-eluate 94.0 79.4 

Purification 
Extraction (BPHA/CHCI3) 97.5 77.4 
Cleaning (6M HCIO4) 97.5 75.4 
Back extraction (0.01M HNO3) 97.6 73.6 
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Table 3. Initial activities from a low-level waste* 

Radionuclide Activity Radionuclide Activity 
y (Bq/g) ce fl X (Bq/g) 

~Mn 140,000 3T 88 
$7Co 2000 '4C 2100 
5SCo 40,000 63Ni 80,000 
6°Co 50,000 9°Sr 980 
"°~Ag 100,000 SSFe 27,000 
124Sb 2700 z~Spu 4 
125Sb 6500 23924°pu 3300 
'34Cs 260,000 24'Am 8 
t'~7Cs 300,000 242Cm 12 
t4°Ba 1000 24~2~Cm 1 
~°La I000 

*Glass filter (0.2 g), 99Tc = 8 Bqlg. 

Preparation of the extraction column 

Methyltrioctylammonium chloride (1 g) was 
dissolved in 10 ml of acetone/pentan (1:!) mix- 
ture. Voltalef 300 LDPL Micro (4 g) (Atochem) 
was added, with stirring, the mixture being 
further spread out and dried. The column 
(Wright DC 7/6 Amicon, dia. 8 mm) was filled 
with 1 g of the mixture. Before use, the column 
was washed with 50 ml of 0.1M HNO3. 

heated to reflux, and filtered after cooling. The 
dark blue solution was adjusted to pH 1.5, with 
6M HNO3, prior to passing through the extrac- 
tion column. The column was then washed with 
50 ml of 0.1M HNO 3 and the technetium was 
eluted with 20 ml of 6M HCIO4. 

Purification. The eluate was transferred to a 
separating funnel and was washed with 5 ml of 
CHCI3; technetium was extracted twice with 10 
ml of CHC13 I%-BPHA w/v. The organic-phase 
was sent to another clean separating funnel, and 
washed with 10 mi of 6M HCIO4. After adding 
10 ml of 0.01M HNO 3, the solution was stirred 
for 3 rain to facilitate the technetium back- 
extraction to aqueous phase. This was per- 
formed twice to recover technetium more 
efficiently. The volume was then adjusted to 25 
ml with 0.01M HNO3, and the 99mTc tracer 
activity measured by ~-counting. The final sol- 
ution may be concentrated up to 2 ml, without 
dry evaporation. 

RESULTS AND DISCUSSION 

Chemical separation 

Pretreatment. The solid sample (0.2 g) taken 
from radwastes in a shielded box, was trans- 
ferred to a nickel crucible, with 0.2 ml of the 
12M ammonia solution. An aliquot of 99mTc 
(5000 Bq)---as a tracer--was added to measure 
the radiochemical recovery. As regards the 
liquid waste sample, 99roTe was added to the 
solution which is adjusted to pH 7, with the 
12M ammonia solution. After volume re- 
duction, the concentrated solution was trans- 
ferred to the crucible. In any case, the resulting 
solution was dried at 150°C for 10 rain prior to 
adding 4 g of NaOH. Fusion took place on 
heating to 600°C. After cooling down, 50 ml of 
6M HNO3 were placed in the crucible and 
heated to 80°C. Twenty millilitres of 12M am- 
monia solution were added and the solution was 

The chemical separation method, described 
herein, has been developed with various kinds of 
radwaste, the sampling solutions being prepared 
using glass filters, ion-exchange resins, cellulose 
paper, textiles, distillation residues and waste- 
embedding bitumen. The technique developed 
for 99Tc pretreatment involves fusion with 
NaOH prior to passing through an extraction 
column containing methyltrioctylammonium 
chloride, which is an ion-exchange reagent. The 
purification process used consists in extraction 
with BPHA (N-benzoyl-N-phenylhydroxy- 
lamine) ligand, dissolved in an organic solvent. 
BPHA is used extensively for the extraction of 
metal ions from aqueous solutions. Being an 
acidic extractant, this reagent generally extracts 
metal cations into organic solvents as chelates. 
This chemical separation method has been se- 
lected as it features a high percent of 99Tc 

Table 4. Activities retained and decontamination factors (DF) concerning 
four radionuclides 

Radionuclides 

Procedure S4Mn 6°Co tD°mAg t37Cs 

Pretreatment 
Fusion (Bq) 10,200 777,300 78,800 9160 
Eluate (Bq) 6 55 132 9 
DF 2 x  103 I x 104 6 x  102 I x 103 

Purification 
Final solution (Bq) <0.2 <0.3 <0.3 <0.4 
DF >5  x 104 >3 x 106 >3 x 105 >2 x 104 
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Fig. 1. Mass spectrum of the final solution after chemical processing (initial: Ru = 4 mg/l., Mo = 4 mg/I.; 

final: ~ R u  < I ng/l. ,  9SMo = 3 ng/l.) 

chemical recovery and an acceptable level of 
decontamination with respect to the radio- 
nuclides, as described below. 

It is difficult to determine the chemical recov- 
ery of 99Tc, because technetium has no stable 
isotope. The 95raTe22, 97Tc23 and 99mTcl6 radio- 
nuclides have been used as yield tracer. As 
regards the chemical separation method de- 
scribed herein, the radwaste samples have been 
mixed with a 99mTc tracer (half-life: 6 hr) ob- 
tained from a medical sSmTc generator, the 
radiochemical recovery being performed by ~- 
counting, once the whole chemical separation is 
over. 

Pretreatmen t 

The pretreatment method has been devel- 
oped, first with non-radioactive simulated 
samples, the solutions being prepared, using 
clean silica filters, cellulose filters, and ion- 
exchange resins. 9~I'c is added to determine a 
specific radiochemical yield, with both p-count- 
ing and ICP-MS techniques. During the fusion 
process, the sample was completely dissolved 
whatever might by the matrix used. The loss of 

99Tc observed at 600°C was less than 20%, as 
shown in Table 2. Technetium results to be 
more volatile from acidic solutions evaporated 
to dryness. 24 Most of the constituent elements 
prevailing in the initial solution were eliminated 
on passing through the extraction column, and 
the ~Tc recovery was then greater than 75%. 

Purification 

The purification method has been developed 
with radioactive-sample solutions. Table 3 
shows the activities of the radionuclides present 
in the solution prepared from one of the rad- 
wastes used. As an instance, 99Tc activity was 8 
Bq/g. Table 4 shows the decontamination fac- 
tors of the main radionuclides (~Mn, eeCo, 
t~°mAg and 137Cs). One may observe that the 
developed analytical procedure provides an 
effective extraction capability with respect to the 
nuclides. Using the extraction column, more 
than 99% of the original radioactive elements 
are separated from the technetium. The purifi- 
cation method complemented the radionuclide 
decontamination carried out with the chemical 
separation method. The decontamination fac- 

Table 5. Decontaminat ion factors o f  Ru and Mo in simulated sample and chemical yield 
o f  ~SmTc 

Chemical separation procedure 

Initial solution* Final solution* 
Element (rag~L) (ng/l.) Decontaminat ion factor 

Ru 4 < 9  > 4  x 10 ~ 
Mo 4 12 3 x 10 ~ 
~JmTc - -  - -  chemical recovery: 70.3% 

*25 ml. 
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Table 6. ~Tc activities in radwaste samples and related ~Tc  tracer 
recoveries* 

~"Tc recovery ~'l'c 
Radioactive waste (%) (Bq/g) 
Cellulose filter 73 1.5 ± 0.2 
Cellulose filter 73 0.9 ± 0.3 
Textile 77 (9.1 ± 0.1) x 103 
Ion exchange resin 70 1.6 ± 0.2 
Ion exchange resin 64 <0 .3  
Coating with bitumen 65 30 + I 
Glass filter 63 15.6 ± 0.8 
Glass filter 70 5.0 ± 0.5 
Glass filter 75 32.4 ± 0.9 
Glass filter 70 1.8 + 0.2 
Glass filter 82 3.6 ± 0.4 
Distilling residue 76 1.1 + 0.2 
Radioactive water (1 1.) 54 (3.3 + 0.9) x 10 -4 

*Average of three replicate determinations (ICP-MS) on 0.2 g waste 
samples. 
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tors were all over 10 +5, when the residual activi- 
ties can be measured: 99m + 99Tc is extracted selec- 
tively in the organic phase (BPHA/CHC13), and 
no other radionuclides are found in the final 
chemical extract. Fouch6, 25 in an extensive in- 
vestigation of  the extraction of  pertechnetate 
ions by BPHA from perchloric acid solutions, 
found that To(VII) is extracted and that the 
extracted compound contains pertechnetate in a 
1 : 1 ratio to BPHA. 

99Tc measurement by ICP-MS 

Determination of  99Tc by ICP-MS requires 
that 99Tc be free of  Ru (99Ru mass abundance: 
12.7%) and free of  Mo (gsMoH+ having the 
same mass number as 99Tc). 99~Tc, as a tracer, 
was added to a solution prepared with Ru (4 
mg/l.), Mo (4 rag/1.) and a silica-filter (0.2 g), to 
determine the extraction factors of  Ru and Mo. 
After chemical processing, the ~ ' T c  chemical 
recovery was 70%, and a mass spectrum of  the 
final solution was obtained (Fig. 1). As shown 
in Fig. 1, Ru is eliminated from the ~mTc 
solution. Although the 9SMo peak is developed, 
no interferences from 9SMoH+ is reported. 
Table 5 shows Ru and Mo concentrations and 
the extraction factors, all greater than 10 +5 . 

Furthermore, 99Tc, f°~Ru and 99M0 were 

a d d e d  to a solution prepared with a silica filter 
(0.2 g), as radiochemical tracers. On completion 
of the chemical process, the '°6Ru was trapped 
with 99Tc, in the extraction column, but not 
extracted with BPHA ligand. As regards 99Mo, 
it was not trapped in the column, hence elimi- 
nated. In this case, the decontamination factors 
were also over 10 +5 . 

Precision and minimum detectable activity 

The data presented in Table 6 serve to illus- 
trate the precision of the technique as well as the 
levels of  ~I 'c present in 0.2 g waste and the 
overall yield typically obtained. The precision o f  
determination depends on the concentration of  
99"I'c in final solutions but not of  the initial 
radwaste used. The overall yield of  99~Tc recov- 
ery is, as a rule, greater than 70%, indepen- 
dently of the original material. The results 
secured by the ICP-MS technique have been 
compared with those obtained by the liquid 
scintillation counting method. The results were 
in good agreement (Table 7). 

The detection limit, 1.9 mBq/ml (3 pg/ml) was 
lower than that for the liquid scintillation count- 
ing method (38 mBq/ml), as shown in Table 8. 
The detection limit (3o counting error) with 
respect to the ICP-MS technique was calculated 

Table 7. Agreement between the ICP-MS and ~-counting method 
measurements of 7rl'c 

~,'rc (Bq/g) 

Radioactive waste ICP-MS ~ counter 
Textile (9.1 ± 0.I)  x 10 +I (9.3 ± 0.4) x I0 +3 
Water 43.0 ± I 49 ± 5 
Water 19.8 ± 0.8 20 ± 10 
Glass filter 3.6 ± 0.4 < 18 
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Table 8. Detection limits (DL) in several analytical methods for the 
determination of 99Tc and minimum detectable activity (MDA) of the 

developed procedure* 

MDA 
(Bq/g) 

DL 
Analytical method (mBq /ml) 25 ml 2 ml 

Liquid scintillation counting 114 18 - -  
ICP-MS i.9 0.3 0.03 
ETV-ICP-MS 0.2 - -  - -  
HR-ICP-MSt 0.005 
Low background gas flow counting ~2 3 
Neutron activation analysis (n,n') ~ 400 

*Waste 0.2 g; 9~Tc yield 70%. 
tHigh resolution ICP-MS. 27 

from the measurements carried out with 10 
blank solutions obtained on completion of the 
chemical process--without using any radio- 
active sample--and from 10 measurements car- 
ded out with a standard 99Tc solution. The 
minimum detectable activity of the developed 
analytical procedure with a radiochemical yield 
of 70% and an analysed sample of 0.2 g, was 
found to be 0.3 Bq/g using ICP/MS, and 18 
Bq/g with t-counter. 

The chemical separation procedure took ap- 
proximately one day, providing high chemical 
recoveries of technetium from limited amounts 
of radwastes containing many interfering el- 
ements. Using the autosampler in conjunction 
with the ICP-MS technique, up to four samples 
per hour could be analysed, which was much 
faster compared with the conventional counting 
techniques. 

99Tc measurement with ETV technique 

Lower detection limits can be obtained with 
more radioactive waste sampling. It is also 
possible to reduce the final solution from 25 to 
2 ml and/or use electrothermal vaporization 
inductively coupled plasma spectrometry (ETV- 
ICP-MS), ETV as a means of sample introduc- 
tion into an ICP-MS instrument, z6 Using this 
method, 50 /zl of solution are placed in a 
graphite furnace, and by controlling the heating 
cycle, the samples can typically be dried, ashed, 
and then vaporized at temperatures up to 
2800°C, using argon as the carrier gas. ETV- 
ICP-MS has been applied, chiefly, to improve 
the detection limits by a factor of 10 to 100, 
compared with the pneumatic nebulization 
methods (ICP-MS). The determination of tech- 
netium by ETV-ICP-MS has not been reported 
in the literature. 

Our preliminary analytical results obtained 

with 99Tc standard solutions indicate detection 
limits of 0.3 pg/ml (99Tc: 0.015 pg introduced). 
Unfortunately, it was not possible to obtain 
good results with solutions containing 0.01M 
HNO3 because of the volatility of technetium 
from acidic solutions. Standard ammonia sol- 
utions of 99Tc could only be used. We are 
presently modifying the purification method to 
be able to use the ETV-ICP-MS technique. 
Likewise, we are investigating the possibility for 
using a chemical modifier to be inserted with the 
sample in the graphite furnace, which would 
prevent untimely 99Tc evaporation. 
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Smnmary--The uptake of cesium, strontium and europium from dilute nitric acid solutions by a 
poly(sodium acrylate-acrylic acid) PAA hydrogel has been investigated, pH variations are consistent with 
cation exchange processes: -----COO-, Na÷/H +, -----COO-, Na+/M m+ (M "+ =Cs  + and St a+ ) and 
----COOH/Eu 3+ . Saturation of the gel is achieved for metal/carboxylate ratios R = 0.5. The swelling ratios 
of gels loaded with metal cations are those of uncharged, shrunk gels (Sr, Eu) or of charged, swollen gels 
(Cs) in agreement with the formation of uncharged (--------COO) 2 Sr, (-----COO) 2 EuX (X = NO3 or OH) type 
complexes and (---COO-, Cs + ) ion pairs. The metal cations are extracted in the gels following the order 
of their affinities with carboxylic groups Eu 3+ > Sr 2+ > Cs + . An increase of the ionic strength of the metal 
aqueous solution up to 0.5M NaNO3 leads to slightly decrease the europium uptake by the PAA hydrogel, 
but 0.1 M NaNO 3 is sufficient to prevent the Sr and Cs extractions. 

Swelling polymer (or copolymer) networks 
(polyethylene, polybutadiene, polystyrene, poly- 
vinylchioride, polyurethane . . . )  with solubility- 
consistent metal extracting solvents leads to 
lipophilic gels or impregnated resins which can 
be applied to recovery of precious metals, to 
removal of toxic or radioactive elements from 
various effluents and to metal preconcentration 
for environmental sample analysis. I-9 Metal co- 
ordinating resins have also been extensively 
studied with the aim of preventing loss of 
expensive (but selective) ligands in the aqueous 
phase, l° Because of the lipophilic character of 
neutral coordinating resins, the water-resin con- 
tact is often weak, thus limiting the iigand 
accessibility and the extraction rate.n Moreover, 
a number of these materials are expensive and 
their applications remain very specific. On the 

*Author to whom correspondence should be addressed. 
Abbreviations: I, initial parameters before liquid-gel contact; 

* species in the SAPGel; M "+ , Cs + or Sr 2+ or Eu3+; a, 
ionization ratio =tool  ----COO-/total tool ---COO(H, 
Na); r, cross-linking ratio; R, tool metal in the gel/total 
mol ---COO(H, Na); Q, m[mifswelling ratio; m, 
SAPGel mass at equilibrium; m~, initial mass of SAP 
network; D, [(metal amount/g of dry polymer)I/[(metal 
amount/ml of liquid phase)]; SAP, poly(sodium acry- 
late--acrylic acid) network; SAPGel, SAP network after 
swelling in an aqueous solution. 

contrary, the water 'superabsorbent' property of 
cheap hydrophilic polymer or copolymer net- 
works (e.g. hydrolysed polyacrylamide, ionized 
polymethacrylic and polyacrylic acids) has led to 
important applications in hygiene and agricul- 
ture, and also in concentrating macromolecular 
solutions by selective water absorption, t2 Since 
only a few of fundamental investigations on the 
complexation of metal cations with polyelec- 
trolyte hydrogels were available, 13-22 application 
to metal recovery from dilute effluents have been 
patented only recently. 23 Water absorption in 
the hydrophilic polymer network warrants an 
excellent accessibility of the metal coordinating 
moieties, but the volume variations of the hy- 
drogel, with pH and metal cation binding, must 
be considered in liquid-hydrogel extraction pro- 
cesses. Thus, further informations on the hy- 
drogel behaviour immersed in metal cation 
solutions are needed with particular attention 
paid to the interdependence of physical and 
chemical parameters involved: i.e. metal valence, 
pH and ionic strength of the metal feed solution, 
gel swelling and shrinking, nature of the metal- 
carboxylate interactions, etc. The present paper 
deals with the uptake of metal cations of differ- 
ent valencies, cesium, strontium and europium, 
three metal ions which are relevant in radio- 
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active waste management, by a poly(sodium 
acrylate-acrylic acid) polymer network. 

EXP E R IM E NT AL  

Reagents 

10SHP Super Absorbent Polymer (SAP), 
which is a poly(sodium acrylate-acrylic acid) 
polymer network, was supplied from Norsolor- 
Atochem Co. This material consists of 
'cauliflower' type beads of about 0.5 mm aver- 
age diameter. It is 1% cross-linked with di- 
ethylene glycol diacrylate, 80% ionized and 
contains 10 mmol --COO(H, Na)/g (residual 
water contents: 9%). All other chemicals, from 
Prolabo, Merck or Fluka, were of analytical 
grade. 

Gel preparation 

Super absorbent polymer gels (SAPGel) were 
prepared by immersing 0.1 g of SAP network 
into 200 ml of bidistilled water. The excess of 
water was removed by filtration giving 
(46.8 + 0.1) g of SAPGel. 

Metal extraction and analytical procedure 

The following general procedure was used: 
SAPGel (0.94 g =  2.0 x 10 -5 tool ---COO(H, 
Na) or 2 mg SAP network) was introduced into 
a thermostatted vessel (25.0 + 0.2°C) containing 
100 ml of 1 x 10-~Mmetal ion aqueous solution 
prepared with nitrate salts (Cs, Sr) or oxide 
(Eu). The gel samples were suspended in a small 
cotton gauze bag to avoid breakage during 
stirring using magnetic bars rotated at about 
200 rpm. In order to avoid the erratic presence 
of CO2, the experiments were run in stoppered 
vessels. Aliquots of metal ion solution were 
withdrawn and analysed, after suitable dilution 
by atomic emission (Cs, Sr) using a 2380 Perkin 
Elmer or a JY24 Jobin-Yvon ICP spectropho- 
tometer, or by energy dispersive X-ray fluor- 

escence (Eu) using an EDXRF Siemens 
prototype. Metal inside the gel was determined 
by mass-balance calculation or analysed after 
back extraction in 0.1M HNO3. pH, measured 
with a digital pHmeter and a combination glass- 
reference electrode, was adjusted with concen- 
trated HNO3. 

Gel swelling 

The gel swelling was measured by weighing 
the gel before and after contact (4--6 hr) with the 
aqueous solution. 

RESULTS AND DISCUSSION 

SAPGel behaviour in aqueous solutions free of  
metal cations 

Swelling. If a SAPGel network is soaked in 
dilute HNO3 solutions of various concentrations 
and free of metal cations, an internal acid-base 
rearrangement of the polymer is observed which 
is clearly indicated by a slow decrease of the 
hydrogen ion concentration in the outer sol- 
ution. The higher the pH, the higher is the 
SAPGel ionization and, consequently, its 
swelling. Swelling ratios (Q) at various pH 
measured at equilibrium are given in Table 1. 

It is interesting to note that, at pH 2.5, the 
swelling ratio decreases from 70 to 40 when the 
quantity of immersed SAP network increases 
from 2.0 to 7.6 x 10 -5 mol --COO(H, Na): in 
both cases, the resulting gel is neutral, i.e. 
entirely protonated and uncharged, and the 
more the Na + release in the outer solution, the 
less is the swelling ratio. An opposite behaviour 
is observed at pH 7, which probably means that 
the effective gel ionization, responsible for the 
swelling, is a little higher in the latter case. The 
swelling ratio is strongly dependent on the ionic 
strength of the outer solution: e.g. Q = 370, 95, 
55 and 45 when 9.4 mg of SAP network is 

Table 1. Swelling of the SAP network in dilute HNO3 (100 ml) 
Free of metal cations 

pH 2.5 3.4 3.85 4.7 5.46 6.0 7.0 --COO(H, Na) 
Q 70 106 120 164 256 272 286 2.0 x 10-Smol 
Q 40 60 84 152 232 288 320 7.6 x I0 -s mol 

Containing metal cations, and metal uptake 
M"+ Cs + Na + Sr 2+ Sr 2+ Eu 3+ Eu3+ 

----COO(H, Na) 7.6 7.6 7.6 7.6 2.0 2.0 
tool x l0 s 

[Mm+]i x 104 31.5 31.5 i I 1 1 
pH 7.15 7.15 2.5 5.46 2.5 3.85 
R 0.20 >0.8  0 0.42 0 0.50 
Q 190 210 38 36 70 70 
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soaked in 100 ml of water at pHi 5.4 and 
containing 0, 5, 25 and 100 g/l. NaNO3, respect- 
ively. 

Dissociation. It is not easy to determine the 
dissociation constant of carboxylic groups 
bound to the SAPGel because of the difficulties 
to measure the hydrogen ion concentration 
within the gel. One can consider the total gel in 
equilibrium with the outer solution but its ti- 
tration leads to important changes of volume 
(1-500) and, moreover, several hours are needed 
to reach equilibrium in every step of titration. 
Nevertheless, it is interesting to note that the 
ionization ratio of the SAPGel is a = 0.5 at pH 
6.0 (pH of the outer solution after equilibration 
of 2 mg of SAP network soaked in 100 ml HNO3 
10-42M). This value is close to the intrinsic pK, 
of the linear polyacrylic acid (6.17) at low ionic 
strength. J3 

Cesium uptake 

When a SAPGel (*species in SAPGel) is 
soaked in a cesium nitrate solution, the cesium 
concentration in the outer solution decreases 
rapidly to reach a minimum after 20 rain, then 
it slightly increases and reaches a stable value 
about 30 min later (Fig. 1). During this time, the 
pH increases and then stabilizes after 50 rain. It 
is likely that during the first 20 min both 
*--COO-, Na÷/H + and *---COO-, Na+/Cs + 
exchanges occur (reactions 1 and 2). After 20 
min, excess of cesium in the gel is released in the 
outer solution (*----COO-, Cs+/H + exchange) 
because of the final acid-base rearrangement of 
the gel. 

I 

*---COO-, Na + + H + 
- I  

*--COOH + Na + (1) 
2 

*--COO-, Na + + Cs + 
- 2  

*---COO-, Cs + + Na +. (2) 

The cesium uptake, noticeable above pH 4.5, 
increases with pH and becomes constant above 
pH 6.5 with R =0.13 [R =mol  metal in 
gel/total mol ---COO(H, Na)] (Fig. 2). It is 
drastically lowered if NaNO3 is added to the 
outer solution: no cesium extraction is observed 
from 0.1 to 0.5M NaNO3 at pH 7. These results 
agree with a cesium uptake via equilibrium 2. 

Increasing the cesium concentration of the 
outer solution leads to increase the cesium 
uptake. A maximum occurs at R =0.5 
([Cs+]~ > 6 x 10-4M, pH 7) (i = initial par- 
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Fig. 1. Variations of the pH and metal ion concentration of 
an aqueous solution (100 ml) in contact with a SAPGel 
I---COO(H, Na) 2.05 x 10 -5 mol; phi = 5.57 (Cs), 5.66 (Sr), 

4.46 (Eu); [M "+ l, = I x 10-4M]. 

ameters before liquid-gel contact). This value, 
far from 1, can be explained by the difficulty 
encountered by two cesium cations in approach- 
ing two neighbouring carboxylate anions be- 
cause of the large Cs ÷ size, and electrostatic 
repulsions. Thus, at saturation, each *--COO-, 

0.4  

5 E ~ u  S r _ / ~  0.3 c3 Eu 0.2 t~ 

3 4 5 6 
pH 

Fig. 2. pH effect on the uptake of cesium, strontium and 
europium from an aqueous solution (100 ml, 
[ M " + ] i = l  x 10-4M) by a SAPGel [---COO(H, Na) 
2.05 x 10 -5 tool], pH measured at equilibrium (only 
[HNO~]~ was varied), shaking  time > 3 hr. R ffi mol metal in 
the gel/total tool ---COO(H, Na). D ffi [(metal amount/g of 

dry polymer)]/[(metal amount/ml of liquid phase)]. 
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Cs ÷ is probably surrounded by *---COO-, Na + 
moieties. 

Attempts to describe quantitatively the up- 
take of cesium and other cations (Sr 2+, Eu  3÷ ) 

using elementary adsorption functions have 
failed: indeed, variations of ion concentrations 
in the outer solution lead to change the gel 
volume and the ion activities within the gel 
which are difficult to determine. 

It is interesting to note that the swelling ratio 
of SAPGel loaded with cesium is that of a 
charged (ionic) gel since Q = 190 (re~m1, 
swelling ratio) at pH 7.15 and R = 0 . 2  
(7.6 x 10 -s mol ----COO(H, Na) in 100 ml 
[Cs+]i=3.15 x 10-3M), close to Q =210 
measured under the same experimental con- 
ditions in the absence of cesium (replace by 
[Na+]i=3.15 x 10-3M) (Table 1). Thus, the 
uptake of cesium by the gel as *(---COO-, Cs ÷ ) 
ion pairs can explain the gel behaviour in cesium 
nitrate solutions. 

Strontium uptake 

The kinetics of strontium removal from a 
dilute aqueous solution by extraction into a 
SAPGel are shown in Fig. 1: pH of the outer 
solution increases whereas the strontium con- 
centration decreases, both stabilizing about 1 hr 
after immersing the SAPGel into the solution. 
Both equilibria 3 and 4 could explain the stron- 
tium uptake: 

3 

n*---COOH + Sr 2+ 
-3 

*(---COO),Sz ~2-nl+ + n i l  + (3) 

4 
n*--COO-,  Na + + Sr ~+ 

- 4  

*(---COO),Sz ~2-'J+ + nNa +, (4) 

where n = 1 or 2 and water molecules are 
omitted. 

Strontium uptake via reaction 3 would have 
induced a significant pH decrease down to 
4-4.5, which is not observed. On the contrary, 
a pH increase occurs in agreement with a 
*----COO-, Na+/H + exchange (reaction I). It 
can be concluded that the strontium uptake 
mainly proceeds via reaction 4. The kinetics of 
the metal ion uptake process is relatively slow, 
but one must remember that fully swollen gels 
have been used in the present experiments: it 
follows that the diffusion of ions inside the 
hydrogel is likely the rate limiting factor. This is 
supported by a previous work z4 which has 
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Fig. 3. Effect of the metal ion concentration on its uptake 
by a SAPGel I---COO(H, Na) 2.05 tool] immersed in 100 ml 
of aqueous solution. Strontium: pHi=5.5, europium: 
pH~ = 3.9. R ---mol metal in the gel/total tool ---COO(H, 

Na). 

shown that increasing the cross-linking ratio of 
an hydrogel leads to a faster metal uptake 
because of a weaker polymer swelling and con- 
sequently a shorter diffusion distance inside the 
gel. Of course, the metal uptake becomes faster 
if the dry and unswollen polymer SAP network 
is directly soaked in the metal ion solution: in 
this case, the polymer network first swells but, 
because of the neutralization of electric charges 
by metal ion binding to the carboxylate anions, 
it quickly deswells. 25 

The pH dependence of the liquid-gel stron- 
tium extraction is shown in Fig. 2: the extraction 
increases up to pH 6 and remains constant with 
R = 0.32. Increasing [Sr:+]i (Fig. 3) leads to a 
saturation effect at R = 0.53 which is close to 
the stoichiometry of *(--COO)2Sr complexes. 
Swelling ratio measurements (Table 1) support 
the formation of such neutral complexes into 
the gel: indeed, when 7.5 mg SAP network are 
soaked in 100 ml of a strontium nitrate solution 
([Sr 2+ ]i = 3.15 x 10-~M), the swelling ratios are 
Q = 36 at pH 5.46 with R = 0.42, and Q = 38 at 
pH 2.50 with R = 0. In the absence of stron- 
tium, the swelling ratios are 250 and 40, respect- 
ively. At pH 2.50, the gels are uncharged and 
shrunk. At pH 5.46, it is likely that the for- 
mation of neutral (*--COO)2 Sr type complexes 
explains the gel shrinking from 250 (charged gel) 
to 36 (uncharged and complexed gel). Similar 
results were previously found with other diva- 
lent cations, notably for Cu 2+ and Cd 2+.z5 

As previously observed with cesium, no stron- 
tium uptake by SAPGels was observed from 0.1 
to 0.5M NaNO3 solutions at pH 6.25, an obser- 
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vation which supports the strontium uptake via 
equilibrium 4. 

Strontium removal from 100 ml of an 
aqueous solution (4.2 mg/l. Sr, pHi 5.6) can be 
achieved by soaking consecutively five SAPGels 
each containing 2 x 10 -5 mol --COO(H, Na): 
80% Sr are removed by the first gel, whereas the 
Sr concentration after treatment with the fifth 
gel drops to less than 0.05 mg/l. 

Europium uptake 

The europium removal from an europium 
nitrate aqueous solution by a SAPGel is shown 
in Fig. 1. The pH vs. t (current time) and [Eu 3÷ ] 
vs. t diagrams deserve some comments: the pH 
increases from 4.46 to 4.70 where a maximum is 
reached after 30 min, then it decreases slowly to 
stabilize at 4.40 several hours later. [Eu 3÷ ] de- 
creases rapidly during the first 30-50 min and 
remains almost constant after about 2 hr. Gel 
protonation (reaction 1) may explain the pH 
increase during the first 30 rain. In the same time 
*---COO-, Na÷/Eu 3÷ cationic exchange can 
occur but after 30 min, the *--COOH form 
becomes predominant over *---COO-, Na ÷ and 
a release of protons is observed because of 
*---COOH/Eu 3÷ cationic exchange, The very 
different trends of pH vs. time curves in Fig. 1 
result from the different pH ranges of the metal 
liquid-gel extraction: Sr and Cs are extracted in 
the pH range 5.5-7 where the *---COO-, Na ÷ 
form predominates over *--COOH, whereas Eu 
is extracted in the pH range 4.4-4.7 where the 
*----COOH form predominates. Accordingly, 
the Cs and Sr uptakes proceed via *- -CO0- ,  
Na ~-/M m÷ exchange, whereas Eu extraction pro- 
ceeds via *----COOH/Eu 3÷ exchange which in- 
duces a release of hydrogen ions in the outer 
solution. Unlike Cs and Sr extractions which are 
strongly decreased by increasing ionic strength 
of the outer solution, Eu extraction is only 
slightly decreased: - 2 0 %  from [NaNO3] = 0 to 
[NAN03] = 0.5M. This is in agreement with the 
suggested metal extraction process. 

At pH 3.85, the gel saturation with europium 
occurs at R = 0.50 (Fig. 3). The swelling ratio 
drops from Q = 120 (in the absence of Eu 3÷) 
down to Q = 70 because of the europium gel 
binding: indeed, 70 is the swelling ratio of the 
uncharged SAPGel measured at pH 2.5 in the 
absence of Eu 3÷ under the same experimental 
conditions (Table 1). Thus, the formation of 
neutral *(---COO)2 EuX complexes (X = NO3 or 
OH) in the gel could explain the experimental 
data. 

Selectivity 

In order to check the selectivity of the 
SAPGel, ~1.9 g SAPGel (4.0x 10 -s mol 
---COO(H, Na)) have been immersed into 
100 ml of an equimolar solution 
([M m+ ] = 8.5 x 10-SM) ofEu, Sr and Cs at phi 
4.5: the extraction yield follows the expected 
order Eu (87.2%) > Sr (19.5%) > Cs (0) which 
allows an easy separation (this order is that of 
the affinities of metal cations with carboxylic 
sites). 

Metal stripping from the loaded SAPGel 

The is readily achieved in 0.1M HNO3 after 
a few minutes. 

CONCLUSIONS 

The uptake of cesium, strontium and eu- 
ropium by poly(acrylic acid-sodium acrylate) 
hydrogels from dilute aqueous solutions has 
been investigated. The uptake follows the order 
of the metal cation affinities towards the car- 
boxylate group: Eu 3÷ > Sr 2÷ > Cs ÷ . The maxi- 
mum SAPGel loading, R = mol metal in the 
gel/total mol --COO(H, Na)=0.5,  observed 
with europium and strontium agrees with the 
formation of *(--COO)2 Sr and (--COO)2 Eu ÷ 
moieties. In both cases, the swelling factors are 
close to that of an uncharged SAPGel, and thus 
the formation of neutral *(---COO)2EuX 
(X = NO 3 or OH) type complexes is likely. The 
behaviour of the SAPGel in cesium solutions is 
very different since the swelling ratios are those 
of charged gels containing (*---COO-, Cs ÷ ) ion 
pairs. The maximum experimental uptake ratio 
of cesium is only 0.5, and sodium cations coun- 
terbalance the rest of carboxylate charges within 
the gel. Cesium and strontium uptakes decrease 
strongly with increasing sodium concentration 
(NaNO3) in the outer solution according to a 
*---COO-, Na ÷/M m + cation exchange process. 
The europium uptake proceeds via a 
*--COOH/Eu 3÷ exchange reaction which is 
characterized by a proton release into the outer 
solution and only a slight dependence on the 
NaNO3 concentration. Europium, strontium 
and cesium stripping from loaded SAPGels is 
readily achieved by washing with 0.1M HNO3. 
It is possible to remove metal cations from 
dilute solutions by immersing consecutively sev- 
eral SAPGels, which leads to very low concen- 
trations, e.g. less than 0.05 mg/l. of strontium. 

The complexation of metal cations by cross- 
linked sodium polyacrylate type hydrogels fol- 



816 E.H. RtR et al. 

lowed by the gel shrinking gives the possibility 
of a 'pseudo-precipitation' of metal cations at 
low concentrations. Thus, they are promised 
agents for detoxication, or preconcentration of 
metal cations before analysis, but further exper- 
iments are needed which take in account the 
specific conditions of an application. Indeed, it 
has been shown here that high ionic strength can 
greatly limit the strontium and cesium extrac- 
tions. Of course, synergistic effects or antago- 
nisms may occur because of the presence of 
other ions in the metal solution: e.g. the high 
concentration of carboxylate groups in PAA 
hydrogels can favour the formation of mixed- 
metal carboxylates (previously found in related 
liquid-liquid extraction systems26), which can 
overthrow the expected selectivities. 
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Summary--An analytical method was developed for the determination of total dissolved selenium in fresh 
waters, using linear sweep cathodic stripping voltammetry (CSV) in combination with UV photolytic 
digestion. Both the CSV method, based on the electrodeposition and stripping of Cu2S¢, and the UV 
irradiation procedure were investigated in detail. In the presence of dissolved organic substances, as in 
freshwaters, S¢(VI) is reduced to Se(IV) by UV irradiation in 0.1M hydrochloric acid. Glucose can be used 
as the carbon source in samples low in natural dissolved organic carbon (DOC). The photolytic yields 
of Se(IV) were about 90*/, in both cases. Five freshwater samples were analysed for total selenium by CSV 
after UV photolysis, and by hydride generation atomic absorption spectrometry (HG-AAS) after oxidative 
digestion followed by reduction with hydrochloric acid. The results agreed well and the concentrations 
were in the range 70-190 ng/I., well above the detection limit of the CSV method at 2 ng/l. 

Total selenium concentrations in natural waters 
are often in the ng/1. or low #g/l. range. A 
number of analytical methods has been applied 
to the quantitation of total selenium or Se(IV) 
in such waters. ~'2 Hydride generation-atomic 
absorption spectrometry (HG-AAS)) "4 gas 
chromatography 5"6 and molecular fluorescence 
spectrometry, 7 each usually combined with a 
preconcentration technique, are most frequently 
employed. These methods are specific to Se(IV). 

Electrochemical methods, which also respond 
to Se(IV) only, are not often resorted to, but 
differential pulse (DPV) and square-wave ca- 
thodic stripping voltammetry (CSV) have been 
used for the determination of total selenium 
and/or Se(IV) in fresh-, 8 sea -9-" and rainwa- 
ter. ~2-~4 Attractive features of the CSV method 
are its efficient combination of the preconcen- 
tration and quantitation steps and the small 
sample volume needed. However, an accurate 
direct determination of Se(IV) in natural waters 
does not seem possible owing to interferences 
from surface active dissolved organic sub- 
stances, as observed by Zelic and Branica, ~4 and 
van den Berg and Khan) °'n Poor sensitivity and 
an interfering voltammetric peak were encoun- 
tered in sea-, estuarine- and rainwater. The CSV 

*Author to whom correspondence should be addressed. 

technique is better suited for the determination 
of total selenium, as the interfering organic 
material is removed when the sample is digested 
in order to transform selenium bound in organic 
compounds to inorganic selenium) "z° After most 
wet digestion procedures, the selenium is present 
predominantly in its hexavalent oxidation state, 
A succeeding reduction step, usually employing 
a high concentration of hydrochloric acid, t is 
required. Since high concentrations of chloride 
at low pH interfere with the CSV method 15 and 
the margin available for dilution is limited in 
trace analysis, the common reduction pro- 
cedures cannot be combined with a subsequent 
CSV determination. Development of an alterna- 
tive digestion and reduction method is, there- 
fore, essential for the application of CSV to 
lake- and riverwater samples. 

Measures and Burton 5a6 reported that a re- 
producible distribution of total selenium be- 
tween Se(IV) and Se(VI) resulted upon UV 
irradiation of standard solutions, sea-, estuar- 
ine- and riverwater. The samples were buffered 
with borate at pH 9 and hydrogen peroxide was 
added before irradiation for 5 hr. On the aver- 
age, 86% of added Se(VI) or Se(IV) was recov- 
ered as Se(IV) with a i 250 W mercury lamp. The 
recovery was found to increase gradually with 
pH between 7 and 10 but it was not affected by 
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the water salinity. Batley 17 found 89-98% yields 
of Se(IV) from Se(VI) added to 0.5M NaCl, 
distilled water or sea-water, buffered at pH 10.5 
and deaerated during photolysis. A pH depen- 
dence of the fractional conversion to Se(IV) 
similar to that observed by Measures and Bur- 
ton was reported. Dissolved oxygen, or addition 
of hydrogen peroxide or alcohols reduced the 
yields. Van den Berg et al) °'~l were able tO 
determine total selenium in sea- and estuarine- 
water by CSV after photolysis for 4 hr with a 
1000 W high pressure mercury lamp. Complete 
recovery of Se(IV) was obtained from 4 nM 
Se(VI) added to sea-water at its natural pH 8, 
whereas the yield decreased rapidly at pH < 7.5. 
UV irradiation of the sample at pH I> 8 thus 
eliminates the organic interferents and trans- 
forms selenium predominantly to the tetravalent 
state. A pH I> 8 is, however, not suitable for 
natural freshwaters in general, since precipi- 
tation might occur of hydroxides or oxides of 
iron, manganese and other metal ions released 
from destructed humic and fulvic acid com- 
plexes. These precipitates are very efficient scav- 
engers of Se(IV)) Modification of the UV 
irradiation procedure to make it applicable to 
acid solutions and compatible with the CSV 
method is reported here. 

Co-electrodeposition in acidic solution of 
Se(IV) and added Cu 2+ at a mercury electrode, 
subsequently giving rise to a copper selenide 
stripping peak, appears to be the most con- 
venient and reliable way to perform CSV deter- 
minations of selenium. 8"~°'j4:5 The deposition of 
selenium in the presence of Cu 2+ can be rep- 
resented by 

H2SeO 3 + 2Cu 2+ + 4H + + 8e- 

--* Cu2Se + 3H:O. (l) 

The accumulated copper selenide is reduced in 
the stripping reaction 

Cu2 Se + 2H + + 2e- --* H2 Se + 2Cu(Hg). (2) 

Se(IV) can also be accumulated as HgSe, js but 
the Cu2Se stripping peak yields a lower detec- 
tion limit, a longer linear calibration curve and 
is less subject to interference from peak splitting 
and from metal ions present in the 
sample.S.~0.~4.~5 

The influence of organic substances dissolved 
in freshwater on the CSV voltammograms is 
described. A methodology is presented for the 
accurate evaluation of the selenium concen- 
tration from linear sweep (LSV) voltam- 

mograms recorded in UV irradiated samples. 
The photolytic digestion method and the 
voltammetric finish were combined to a pro- 
cedure which is described together with an 
application to five freshwater samples. 

EXPERIMENTAL 

Chemicals 

Standard solutions of Se(IV) and Se(VI) were 
obtained by dilution of 1 g/l. stock solutions, 
which had been prepared from an ampoule of 
selenium dioxide in dilute nitric acid (Merck), 
and from solid sodium selenate (BDH), respect- 
ively. The Se(VI) solutions were standardized 
against Se(IV) standards by HG-AAS after re- 
duction by hydrochloric acid. Dilute standard 
solutions contained 0.0 I--0.02M HCI. The water 
used had been deionized, distilled and further 
purified in a Milli-Q system (Millipore) to 
18Mf~cm quality. The mercury and the hydro- 
gen peroxide (30%) were of Suprapur ~ quality 
(Merck). The other chemicals were of analytical 
grade. Deaeration of stripping solutions was 
performed with nitrogen which had passed 
through an acidic vanadium(II) scrubber sol- 
ution in contact with zinc amalgam. Argon 
(99.998%) was employed for deaeration of 
solutions prior to some of the photolytic exper- 
iments. 

Equipment 

The home-built UV irradiation apparatus 
was a modified version of that described by 
Gustavsson and Hansson) 9 It consisted o fa  TQ 
718 high pressure mercury lamp (Heraeus) in- 
serted into a quartz tube, which was mounted in 
the centre of a circular rack surrounded by an 
aluminium cage. The lamp was operated at 600 
W. Twelve 60 ml stoppered quartz sample tubes 
surrounded the lamp symmetrically. Sample sol- 
utions were placed at the level of the lamp. To 
increase the radiative ftux into the solutions, the 
aluminium surfaces facing the quartz tubes had 
been polished to mirror finish. The apparatus 
was cooled by a small fan and placed in a fume 
cupboard to dispose of generated ozone. Less 
than 1% of the sample volume was generally 
lost by evaporation during irradiation. 

The hanging mercury drop electrode and the 
purging and stirring facilities employed in the 
CSV experiments all belonged to a Metrohm 
647 VA Stand. To improve the performance of 
the electrode glass capillary, the tip was oc- 
casionally silanized in situ, i.e. without removing 
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the mercury from the capillary. After rinsing in 
dilute nitric acid and water, respectively, the 
capillary tip was soaked in dry methanol for 
10-20 min, followed by rinsing with toluene and 
silanization with 5% dimethyldichlorosilane in 
toluene for about 30 min. Finally, the tip was 
rinsed with toluene, methanol and water, re- 
spectively. This treatment is important in order 
to secure reproducible and smooth backgrounds 
in the voltammograms. All potentials are given 
with respect to the AgIAgCII(3M KCI) reference 
electrode which was placed in a bridge contain- 
ing 0.1M HNO3, A glassy carbon rod served as 
the auxiliary electrode. 

Linear sweep stripping voltammograms were 
recorded with a PAR 174A Polarographic Ana- 
lyzer. Current and potential data were sampled 
by an IBM personal computer equipped with a 
data acquisition board (Keithley). The voltam- 
mograms were evaluated using a computer pro- 
gram written in the ASYST" environment. This 
program allowed background subtraction, noise 
filtering, integration of peak areas and esti- 
mation of peak potentials and currents by fitting 
a third order polynomial to the data in the 
vicinity of the peak maximum. Baseline subtrac- 
tion was carried out by fitting a third order 
polynomial to the data on each side of the peak. 
A Metrohm 646 VA Processor in combination 
with the 647 VA Stand was used to register 
differential pulse stripping voltammograms. 

Selenium determinations by HG-AAS after 
liquid nitrogen cold trap preconcentration were 
carried out using the system previously de- 
scribed. 3 Digestions and reductions of Se(VI) to 
Se(IV) were performed in 250 ml beakers on a 
hot plate. 

Determinations of dissolved organic carbon 
(DOC) were made with a Shimadzu 5000 TOC 
analyser at Pharmacia Biotech (Uppsala, Swe- 
den). UV spectra were recorded with a Perkin- 
Elmer Lambda 17 UV/VIS spectrophotometer. 

Quartz tubes, glass vessels and polyethylene 
bottles were soaked in 7M nitric acid and 
repeatedly rinsed with water before use. 

Water samples 

Water samples were collected in June 1994 as 
surface water from lakes and streams in the 
vicinity of Uppsala. The samples were filtered 
through a 0.45 #m membrane filter (Millipore), 
acidified to pH 2 with hydrochloric acid and 
then stored refrigerated in 2 1. polyethylene 
bottles. Analyses were completed within 3 weeks 
of collection. 

Analytical procedure for total selenium 

Approximately 40 ml of sample were weighed 
into each quartz tube. The solution was made 
0.1M with respect to hydrochloric acid and 
40/~1 of 30% hydrogen peroxide were added. 
Some of the samples were spiked with 0.2 #g/l. 
of Se(VI) and used to determine the recovery of 
Se(VI) as Se(IV) after photolysis. The solutions 
were exposed to UV light for 60 rain, then 
glucose (dissolved in 0.01M HCI) was added to 
a concentration of 30 mg/l. in order to establish 
more reducing conditions. Finally, the samples 
were irradiated for another 45 min. Note that 
these times will highly depend on the intensity 
of the UV lamp and other properties of the 
photolytic equipment such as the reflectance of 
the aluminium casing and the positions of the 
tubes relative to the lamp. 

About 20 ml of the digested sample, accu- 
rately weighed into the electrode vessel, were 
deaerated with nitrogen for 6-7 min. Five mer- 
cury drops (0.13 mm 2 area) were extruded and 
electrodeposition was performed at - 300  mV 
for 180 sec in stirred solution. After a rest period 
of 20 sec, a voltammogram was recorded from 
-300  to -850  mV with a scan rate of 
200 mV/sec. A second voltammogram on the 
same sample was registered in a similar way 
after the addition of I mg/l. ofCu 2+ , and a third 
after a standard addition of 0.4 #g/l. of Se(IV). 
The first voltammogram was used as a back- 
ground and subtracted from the other two, as 
discussed in more detail below. The concen- 
tration of Se(IV) was evaluated using the LSV 
peak area and the sensitivity obtained from the 
increase in peak area between the second and 
third voltammograms brought about by the 
standard addition. The total concentration of 
dissolved selenium in the sample was obtained 
after correction for dilution and photolytic re- 
covery and subtraction of the blank value. 
Blank solutions were subjected to the same 
treatment as sample solutions, except that ad- 
ditional 60 mg/1. of glucose were added prior to 
the first irradiation period. 

The HG-AAS procedure 

The water samples were digested by the ad- 
dition of 30-50 mg of potassium permanganate 
per 100 ml of sample at pH 2. 3 The solution was 
boiled for 30 rain, made 4M in hydrochloric 
acid and kept at boiling temperature for another 
60 min in order to reduce Se(VI) to Se(IV). After 
dilution to 250 ml, Se(IV) was determined by 

TAL 4216--D 
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Fig. 1. The effect of dissolved organic substances on the 
cathodic stripping voltammogram. Dissolved organic mat- 
ter from a lake water (Lafssj6n) was added to a 0.4/~g/l. 
standard solution of Se(IV), also containing 0.1M hydro- 
chloric acid and 1 mg/l. of Cu 2+. Concentrations of DOC 

in mg/l.: (a) 0; (b) 0.2; (c) 0.7. 

HG-AAS as previously described. 3"4 The sel- 
eniurn concentration was evaluated from a cali- 
bration curve using peak heights. 

RESULTS AND DISCUSSION 

The CSV method 

At the DOC levels of 1-100 mg C/I. normally 
found in freshwaters, 2° severe interference can 
be expected in stripping voltammetry. 21'22 The 
influence of dissolved organic matter on the 
CSV method was studied by addition of water 
from a lake (Lafssj6n) and a stream (S/ivja~n) to 
standard solutions of Se(IV). The results for the 
two waters were similar, and some characteristic 
LSV voltammograms are displayed in Fig. 1. 
Even DOC concentrations below 0.1 mg C/1. 
affected the shape of the background. The back- 
ground current increased with the DOC concen- 
tration and the deposition time at potentials 
more negative than - 4 0 0  inV. At about 0.5 mg 

C/I., the shape of the stripping peak also started 
to change, which caused a decrease in the peak 
height. At somewhat higher DOC concen- 
trations, the peak became more asymmetric, 
split or disappeared. Only a very small, scarcely 
discernible stripping peak situated on a high and 
sloping background current was obtained from 
a drinking water sample containing 5-6 mg C/I. 
and spiked with 0.5 /~g/l. of Se(IV). Similar 
observations were made when the experiments 
were repeated with DPV as the stripping tech- 
nique. The change in the background was 
smaller, whereas the effect of high DOC concen- 
trations on the shape and size of the stripping 
peak was more pronounced. The DPV peak 
disappeared almost completely at about 1 mg 
C/l. 

It was found previously that the selenium 
concentration is best evaluated from the LSV 
peak area. IS'ts The fact that the LSV peak area 
was less influenced than the LSV and DPV peak 
currents by the presence of dissolved organic 
matter is another reason to use peak area 
measurements for analytical purposes. How- 
ever, attempts to determine Se(IV) in fresh- 
waters containing more than about 0.5 mg/l. of 
DOC are likely to fail. Since the freshwater 
samples studied contained 3-20 mg C/I. (see 
Table 1), a direct determination of Se(IV) was 
precluded. Only total selenium concentrations 
could thus be determined after destruction of 
organic material by UV irradiation. 

A reliable background subtraction procedure 
is essential in LSV for accurate evaluation of 
peak areas and achievement of low detection 
limits. Most often, background voltammograms 
are recorded either in pure electrolyte solution 
or in the sample without a preceding deposition 
step. 2t Such background curves were, however, 
found to poorly match stripping voltam- 

Table 1. Total dissolved selenium concentrations in fresh water samples determined by CSV and HG-AAS 

Total concentration of dissolved Se (ng/I.) 

CSV 
DOC Recovery 

Sample (mg/I.) Uncorrected (%) Corrected HG-AAS 

Blank solution - -  3 + I 91 + 2 3 + 1 13 + 4 
Institute drinking water 3 172 + 2 90 + 4 190 4- 10 179 4- 9 
Ekoln, Skarholmen (lake) 9 115 4- 1 86 4- 2 133 4- 4 118 4- 6 
Sivja~m, Falebro (stream) 12 1094- 1 944-6 1164-8 121 ± 5  
Treh6rningen (lake) 12 70 4- 2 91 4- 6 77 4- 7 74 4- 7 
Lafssj6n (lake) 19 101 4- I 96 4- 2 105 4- 3 96 4- 8 

101 + 6* 

Each DOC concentration is the mean of two measurements, differing by less than 0.6 mg C/I. Selenium 
concentrations and recoveries are presented as mean + SD from three complete analyses. 

*Digested with peroxodisulphate. 
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mograms recorded in incompletely digested 
water samples or other solutions containing 
dissolved organic matter. A change in the back- 
ground current brought about by surface active 
or reducible substances can, on the other hand, 
be accounted for by recording stripping voltam- 
mograms before and after the addition of CC + 
to the sample. The former voltammogram, con- 
taining a fairly low and broad HgSe wave 
around -500  mV, is then subtracted from the 
latter, which exhibits a Cu:Se peak at -660  
inV. By this procedure, demonstrated in Fig. 2, 
it is possible to check that there are no interfer- 
ing peaks at the position of the Cu2 Se peak and 
a blank voltammogram is obtained which will 
match the background of the Cu2Se stripping 
voltammogram well, except in the region of the 
small HgSe wave. The vertical shift between the 
two voltammograms seen in Fig. 2(a, b) is 
caused by the additional current from diffusion 
limited reduction of Cu 2+. The procedure was 
found to work well for the five freshwater 
samples analysed and no interfering peaks were 
detected. In fact, the backgrounds in these 
samples were generally low and smooth, reveal- 
ing no sign of interference from residual organic 
substances after digestion. 

The Se(IV) concentrations were evaluated by 
the method of standard additions. One sub- 
sample from each water received three consecu- 
tive standard additions of Se(IV) to check the 
linearity of the analytical curve. The plots of 
peak area v s .  added Se(IV) concentration all 
showed good iinearity with correlation co- 
efficients r >/0.9998 (,  = 4). Only one addition 
was made to the other subsamples, as the pre- 
cision was satisfactory. The reproducibility of 
the CSV method was very good considering the 
concentration level. The within-day relative 
standard deviation of the sensitivity was 3-4% 
(n = 12), which is only slightly larger than the 
2-3% usually encountered from consecutive 
measurements of the stripping peak area on a 
standard solution at the 0.1-0.5 #g/i. level. The 
sensitivities were not significantly different be- 
tween the five water samples and between the 
samples and standard solutions. Therefore, the 
more convenient evaluation from a calibration 
curve can be used. This is true only for the peak 
area, since the peak shape and, hence, the peak 
current sensitivity varied between samples. 
Usually, the Cu2Se stripping peak was some- 
what sharper in standard solutions than in 
digested samples. This indicates that the strip- 
ping process was slightly affected by the sample 
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Fig. 2. The evaluation of a representative cathodic stripping 
voltammogram from a photolysed lake water sample (Lafs- 
sj6n) containing 0.10 #g/l. of Se and 0.1M hydrochloric 
acid. (a) Voltammogram recorded in the absence of copper; 
(b) voltammogram acquired after the addition of 1 mg/I. of 
CuZ+; (c) the resulting background subtracted ( b -  a) and 
filtered voltammogram; (d) the CuzSe stripping peak at 
-660 mV after subtraction of the fitted baseline. The small 
negative HgSe wave appearing at -500 mV in (a) is 

reproduced as a positive wave in (c). 

matrix while the efficiency of the deposition 
process, which is associated with the stripping 
peak area, was virtually unperturbed. 

The detection limit of the CSV method, using 
a deposition time of 3 rain, has previously been 
estimated to 2 ng/l. from three times the stan- 
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dard deviation of the Cu2 Se stripping peak area 
recorded at 20 ng/l. of Se(IV)) 5 In the present 
work, this low detection limit was further ver- 
ified by the measurement of the blank level in 
Table 1. 

UV photolytic experiments 

Irradiation of alkaline standard solutions 
yielded fractional conversions that agreed with 
the observations made by Measures and Bur- 
ton, 5 and by Barley) 7 After irradiation of two 
freshwater samples (Lafssj6n and S/ivjatn) for 
3 hr at pH 9.8 (0.05M NH3 added), the Se(IV) 
concentrations determined by CSV were, how- 
ever, not reproducible and ranged from 75 to 
100% of the total concentrations of selenium 
found by HG-AAS after permanganate diges- 
tion. These results initiated a study of the 
photolysis of acidic solutions containing sel- 
enium, despite the report of a recovery of only 
5% of Se(IV) from sea-water at pH 3.7) o 

In the presence of 0.1M HC1, irradiation of 
the two freshwater samples yielded fractional 
conversions to Se(IV) around 90%. The yield 
was found to be fairly independent of the hydro- 
chloric acid concentration between 0.1 and 
0.4M. In the presence of 0.3 g/1. of hydrogen 
peroxide, the recovery decreased to about 70%. 
The dissolved organic material (about 20 mg 
C/I.) was sufficiently digested after 1.5 hr also in 
the absence of hydrogen peroxide. The yellow 
colour still present after irradiation for 1.5 hr in 
samples previously deaerated with argon indi- 
cated that dissolved oxygen was essential for the 
photo-oxidation process. 

In contrast to the freshwaters, standard sol- 
utions of Se(VI) in 0.01-0.4M hydrochloric acid 
yielded low and highly irreproducible recoveries 
of Se(IV) when irradiated, both in the presence 
and in the absence of hydrogen peroxide. The 
recovery was not improved if the solutions were 
deaerated with argon prior to photolysis. Obvi- 
ously, some constituent of the freshwater 
samples facilitated the reduction of Se(VI) to 
Se(IV). The fairly high content of dissolved 
organic material suggests that the presence of 
certain organic substances, or organic material 
in general, supports the reduction. This hypoth- 
esis was tested by addition of various organic 
compounds to Se(VI) standard solutions prior 
to photolysis. Among the substances tested, 
glucose (0.17-0.36 raM) and maleic acid (0.25 
mM) produced the highest yields of Se(IV), in 
both cases around 90%. With 2 mM methanol 
added alone or together with 0.03 mM benzoic 

acid, 2,5-dihydroxybenzoic acid, gallic acid, 
hydroquinone, maleic acid, nicotinic acid, 
phenylalanine, phthalic acid, salicylic acid or 
tryptophan, yields of 50-80% were obtained. 
Even though the concentration of the organic 
additives was rather low, interference in the 
CSV voltammograms from incompletely di- 
gested matter was encountered from most of the 
aromatic compounds. A few inorganic ions 
(Fe 2+, Br-)  that might occur in natural waters 
were also tested, but only negligible concen- 
trations of Se(IV) could be detected after ir- 
radiation. No effort was made to optimize the 
conditions in the screening tests. Thus, higher 
yields of Se(IV) might have been obtained at 
other concentrations of the added compound or 
for other irradiation times. 

Glucose was selected for further study as it 
gave rise to acceptable Se(IV) yields and inter- 
ference-free solutions after photolysis. Seleni- 
um(VI) standard solutions containing glucose at 
three concentrations were irradiated and the 
yield of Se(IV) is plotted as a function of 
irradiation time in Fig. 3. Three time regions 
can be distinguished in the plots. Initially, the 
production of Se(IV) is quite fast and the time 
dependencies for the two lowest concentrations 
of glucose are similar. The second region is a 
plateau where the Se(IV) yield is about 90%. 
The length of this plateau depends on the 
glucose concentration. Finally, the concen- 
tration of Se(IV) drops almost to zero over a 
short period of time. Solutions from the end of 
the third region were reduced with 4M hydro- 
chloric acid for 1 hr. As virtually all selenium 
was recovered as Se(IV) after this treatment, it 
can be concluded that the Se(IV) formed in- 
itially must have been re-oxidized to Se(VI). The 
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Fig. 3. Recovery of Se(IV) from UV irradiated Se(VI) 
standard solutions vs. irradiation time. The solutions con- 
mined 0.4 #$/1. of Se(VI), 0.1M hydrochloric acid and 

glucose/mM: (a) 0.056, C); (b) 0.17, 0 ;  (c) 0.33, A. 
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conditions in the solutions apparently change 
from reducing to oxidizing during the course of 
the photolysis. Evaluation of the Se(IV) concen- 
trations was not possible at the highest glucose 
concentration after irradiation times shorter 
than 1.5 hr owing to serious interferences in the 
stripping voltammograms. Some change in the 
shape of the LSV backgrounds was also noted 
for the lower glucose concentrations at short 
irradiation times. Since glucose itself does not 
cause such problems, the interferences must 
have been brought about by photo-oxidation 
products of glucose. This conclusion is sup- 
ported by UV spectra of the irradiated sol- 
utions, which showed the generation and 
disappearance of a broad absorbance band be- 
tween 210 and 300 nm. 

With standard solutions of Se(IV) or Se(VI) 
containing 0.17 mM glucose, the intermediate 
concentration in Fig. 3, the following obser- 
vations were made. The recovery of Se(IV) after 
1 hr of irradiation was 92 + 1% (mean + SD, 
n = 4) for solutions initially containing 0.4 #g/l. 
of Se(IV), and 93 + 3% (n = 5) for solutions of 
Se(VI). Approximately the same yield was ob- 
tained with a 100 times higher concentration of 
Se(VI), which indicates that the fractional con- 
version is independent of concentration. More- 
over, the yield of Se(IV) did not change for 
hydrochloric concentrations between 0.1 and 
0.4M, but decreased somewhat for concen- 
trations below 0.1M. In solutions of perchloric 
and sulphuric acid, on the other hand, the yield 
of Se(IV) was low. Deaeration with argon be- 
fore irradiation did not seem to change the 
recovery, which may imply that dissolved oxy- 
gen is not the cause of incomplete conversion. 

Hydrogen peroxide may have to be added to 
samples containing concentrations of DOC 
higher than about 25 mg C/I. to assist in the 
photo-oxidation. The effect of hydrogen per- 
oxide on the recoveries is puzzling. A reduction 
in yield was observed when freshwater samples 
were irradiated in the presence of hydrogen 
peroxide, whereas the normal yield of about 
90% Se(IV) was obtained from standard sol- 
utions containing 0.17 mM glucose. All added 
hydrogen peroxide is decomposed, as judged 
from the CSV voltammograms. 

A procedure leading to high and equal recov- 
eries irrespective of the initial DOC content of 
the sample is, of course, desirable. The ir- 
radiation scheme finally adopted consists of two 
steps. In the first step, oxidation of dissolved 
organic matter is assisted by addition of hydro- 

gen peroxide. With the addition of 0.3 g/l. of 
hydrogen peroxide, all the freshwater samples in 
Table l were sufficiently digested after l hr. 
DOC was determined in two of the digested 
water samples (Lafssjtn and S~ivjaan) and the 
carbon content was found to be reduced to l0 
and 22%, respectively, of the initial concen- 
tration. No interference from surface active 
substances could be detected in the stripping 
voltammograms and the UV absorbance at 254 
nm had decreased to about 3% of its initial 
value. Hence, an efficient photolytic degra- 
dation of the dissolved organic substances, pre- 
ceding their complete photo-oxidation to 
carbon dioxide and water, occurs in the first 
step. Omission of this step or the addition of 60 
mg/l. of glucose is recommended for solutions 
having a very low DOC content, such as blank 
and standard solutions. Otherwise, C12 is likely 
to form and the conditions during the second 
step may become too oxidizing. The second 
irradiation is performed after the addition of 
30 mg/l. glucose, which ensures a fractional 
conversion to Se(IV) of about 90% during a 
limited period of time. It must be observed that 
the appropriate lengths of the two steps in the 
procedure have to be found experimentally for 
each irradiation apparatus, as the radiative flux 
experienced by the sample solutions is highly 
dependent on the lamp and the configuration of 
the apparatus. Similar yields of Se(IV) were 
observed with a brand new lamp as with a lamp 
of the same type that had been operated for 
several hundred hours, but the irradiation times 
differed by 30-40%. 

The irradiation procedure proposed is empir- 
ical and its physico-chemical rationale is un- 
known. Such knowledge might facilitate further 
optimization of the method with the objective to 
achieve 100% yields of Se(IV). An investigation 
of the wavelength dependence of the fractional 
conversion and a more extensive screening of 
photolytic additives beside glucose may be par- 
ticularly fruitful approaches. The distribution of 
total selenium between 90% of Se(IV) and 10% 
of Se(VI) suggests that either a redox equi- 
librium is set up between the two oxidation 
states by the redox potential of the solution 
during irradiation, or a steady state is created by 
opposing reduction and oxidation reactions. 
The redox pair Se(VI)/Se(IV) is known to be 
very sluggish but equilibrium can be mediated 
by the Ci2/C1- couple. Both selenite and sele- 
hate ions absorb light below 230 nm, 23 and 
directly induced photo-reactions are, thus, poss- 
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ible and have been studied. 24 On the other hand, 
various molecules, including reactive radicals, 
are generated by the photochemical degradation 
of glucose and natural dissolved organic sub- 
stances, and some of these might react with 
Se(IV) or Se(VI). Most of the carbon containing 
radicals are likely to have reducing properties. 
The absence of a significant reduction of Se(VI) 
in deaerated solutions free from organic com- 
pounds supports the view that organic radicals 
are involved. Highly oxidizing chlorine and 
hydroxyl radicals, which are formed by the 
action of UV light with wavelengths < 200 nm, 25 
may also be important, especially in the ob- 
served reoxidation of Se(IV) after long ir- 
radiation times. Perhaps these oxidizing radicals 
react with the degradation products of glucose 
and dissolved organic matter until the latter 
have been totally consumed. Thereafter they 
start to oxidize Se(IV). 

Determination of total selenium in freshwaters 

Five freshwaters of varying origin were 
analysed for total dissolved selenium by com- 
bining the UV photolysis and CSV procedures 
outlined above. The waters were also analysed 
by HG-AAS after permanganate digestion. 3'4 
One of the samples (lake Lafssj6n) was also 
digested with peroxodisulphate at pH 23 for 
comparison. The results, including recoveries of 
added Se(VI) as Se(IV) from the UV irradiation 
step and the concentrations of DOC, are pre- 
sented in Table 1. They show reasonably good 
agreement between the two methods consider- 
ing the low concentrations involved. The signifi- 
cantly different results for Lake Ekoln may be 
connected to the somewhat low recovery of 
added Se(VI) for this sample. The recovery of 
added Se(VI) as Se(IV) varied between 86 and 
96% in the samples. The yields are, thus, similar 
to the yields of Se(IV) from Se(VI) and Se(IV) 
standard solutions containing glucose. By 
analysis of variance, no significant difference at 
the 95% level was found between the recoveries 
from the different water samples. Since the 
chemical constitution of the five water samples, 
most likely, varied quite a lot, it seems plausible 
that yields around 90% would be obtained also 
for other freshwater samples. 

A low reagent blank, a low detection limit, 
fairly good precision and rather simple equip- 
ment are the main merits of the UV photolysis- 
CSV method. Recoveries less than 100% 
constitute a drawback of the method. Determi- 
nation of the recovery adds to the analysis time 

and to the standard deviation of the final result. 
There is also a risk for an erroneous compen- 
sation for incomplete transformation to Se(IV), 
if added Se(VI) behaves differently than the 
various selenium species making up the total 
selenium concentration. 

CONCLUSIONS 

Reduction of Se(VI) to Se(IV) by UV ir- 
radiation has been demonstrated in acidic sol- 
utions containing natural dissolved organic 
matter or added glucose. The developed ir- 
radiation procedure was found to be a digestion 
method well suited for the CSV determination 
of total dissolved selenium in fresh waters. 
Selenium concentrations can be evaluated from 
a calibration curve if LSV peak areas are 
measured. Most likely, the irradiation pro- 
cedure can be adapted to other analytical 
methods for selenium as an attractive alterna- 
tive to the more common wet digestion-hydro- 
chloric acid reduction procedures. More 
detailed investigations are needed to clarify the 
mechanisms of the photolytic reduction of 
Se(VI) and to further optimize the irradiation 
method. 

A desirable improvement of the method 
would be to perform UV irradiation on-line, 
incorporated in an automated flow system to- 
gether with the voltammetric cell. Such flow 
systems, employing quartz coils as photolytic 
cells, have been constructed and successfully 
applied to the photo-reduction of nitrate 26 and 
to the photo-oxidation of dissolved organic 
matter and Cr(III). 27 Complete destruction of 
dissolved organic matter was reported to occur 
within a few minutes, which is a significant 
reduction in the irradiation time compared to 
the 1--4 hr normally required for batch-wise 
digestions. 27 
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Sammary--New iterative methods for analysis of potentiometric titration data of (a) mixtures of weak 
monoprotie acids with their conjugate bases, (b) solutions of polyprotic (di- and triprotic) acids, and (c) 
mixtures of two diprotic acids are presented. These methods, using data exclusively resulting from the 
acidic region of the titration curve permits the accurate determination of the analytical concentration of 
one or more acids even if the titration is stopped well before the end point of the titration. For the titration 
of a solution containing a conjugate acid/base pair, the proposed procedure enables the extraction of the 
initial composition of the mixture, as well as the dissociation constant of the concerned acid. Thus, it is 
possible by this type of analysis to distinguish whether a weak acid has been contaminated by a strong 
base and define the extent of the contamination. On the other hand, for the titration of polyprotic acids, 
the proposed approach enables the extraction of the accurate values of the equivalence volume and the 
dissociation constants K~ even when the ionization stages overlap. Finally, for the titration of a mixture 
of two diprotic acids the proposed procedure enables the determination of the composition of the mixture 
even if the sum of the concentrations of the acids is not known. This method can be used in the analysis 
of solutions containing two diastereoisomeric forms of a weak diprotic acid. The test of the proposed 
procedures by means of ideal and Monte Carlo simulated data revealed that these methods are fairly 
applicable even when the titration data are considerably obscured by 'noise' or contain an important 
systematic error. The proposed procedures were also successfully applied to experimental titration data. 

In a recent paper, t we developed new iterative 
methods for the analysis of potentiometric ti- 
trations data of weak monoprotic acids or of 
mixtures of monoprotic acids. By using these 
methods it is possible to extract the accurate 
values of the equivalence volume and simul- 
taneously the acid dissociation constants. These 
methods are valid even when the titrations are 
carried out under conditions of varying ionic 
strength, but there is no reason why the analysis 
could not be done under conditions of constant 
ionic strength. Hence the addition of a neutral 
salt to the titrated solution to keep the ionic 
strength constant is not necessary. Therefore, 
the pK values obtained in media of low ionic 
strength (I < 0.1M) are free of any possible 'salt 
effect'. On the other hand, it has been argued in 
literature that in media of high ionic strength, 
even in the absence of a 'salt effect', the theoreti- 
cal prediction of the activities of the various 

*Author to whom corr~pondence should be addressed. 

ionic species become inaccurate; the higher the 
ionic strength at which measurements are made 
the more serious the difficulties in obtaining the 
dissociation constant become. 2 

In this paper, the logic of the above men- 
tioned approaches has been extended to other 
more complicated titrations. Thus, we have 
obtained theory and methods for analysis of 
potentiometric titration data of (a) mixtures of 
weak acids with their conjugate bases (buffer 
solutions), (b) solutions of polyprotic (di- and 
triprotic) acids with overlapping ionization 
steps, and (c) mixtures of two diprotic acids. 
In the first case our analysis permits to define 
the 'prehistory' of the neutralization of the 
concerned acid and simultaneously to extract 
its dissociation constant. Therefore, this 
method is suitable to distinguish if a certain 
weak acid has been contaminated by a strong 
base and determine the extent of this contami- 
nation. 

Over the years, a variety of solutions has been 
suggested for the analysis of potentiometric 

827 



828 G. PAPANASTASlOU and I. ZiOGAS 

titration curves of polyprotic (mainly diprotic) 
acids or of mixtures of acids with weak 
bases) -9 However, most of these methods are 
valid under conditions of constant ionic 
strength or require prior knowledge of accu- 
rate values of the dissociation constants of 
the acids, these constants being determined by 
a separate titration. To our knowledge, 
methods for analysing titrations of triprotic 
acids with overlapping successive ionization 
steps (without prior knowledge of the pK,. val- 
ues) are not yet reported in the literature. 

With our methods and accurate data it is 
possible to determine precise concentrations 
from the buffer region of the titration curve. 
Therefore, the accurate determination of the 
analytical concentration of one or more acids 
is possible even if the titration is stopped well 
before the complete neutralization of the sol- 
ution. In addition the suggested methodology 
enables the determination of the correspond- 
ing pK from the same experimental data and 
only in the case of the titration of a mixture 
of two diprotic acids the proposed method 
requires prior knowledge of the values of the 
corresponding dissociation constants. 

It should be noted that the determination 
of the accurate pK's values, apart from its 
theoretical significance, is of major analytical 
interest. Indeed, pK being independent of the 
concentration could be considered as the 
'fingerprint' of the titrated acid. So, from the 
comparison of the determined pK values with 
tabulated ones it is possible to identify the 
titrated acid. It is evident that, the determi- 
nation of the dissociation constants, especially 
of the polyprotic acids, require laborious cal- 
culations. However, with the opportunities 
offered today by high-speed personal comput- 
ers, all the proposed methods can be easily 
carried out in a time interval from a few sec- 
onds to a few minutes. 

EXPERIMENTAL 

The potentiometric titrations were carried out 
as described previously) Conductivity water 
(conductance -- 1.0 x 10 -6 f2 -m cra -~) was used 
throughout. Analytical reagent grade acids 
(Fluka, puriss p.a. >99.5%) were used without 
further purification; their purity was checked by 
potentiometric titrations. All sodium hydroxide 
solutions were prepared from stock solutions of 
known concentration (Merck, Titrisol). 

POTENTIOMETRIC TITRATION OF A SOLUTION 
CONTAINING A CONJUGATE ACID-BASE PAIR 

Theoretical 

Consider a volume V0 of a solution contain- 
ing a conjugate acid-base pair, where the initial 
analytical concentrations (i.e. the total concen- 
trations irrespective of form) of the weak acid 
HA and its conjugate base are respectively equal 
to Co and C o . This mixture can be considered as 
being prepared by partial neutralization of a 
solution of the acid HA, of concentration C~ 
and volume V 0 - Z, with Z ml of a solution of 
a strong base MOH of concentration Ca. At any 
point of the titration curve the mass and charge 
balance is expressed by the equations: 

[ A - ] + [ O H - ] = [ M + ] + [ H  +] (1) 

TL = [HA] + [A- ], (2) 

where 

ca. v C° Vo 
[M + ] = -  + - -  = b N C ~ ( Z + V )  

Vo+V Vo+V 
(3) 

C° V° ZCa V = bN ZCa, (5) 
Cb = Vo +-~ - Vo + 

where 

where V is the volume of the added titrant and 
bN = l/(Vo+ V). 

Assuming that all singly charged ions (za = l) 
have the same activity coefficient y~ and that the 
activity coefficients of uncharged species are 
unity, the acid constant of HA is given by 

all" [A- ] .  Yl 
K ~ =  , (6) 

[HA] 

aH being the hydrogen ion activity. 
Combining the above equations and re- 

arranging gives 

l 
y = V , - - - x ,  (7) 

r .  

'{ 
y =  V-4 YICabN 0tH-- (8) 

and 

X =~H yI(V + Z)-f CBbN eHCabN 

where Kw is the autoprotolysis constant of the 
solvent used. For dilute solutions (I < 0. i M) the 

T,= ~Vo =(Z + V,)C~ =bNC.(Z + Vo) (4) 
Vo + V Vo + Z 
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activity coefficient yj can be calculated from the 
Debye-Hiickel equation: 

logy, = Az2x/I (10) 
i + 8 x/I ' 

where A and B are constants, the values of 
which depend on the physical properties of the 
medium, ~°I is the ionic strength of the solution, 
z, the charge number and h the distance of  
closest approach of  the ions. In principle h is a 
function of the solvent and electrolyte, but in 
practice it is traditionally taken to be equal to 
5/~,.~H3 The ionic strength, at any point of the 
titration curve, is given by: ~4'ls 

I=[M+]+[H+]=buCB(Z + V)+[H+]. (11) 

To determine y~, it is obviously necessary to 
know the value of [H + ] = atr~/y~ and vice versa. 
It is noted that when the electrode system is 
standardized against the aqueous buffer sol- 
utions recommended by the National Bureau of 
Standards, the measured pH value of a solution 
is identified very closely with the conventional 
value of - log ctr~ (where at~ is the corresponding 
hydrogen ion activity). The values of [H + ] and 
y~ may be obtained from the measured value of 
• H by successive approximations. 1'~4 Assuming 
first )'j = 1, so that ~H = [H+], it is possible to 
calculate I from eqn (11), and hence y~ from 
eqn (10). This new value of yl can be used to 
refine the values of [H + ], I and y~. All these 
operations are repeated until y~ converges (the 
criterion here being less than 0.00001 difference 
in I, between two subsequent cycles). 

Equation (7) predicts a linear relationship 
between y and x with a slope equal to l/K,. 
Alternatively, the experimental confirmation of 
such a correlation, using V and pH data, sup- 
ports the assumption that the titrated solution 
is a mixture of a monoprotic acid with its 
conjugate base. Then, V, and the acidity con- 
stant Ks can be deduced, by linear regression, 
from the coefficients of eqn (7). This procedure 
can be realized by the presently proposed itera- 
tive method, which is analogous with previously 
proposed techniques for the determination of 
rate constants of various chemical and electro- 
chemical reactions) 6-z° 

lterative method for the determination of Z, V e 
and K~ 

It is assumed first that the value of Z lies on 
an interval (a, b). Choosing arbitrarily from this 
interval a value for Z, it is possible to trace, by 
means of the experimental V and pH data, the 

curve y = f (x ) .  This curve will approach a 
straight line to the extent where the chosen value 
of Z also approaches the exact value of this 
parameter. Hence, the best linearity that could 
be obtained, by means of the available exper- 
imental data, evidently corresponds to the best 
approximation to the exact value of Z. There- 
fore, by seeking the Z value within the interval 
(a, b), it is possible to trace N curves y = f (x ) ,  
N being the number of Z values taken for these 
calculations. For each of these curves, the calcu- 
lation of R 2 (square of the correlation co- 
efficient) and S~.x (standard error of the 
estimate) TM permits a comparison of the linear- 
ity of various y = f ( x )  plots and trace the curves 
R 2= f (Z )  or S,~=f(Z).  These curves must 
present respectively a maximum and minimum 
at a value of Z equal to Zm, which can be 
considered as the best approximation to the 
exact value of Z. The exact values of V e and K~ 
can be deduced respectively from the y-intercept 
and the slope of the corresponding to Zm 
straight line. 

Application of the iterative method for the deter- 
mination of Z, V e and K, using simulated and 
experimental data 

Simulated data. To establish the reliability of 
the proposed procedure, first it must be shown 
that it actually works by comparison to a system 
where the answer is already known. Experimen- 
tally, this implies that the proposed approach, 
applied to a previously reported system, gives a 
reasonable (or even better) precision on the 
extraction of the sought parameters. In this 
respect, it was considered necessary to test the 
proposed methods, first with simulated data 
corresponding to various values of pK~, Z and 
V e and second to experimental data resulting 
from titrations of mixtures of weak acids (of 
known pK,) with their conjugate bases. 

Simulated V and pH (pH =--IogctH) data 
have been derived by solving eqn (7) using the 
so-called secant methods. 22 In all these calcu- 
lations we assumed that V0 = 50, CB = 0.1 M, 
Ve=4.00 ml (Co=0.008M), Z =  1.00 ml 
(C°=0.002M),  T =298.15 K and pKw= 14.0. 
First, the titration of an acid with pK, = 4.80 
was considered. This value represents the mean 
pK, value of the lower members of the aliphatic 
series of monocarboxylic acids) °,~ The results 
obtained are reported in Table 1. Taking into 
account that the NBS buffer solutions used for 
the standardization of the pH-meters are given 
at most to three decimal figures, the simulated 
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Table 1. Ideal and Monte Carlo (M-C) pH values of the titration of a conjugate 
acid-base pair with a strong base 

pH pH pH 

V Ideal* M-C? V Ideal* M-Ct V Ideal* M-Ct 

0.0 4.194 4.188 1.1 4.635 4.631 2.2 5.017 5.013 
0.1 4.243 4.250 1.2 4.669 4.669 2.3 5.054 5.051 
0.2 4.289 4.293 1.3 4.703 4.705 2.4 5 . 0 9 3  5.091 
0.3 4.333 4.329 1.4 4.737 4.749 2.5 5.133 5.120 
0.4 4.375 4.375 1.5 4 . 7 7 1  4.766 2.6 5. i 75 5.177 
0.5 4.415 4.426 1.6 4.805 4.800 2.7 5.218 5.223 
0.6 4.454 4.452 1.7 4.840 4.839 2.8 5.264 5.269 
0.7 4.492 4.488 1.8 4.874 4.871 2.9 5.313 5.307 
0.8 4.528 4.524 1.9 4.909 4.904 3.0 5.365 5.365 
0.9 4.564 4.566 2.0 4.944 4.941 
1.0 4.600 2.1 4.980 4.978 

Vo = 50, C~ =0.1M, V, = 4.00 ml (C0 = 0.008M), Z = l.O0 ml (C°-- 0.002M), 
T ffi 298.15 K, pK, ffi 4.80 and p /~  = 14.0. 

*Values that exactly fit equation (7). 
tMean values of six normally distributed deviates generated from the ideal data 

with standard deviation equal to 0.01 pH unit. 

pH values were rounded to three decimal places. 
It is now examined whether it is possible, using 
these data and by means of  the proposed 
method, to extract the values pK,--4.80, 
V~--4.00 ml (Co = 0.008M) and Z •: 1.00 ml 
(C ° = 0.002M). 

The variations of R 2 and $~ with Z are 
presented graphically in Fig. 1. It can be seen 
that these curves pass through a maximum and 
minimum, respectively, corresponding to 
Z = 1.00 ml. Furthermore, in the vicinity of the 
maximum (4.9 ~< Z ~< 5.1), it was found that the 
curve R 2 = f ( Z )  can be perfectly fitted, by a 
least squares analysis, to the following poly- 
nomial (the squared correlation coefficient was 
very close to unity): 

4 
jl~2 = E An Zn m 0.1082 + 2 . 9 7 6 1 Z  

n-0  

-- 3.7216Z 2 + 2.0820Z 3 - 0.4447Z 4. (12) 

Consequently, the exact value of Z at which 
R 2 reaches a maximum value can be determined 
from the solution of the following equation: 

dR 2 4 
d Z  ffi ~" n A , Z ' -  i ffi Ai + 2A2Z 

nmO 

+3A3 Z2 + 4 A 4 Z  s ffi O. (13) 

From eqn (13) one obtains Z,,ffi  i.00 ml. 
Using this value, the following relationship was 
found: 

y = 4.000 - 63091.16x. (14) 

Comparison of this equation with eqn (7) 
leads to the values: Ve---4.00 and pK,--4.80. 

In an attempt to generalize the conclusions 
concerning the applicability of the proposed 
method, this procedure was also applied to 
various simulated titration curves correspond- 
ing to different pK, (3.0 ~< pK, ~< 6.5) and Z 
values (0.5 ~ Z ~< 2.5). The obtained results 
showed that the proposed method reaches the 
desired values of Z, Ve and pK~ with a fair 
accuracy. 

The examples studied previously showed that 
the proposed procedures are able to extract V, 
and pK, values in the particular case where the 
V and pH data used, resulting from the buffer 
region of a titration curve, are free of exper- 
imental errors. 

However, of more experimental interest is 
the question of how well the new techniques 
art able to cope with data containing random 
extraneous contributions, such as annoying 

1.00 "T . . . . . . .  ~ T~ 0.2 

~ . /  ~ o . 1 2  
R 2 0.99 ~ ~ 0.08 Srx 

7 097 ...; .... I...%~....,,.-~----+ .... !0 
0.7 0.8 0.9 I 1.1 1.2 1.3 1.4 

Z/ml  0.1 N NaOH 
Fig. 1. Variation of R 2 and Sy x with Z in the case of the 
simulated titration of 50 ml of a conjugate acid-base pair 
[Ce--O.OOSM (V, f4.0 mi), C°=O.O02M (Z = 1.00 ml), 

pK, = 4.80] with 0.1M NaOH at 25°C. 
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experimental 'noise'. To investigate this, a Monte 
Carlo technique was used, which has been de- 
tailed in a previous paper ts and need not be 
repeated here. The main idea of this procedure is 
based on the observation that, often, random 
experimental errors closely follow a Gaussian (or 
normal) distribution. Thus, at each point (V~ and 
pH;) of the theoretical titration curve pH =f(V),  
we produced a number N of normally distributed 
random variables pHi,j with mean pH~ and stan- 
dard deviation Si. In the experimental level, this 
implies the realization of N titrations with a 
precision equal to S~. Using this technique, we 
treated again, as an example, the titration of an 
acid with p/~ = 4.80. In this treatment we as- 
sumed that S~ is equal to 0.01 pH unit. At each 
volume V, we created six values of pHjj.~_and the 
results were averaged. The mean values pH~j are 
summarized in Table 1. Evidently, these values 
would coincide with the corresponding pH~ ones 
only in the case where the number N of the 
produced random variables pHjj tends__to infin' 
ity. Using these Monte Carlo data pH;j, the 
proposed method gives the values Z ffi 1.006 ml, 
V~ = 4.005 ml and pK, = 4.799. These results are 
respectively within 0.6, 0.12 and 0.03% 
(3pK,=0.001) of their true magnitudes. Evi- 
dently the proposed techniques are able to ex- 
tract Z, V~ and pK, values, even when the pH 
data are obscured by noise. 

Finally, the proposed methods were applied 
to various simulated titration curves, corre- 
sponding to different pK, values, where the pH 
data contained a systematic error equal to 0.01 
pH unit (about 5-10 times greater than the 
accuracy of a precision instrument). Experimen- 
tally such errors are usually introduced by an 
erroneous standardization of the pH-meter as- 
sembly. A systematic error in the pH values 
gives rise to systematic titration errors 6Z, 6V, 
and 6pK~ in the values of Z, V, and pK,. 

In all instances examined here (Z = 1 and 
3.5 < pK, < 6.5), it was found that the titration 
errors 6Z, 6V~ and 6pKo, at constant (SpH, are 
dependent upon the strength of the acid that is 
being titrated. These errors decrease as pK, 
increases. For moderately strong acids (with 
pK, < 3.8) 3V~ is less than 0.2%, 6pK, <0.008 
and only 3Z takes values greater than 1.0%. On 
the contrary, for acids with pKo .~ 4.8 (such as 
the lower members of the aliphatic series of 
monocarboxylic acids) 6Z takes values less than 
0.2%. For such acids the proposed techniques 
arc able to extract the values Z, V c and pK, with 
only a modest error (6Z ~ 0.14%, 6V~ ~ 0.00% 

pH 

,0f 

o 1 2 3 4 

V/ml 0.1 N NaOtl 

7 2  
5O 

4-40 

2 3o 
i dpH/dV 

6 

Fig. 2. Titration and differential titration of 50 ml of a 
mixture of propionic acid (Co = 0.0095M) with sodium 
propionate (C o = 0.002M, Z = 1.00 ml) with 0.1M NaOH 

at 25°C. 

and 6pK., ~ 0.01), even when the pH data con- 
tain a systematic error 6pH = 0.01. 

It is noted that in all calculations an un- 
weighted least squares method has been used. 
However, in some selected examples, the data 
have been also analysed by means of a weighted 
least squares method reported in literature. 23 No 
significant differences have been found. 

Experimental data. In the attempt to test this 
methodology on experimental data, a solution 
was prepared by mixing 5 ml of 0.1151 M pro- 
pionic acid with 1 ml of 0.1M NaOH and 

diluting with water until the final volume of 
50 mi (V0--50 ml, C0=0.0095M, Z - - l ,  
C O = 0.002M). This solution was titrated with 
0.1M NaOH. The titration curve presents a 
pronounced inflection at V ~, 4.75 ml. (Fig. 2) 
The obtained measurements, lying in the 0 to 
7 5 %  neutralization range of the corresponding 
titration curve, are given in Table 2. The plots 
of R" =f(Z)  and Syx =f(Z)  present a maximum 
and a minimum, respectively, at a value of Z, 
equal to Zm, lying in the vicinity of Z - - 1  
(Fig. 3). The exact value of Z m has been found 

Table 2. Experimental titration of 
a mixture of propionic acid 
(C o = 0.0095M) with sodium pro- 
pionate (C~=O.O02M, Z= 1.00 

nil) with 0.1M NaOH at 25°C 
V pH V pH 

0.00 4.200 1.58 4.760 
0.15 4.266 1.74 4.807 
0.31 4.335 1.91 4.856 
0.46 4.395 2.07 4.904 
0.60 .4.445 2.20 4.943 
0.78 4.510 2.36 4.991 
0.96 4.569 2.50 5.035 
1.12 4.620 2.64 5.080 
1.28 4.671 2.80 5.132 
!.42 4.713 2.96 5.188 
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1.oooo 0.06 

0.9995 ~ . /  " %  ~- 0.05 ) \ - /  
R2 0.9985-~ 0.03 Sy~ 

\ / -  f00  
\ _ J  :0, 

0.9970 ~ * , i- 0 
0.9 0.9a 0.98 1.02 1.06 1.1 

Z / m l 0 . 1  NNaOH 

Fig. 3. Variation of  R 2 and S~.~ with Z in the case o f  the 
titration o f  50 ml o f  a mixture o f  propionic acid 
(Co= 0.0095M) with sodium propionate ( C ° = 0 . 0 0 2 M ,  

Z = 1.00 ml) with 0 .1M NaOH at 25°C. 

with 

and 

equal to 1.004 ml by seeking within the intervals 
(0.90, 1.10) and (1.000, 1.010) the Z value with 
successively. Furthermore, for 0.90 ~< Z ~< 1.10 Z 
it was found that the curve R 2 = f ( Z )  can be y = ~  
perfectly fitted, by least squares, to the following 
polynomial (where the squared correlation co- and 
efficients were very close to unity): { ( 

Y2 bN Cb V -- 
X =  5 

R 2= ~ A.Z"=0.2778 + 1.9511Z 
n=0 

- 1.7374Z 2 -  0.5084Z 3. (15) 

By combining this equation with eqn (13), one 
again obtains the root Zm = 1.0035 ~ 1.004 ml 
(C o = 0.00201M). From the coefficients of the 
linear regression equation y = f (x )  correspond- 
ing to this value of Z we obtain V, = 4.751 ml 
(Co = 0.00950M) and pKa = 4.878. These values 
are in excellent agreement with the expected 
values of the above parameters. It is noted that 
the pK value of propionic acid, reported in 
literature, is equal to 4.874 at 25°C. I°'u 

P O T E N T I O M E T R I C  T I T R A T I O N  OF  WEAK 
P O L Y P R O T I C  ACIDS W I T H  S T R O N G  BASES 

Consider a solution of a molecular polyprotic 
acid H,A with overlapping ionization steps. A 
volume V0 of this solution of initial analytical 
concentration Co is titrated with a solution of a 
strong base MOH of concentration C,. The 
titration is assumed to be carried out in the 
acidic range. In this range, the analysis of the 
titration curve leads to the following equation: 24 

Kt + 2Kt K2 +" nKt K2... K, 
/~ = any I 0~y----"~, "' ' f  0 ~ y .  

KtK2.. .K, '  (16) 1 +  Kl + Kj K2 
%Yl ~}JY2 + " "  + 

/~ _ [M + ] + [H + ] - [ O H - ]  

C 
(17) 

c0v0 ! 
C= =bNCoVo=-bNCsV~, (18) 

V0+V n 

where y; denotes the activity coefficient of the 
species H,_~W- (i = 0,1,2.. .  n) and K, the dis- 
sociation constant of the corresponding ioniz- 
ation step: 

Hn_(i_ t)A(i-l)- = H,_iA i- + H +. (19) 

For diprotic acids, assuming that Yo = 1, a 
combination of eqns (16)-(18) gives: 

y = -- Kt + Kl  K2 x, (20) 

Y 
and x = - (21) 

X 

(22) 

and 
Yl 

K.. 
Y b~Cb(Vo g)y, +--" = - - % (23)  

~t H 

For dilute solutions (I < 0.1M), the activity 
coefficient Yt and Y2 can be determined from 
eqn (10), with the ionic strength I of the solution 
from the appropriate formula. ~5 

The determination of V e, K~ and /(2 from 
eqn (20), using V and pH data, is possible with 
the iterative method proposed here. It is as- 
sumed first that the value of lie lies on an 
interval (a, b). Choosing arbitrarily from this 
interval a value for Ve, calculation ofyt  and Y2, 
at any point of the titration curve, requires 
knowledge of the corresponding value of L On 
the other hand, I is a function of K~, K2, y~ and 
Y2. So, determination ofy~ and Y2 requires prior 
knowledge of y~ and Y2. It appears that these 
calculations constitute a typical case of a vicious 
circle. However, calculation o fy  t and Y2 may be 
obtained by successive approximations. Assum- 
ing first that y~, Y2 = 1, it is possible to deter- 
mine from the coefficients of eqn (20), by means 
of the experimental V and pH data, approxi- 
mate values (apparent constants) of K,, K2. 

Starting from these values and assuming 
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again that yl, y2= 1, so that atn=[H+], it is 
possible to calculate I at any chosen point of the 
titration curve, and hence y~ and Y2 from 
eqn (10). These new values ofyt  and Y2 can be 
used to refine values of I and repeat until it 
converges (the criterion being less than 0.00001 
difference in L between two subsequent cycles). 
By repeating these approximations at each point 
of the titration curve, it is possible to trace the 
curve y = f ( x )  and determine by least squares 
the values of Kt and K2. These new values can 
be used to refine the values of Kj and /(2 and 
repeat until they converge (the criterion being 
less than 0.0001 difference in pKI and pK2 
values, between two subsequent cycles). The 
final curve y = f ( x )  obtained, by means of these 
approximation, will approach a straight line to 
the extent the chosen value of V, also ap- 
proaches the exact value of this parameter. 
Hence, the best linearity that could be obtained, 
by means of the available experimental data, 
evidently corresponds to the best approximation 
to the exact value of the equivalence volume. 
Therefore, by seeking within the interval (a, b) 
the lie value, it is possible to trace N curves 
y =f(x) ,  N being the number of V, values taken 
for these calculations. For each of these curves, 
the calculation of R 2 and S~,~ permits the com- 
parison of the adequacy of the fit of eqn (20) to 
the experimental V and pH data. At the true 
value of V,, these statistics may reach a maxi- 
mum and minimum value respectively. Then, 
the exact values of Kt and /('2 can be deduced 
respectively from the coefficients of the corre- 
sponding straight line. 

An analogous procedure can be used in order 
to analyse the titration curves of triprotic acids. 
Assuming again that Y0 = 1, a combination of 
eqns (16)--(18) gives: 

with 

and 

Y = K, + K, K2X, + KtK2K3X2, (25) 

( t7 , 
r = t , -7-$7 ) ,,y, 

( 3 -/~'~ y, (26) 
x :  = t 1 - 

As in the case of diprotic acids, the activity 
coefficients y~, Y2 and Y3 introduced in the above 
relationships can be determined from eqn (10), 

with the ionic strength I of the solution from the 
appropriate formula. 26"27 The coefficients yl, Y2 
and Y3 can be calculated by successive approxi- 
mations as in the case of diprotic acids. 

Equation (25) predicts that the relationship 
Y =f(X~, X2) is linear. The determination of 
Ve, K~, K2 and K3 from this equation, using V 
and pH data, is possible with the iterative 
method proposed here, As previously, we as- 
sume that Ve lies in an interval (a, b). By seeking 
within this interval the Vc value, it is possible to 
obtain N relationships Y =f(X~, X2), N being 
the number of V~ values taken for these calcu- 
lations. For each of these relationships, the 
calculation of R 2 and Syx permits the compari- 
son of the adequacy of the fit of eqn (25) to the 
experimental V and pH data. At the true value 
of lie, these statistics may reach a maximum and 
minimum value, respectively. Then, the exact 
values of K~, K2 and/(3 can be deduced, respect- 
ively, from the coefficients of the corresponding 
multiple linear regression equation. 

The proposed procedures were applied to 
various simulated titration curves correspond- 
ing to different pKi and V~ values of diprotic or 
triprotic acids. The obtained results showed that 
the proposed methods reach the desired values 
of the above parameters with a fair accuracy 
even when the data are considerably obscured 
by extraneous 'noise' or contain an important 
systematic error. For polyprotic acids and 
pK~ > 2.9, the proposed techniques lead to the 
exact value of Vc even when the pH data contain 
an important systematic error 6pH = 0.02. For 
these acids a rough calibration of the electrode 
system is sufficient in order to extract the accu- 
rate value of the acid concentration. 

The proposed methods were also applied on 
experimental data. Thus, in the titration of a 
diprotic acid, a solution of 0.00988M succinic 
acid (pK~ = 4.209, pK2 = 5.638 at 25°C "'25) was 
prepared. A volume of 50 ml of this solution 
was titrated with 0.2M NaOH. It was found 
that the graph S ,  vs. lie presents a pronounced 
minimum (Fig. 4). In the vicinity of the mini- 
mum (4.92 ~< V, ~< 4.94), the following poly- 
nomial was found: 

(R 2 = 0.9997) 107Syx = 

14889.0-- 6049.38Ve + 614.678V~. (27) 

From this equation one obtains V~ i" = 4.9208 
ml (Co = 0.00984M) which is in excellent agree- 
ment with the expected value of the equivalence 
volume (V, = 4.94 ml). Using this value, one 
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Fig. 4. Variation of Sex with V, in the case of the titration 
of 50 ml of 0.00988M succinic acid with 0.2M NaOH at 

25°C. 

obtains pKl =4.205 and pK2=5.635 from 
the coefficients of the corresponding linear 
regression equation y =f(x) .  These values vir- 
tually coincide with those reported in the litera- 
ture. 

Finally, in the attempt to test this method- 
ology on experimental data of the titration of a 
triprotic acid, a solution of 0.00968M citric acid 
was prepared. A volume of 50 ml of this sol- 
ution was titrated with 0.3M NaOH. As pre- 
viously, it was found that the plot Sr~ =f(V,)  
presents a very pronounced minimum (Fig. 5). 
In the vicinity of the minimum 
(4.82 ~< V, ~< 4.84), the following polynomial 
was found: 

(R 2 = 0.9989) 

102Syx -- 109.06 - 45.130/,', + 4.6689V 2. (28) 

From this equation one obtains V~ ~" = 4.833 ml 
(Co = 0.0967M) which is in excellent agreement 
with the expected values of the equivalence 
volume (V~ = 4.84 ml). Using this value, one 
obtains pKt = 3.127, pK2 = 4.776 and 
pK3 = 6.385 by fitting equation (25) to the ti- 
tration data. These values virtually coincide 

12.0 -[ 

S 105 _t._ 
yx b 

6.o ÷ -~- ~ ~ ~ , ~ ' ~  

4.7 4.75 4.8 4.85 4.9 4,95 
V / ml 0.3 N NaOH e 

Fig. 5. Variation of Sy, with V, in the ease of the titration 
of 50 ml of 0.00968M citric acid with 0.3M NaOH at 25°C 

with those suggested by N.B.S. (pK~ = 3.128, 
pK2 = 4.761 and pK3 = 6.396 at 25°C). 2s 

POTENTIOMETRIC TITRATION OF MIXTURES OF 
TWO WEAK DIPROTIC ACIDS WITH STRONG 

BASES 

The titration of mixtures of two weak 
monoprotic acids has been treated previously) 
Here, we present a method for analysis of 
potentiometric titrations of mixtures of two 
diprotic acids. It is noted that this problem has 
also been treated by Purdie et al. previouslyfl 
However, Purdie's method requires the knowl- 
edge of the sum of the concentrations of the 
acids; the pK's  values being known. On the 
contrary, in the present method the sum of the 
concentrations need not be known. 

Consider a solution of a mixture of two weak 
diprotic acids H2At and HzA2 of initial analyti- 
cal concentrations C O and C °. A volume of V0 
of this solution is titrated with a solution of a 
strong base MOH of concentration CB. Assum- 
ing that all equally charged ions have the same 
activity coefficients, the dissociation constants 
K;~, K,: of the acid HzAi (with i = 1, 2) are given 
by: 

0rE. [HAF ]. Yl 
Kil = 

[H2Ai] 

and 

K,~ --- 
~a- [A ~- ]. Y2 , (29) 

[I-IA~- ]. Yl 

where Yl and Y2 are the activity coefficients of the 
species HA7 and A~-, respectively. 

At any point of the buffer region a relatively 
simple calculation gives: 

Ku \  o ~ ) C ,  + C°X, (30) y ~  

where 

Y =  
Fat~ylY2Di 

bu V0(~HY2 + 2K,2y, )K2, 

X = D~ (=BY2 + 2Kz2y, ) (31) 
D~(O~HY2 + 2Kl:yl) 

K~l -~ Kil K,2 
D i = l +  

~tHYl ~t2y2 

~H g .  F = bN Ca V + . (32) 
Yl gHYl 

For dilute solutions (I < 0.1M) the activity 
coefficients y~ and Y2 can be determined from 
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eqn (10). Concerning the ionic strength L a 
simple calculation gives: 

I = [M + ] + [H + ] + [A~- ] + [A 2- ] = bN Cs V 

+aH +bNVofK,,KI2 C°+Kz,K,'C°~ (33) 
Y l ot ~ y----~2 ~ D, -~2 J" 

Equation (30) predicts a linear relationship 
between Y and X with a y-intercept and slope 
equal to Ku C°/K:l and C °, respectively. So, the 
composition of the mixture can be deduced, by 
linear regression, from the coefficients of 
eqn (30); the acidity constants K~I, Ka (with 
i = l, 2) being known. This procedure can be 
realized by the presently proposed iterative 
method. 

Assuming first that I = bN Ca V + a H, so that 
~H ~" [H + ] and [A~- ], [A~:- ] ~ 0, it is possible to 
determine from the coefficients of eqn (30), by 
means of the experimental V and pH data, 
approximate values of C O and C O . Starting from 
these values and assuming again that aH ~ [H + ], 
it is possible to calculate I from eqn (33) at any 
chosen point of the titration curve, and hence yj 
and Y2 from eqn (10). These new values ofyt and 
Y2 can be used to refine values of I and repeat 
until it converges (the criterion being less than 
0.00001 difference in I, between two subsequent 
cycles). By repeating these approximations at 
each point of the titration curve, it is possible to 
trace the curve Y =f(X) and determine by least 
squares the values of C O and C O . These new 
values can be used to refine the values of C O and 
C o and repeat until they converge (the criterion 
being less than 10 -t2 difference in C O and C O 
values, between two subsequent cycles). 

This procedure was applied to various simu- 
lated (ideal and Monte Carlo) titration data 
corresponding to different C O and C °, PK;i and 
pK,: values. The obtained results showed that 
the proposed method reaches the desired values 
of C O and C o with a fair accuracy even when the 
data are considerably obscured by extraneous 
'noise' (about 5-10 times greater than the accu- 
racy of a precision instrument). Finally, in the 
attempt to test the proposed methodology on 
experimental data, a mixture was prepared by 
mixing 20 ml of 0.00988M succinic acid with 
30 ml of 0.00982M tartaric acid. This mixture 
was titrated with 0.20M NaOH. In all the 
calculations, we used experimental pK~t and 
pK,2 values obtained, as described previously, 
from separate titrations. Thus, we used the 
values pKu = 4.205, PKI2 = 5.635, PK2t = 3.033 
and pK~2 = 4.366 which are in excellent agree- 

ment with the corresponding values suggested 
by N.B.S. (pKtl = 4.209, pKt~ ffi 5.638, 
PK21-- 3.033 and pKz: = 4.366). Ills'3° Assuming 
first that I=bt~CaV+aH, so that aH~[H +] 
and [A~- ], [A]- ] ,~ 0, the following approximate 
values of C~ ° and C o were obtained: 
C O ~ 4.043 x 10-3M and C O ~ 5.878 x 10-3M. 
Starting from these values one finally obtains, 
after four iterations, the following values: 
C O = 3.928 x 10-3M and C O = 5.883 x 10-3M. 
These values are in excellent agreement with the 
expected values of C O (=20 x 0.00988/ 
50 = 3.952 x 10 -3) and C O (=30 x 0.00982/ 
50 = 5.892 x 10-3). Finally, it should be noted 
that at these values of C O and C O , the antici- 
pated by equation (30) linear relationship be- 
tween Y and X has been perfectly confirmed 
(R --- 0.99995). 

CONCLUSIONS 

The methods proposed in this investigation, 
based on equations without approximations, are 
valid throughout the acidic strength range. 
These methods, using data resulting from the 
acidic region of the titration curves, enable the 
prediction of the accurate value of the equival- 
ence volume and determine simultaneously the 
acid dissociation constants, even if the titration 
is stopped well before the complete neutraliz- 
ation of the solution. The proposed procedures 
are valid even when the titrations are performed 
under conditions of varying ionic strength, but 
there is no reason why the analysis would not be 
carried out in conditions of constant ionic 
strength. Hence the addition of a neutral salt to 
the titrated solution to keep the ionic strength 
constant is not necessary. Therefore, the pK 
values obtained in media of low ionic strength 
are free of any possible 'salt effect'. 

The main advantage of the proposed tech- 
niques, in comparison to other approaches ap- 
pearing in the literature, is the simultaneous 
determination of the equivalence volume and 
the accurate values of the corresponding pK. 
Indeed, pK being independent of the concen- 
tration could be considered as the 'fingerprint' 
of the titrated acid. So, from the comparison of 
the determined pK values with tabulated ones it 
is possible to identify the titrated acid. 

In the titration of a solution containing in- 
itially a monoprotic acid in admixture with its 
conjugate base, the proposed procedure deter- 
mines the initial composition of the mixture as 
well as the accurate values of the dissociation 

TAL (2/6--E 
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constant of  the concerned acid. Thus, it is 
possible by this type of  analysis to distinguish if 
an weak acid has been contaminated by a strong 
base and define the extent of  the contamination. 
This method is fairly applicable even when the 
titration data are considerably obscured by ex- 
perimental 'noise' or contain an important sys- 
tematic error. 

In the titration of polyprotic (di- and 
triprotic) acids, the proposed procedures enable 
the extraction of the accurate values of the 
equivalence volume and the dissociation con- 
stants Ki even when the ionization stages over- 
lap. This investigation revealed that these 
methods are fairly applicable even when the 
titration data are considerably obscured by ex- 
perimental 'noise' or contain an important sys- 
tematic error. 

Finally, in the titration of  a solution contain- 
ing a mixture of  two diprotic acids, the pro- 
posed method enables the determination of the 
composition of the mixture without prior 
knowledge of the sum of the concentrations of 
the acids. This method could be applied to the 
determination of the composition of two-com- 
ponent mixtures of closely related acids such as 
mixtures containing two diastereoisomeric 
forms of weak diprotic acids. 
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Sammary--A method has been developed for the spectrophotometric determination of siderophores using 
flow-injection analysis (FIA) based on the reaction of siderophores with the ternary complex Eriochrome 
Cyanine R-Fe(lll)--cetyltrimethylammonium bromide. 2,3-Dihydroxybenzoic acid, 2,3-dihydroxynaph- 
thalene, and tolypocine were used as the model iron-binding ligands. The calibration curve for one of the 
siderophores (tolypoone) is linear in the concentration range 2.6 x 10-6-1.5 x 10-4M. The determination 
limit (10a) for tolypocine was 2.6 x 10-6M. The applicability of the method was demonstrated on the 
determination of the complexation ability of siderophores produced by some entomopathogenic fungi. 
Samples can be analysed at a rate of 30 samples per hour. 

Siderophores are natural low molecular weight 
iron-binding iigands containing catechol, hy- 
droxamic, at-hydroxy-carboxylic or oxazoline 
groups. The extracellular production of 
siderophores and selective transmembrane with- 
draw of iron complexes help various micro- 
organisms to obtain iron, an essential element 
for their growth and multiplication. L2 In living 
organisms siderophores produced by some 
pathogens are able to compete with iron-binding 
proteins of their hosts. In some cases, a corre- 
lation was found between the production of 
siderophores and the ability of these pathogens 
to cause systemic disease. 3 Thus in principle, the 
development of a suitable method for the deter- 
mination of siderophores might contribute to 
the evaluation of the virulence of causative 
pathogens of immunocompromized, e.g. HIV- 
positive persons. Since manipulation with the 
infected material represents a serious health 
hazard, FIA was chosen as a method permitting 
fully automated sample handling. *-6 To avoid 
such a health hazard in the course of the method 
development, fungi which are not pathogenic to 
humans were used as a model in this study. 

Tolypocine (C~sH~INO3, M, 263,34) is a 
siderophore isolated from the fungus Tolypocla- 
dium geodes and has the structure of hydrox- 

amic acid (l'S,2'R,4'S,6'R)-5-(2'-vinyl-4',6'- 
dimethyl-cyclohexyl)-l,4-dihydroxy-2(l H)-py- 
ridone. The isolation and characterization of 
tolypocine were described by Jegorov et al., who 
also described the crystal structure of tolypocine 
and its Fe(III) complex. 3 Some related fungal 
genera used in this study also produce hydrox- 
amic acids of similar structure. 7 

Catecholic siderophores can be determined by 
the Arnow speetrophotometric method based 
on the nitration of the aromatic ring by sodium 
nitrite in the presence of sodium molybdenate? 
This method is selective for aromatic vicinal 
diols that are not substituted in the 3- or 
4-positions. 9 In the presence of triethylamine in 
ethanol solutions, aromatic vieinal diols also 
form blue-green chelates with Fe(llI) ions. t° 
Rioux et al. 9 described a method for the spec- 
trophotometric determination of catechol com- 
pounds based on the ability of the vicinai 
aromatic hydroxyl group to reduce Fe(III) to 
Fe(II) in acidic medium, Our work follows from 
the work of Schwyn and Neilands, u who de- 
scribed a method for the determination of vari- 
ous types of siderophores based on the 
replacement of a weakly bonded triphenyi- 
methane dye from the Fe(III)--dye-surfactant 
complex by the siderophore. 
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EXPERIMENTAL 

Apparatus and manifold 

A Pye-Unicam PU 8800 spectrophotometer 
with 1.0-cm quartz curvettes was used for 
recording the spectra. A Radiometer PHM 64 
pH-meter was used. A scheme of the apparatus 
for flow-injection analysis constructed in our 
laboratory is depicted in Fig. 1. The length of 
reaction coil was L = 6 m, the reagent was 
pumped at a flow rate of v2 = 0.4 ml/min and the 
carrier stream of deionized water had a flow rate 
of v~ = 1.0 ml/min. 

The equipment for flow-injection analysis was 
constructed using a peristaltic pump (Cole- 
Parmer Instrument Co., U.S.A.) with tygon 
pumping tubing, rotation injection valve (Valco, 
U.S.A.), Spekol 11 spectrophotometer with ac- 
cessory EK 5 (K. Zeiss, Germany) and flow- 
through cell (Hellma, German, internal volume 
80 /z l), TZ 4620 x - t  recorder (Laboratorni 
pfistroje, Czech Republic), PE tubing 0.5 mm 
i.d.), polypropylene connectors (Cole-Parmer 
Instrument Co., U.S.A.). 

The HPLC measurements were carried out 
with a reverse phase C-18, Pico-fag (Waters), 
particle size 4 #m. Dimensions of the column 
were 150 x 3.9 mm. The mobile phase for 
tolypocine consisted of 60% methanol, 0.2% 
trichloroacetic acid and water, flow rate 1.5 
ml/min. UV photometric detection at 290 nm 
was used; measurement was carried out at 20°C. 
Retention time for tolypocine was 5.50 min. 

Chemicals 

All chemicals were of analytical grade and 
were used as received. The following aqueous 
stock solutions were used: Chrome Azurol S 
(CAS, 2 x 10-3M, Merck, Germany), Pyrocate- 
chol Violet (PV, 2 x 10-aM, Lachema, Czech 
Republic), Eriochrome Cyanine R (ECR, 
2 x 10-3M, Lachema, Czech Republic), 
cetyltrimethylammonium bromide (CTAB, 
5 x 10-2M, Lachema, Czech Republic), 1- 

Sample 

I n j e~ t ion  \ . . .  
valve ~ Waste 

Reagent ~ I coil 

Peristaltic 
pump 

Fig. I. Scheme of the equipment for flow-injection analysis. 

ethoxycarbonylpentadecyltrimethylammonium 
bromide (Septonex, 5 x 10-2M, Slovakofarma, 
Slovak Republic), 2,3-dihydroxynaphthalene 
(2,3-DHN, 5 x 10-3M, Fluka, Switzerland), py- 
rocatechol, pyrogallol and hydroquinone 
(5 x 10-3M, Lachema, Czech Republik). The 
purity of ECR was checked using thin-layer 
chromatography. 12 1 x 10-3M Fe(III) ion sol- 
utions were prepared by dissolving 
FeCI3.6H20 (Lachema, Czech Republic) in 
1 x 10-3M hydrochloric acid. The iron content 
was checked by the AAS method. The 
5 x 10-4M standard solution of tolypocine was 
prepared by dissolving tolypocine, CtsH2tNO33 
in a 40% (v/v) aqueous methanol solution. The 
1.67M stock solution of piperazine buffer was 
prepared by dissolving anhydrous piperazine 
(Merck, Germany) in deionized water; the pH 
value was adjusted with hydrochloric acid to pH 
7.0. The solution was quantitatively transferred 
to a 1000 ml volumetric flask and filled with 
deionized water. All the chemical glass used was 
prior rinsed with 6M hydrochloric acid. 

Reagent preparation 

A solution of Eriochrome Cyanine R 
(12.5 ml) with a concentration of 2 x 10-3M 
and 2.5 ml of a solution of FeCI3 with a 
concentration of 1 x 10-3M were pipetted into 
a 250 ml volumetric flask and left to react for 
3 rain. Then 12.5 ml of 5 x 10-2M CTAB 
solution was added to 75 ml of the stock 
solution of piperazine buffer, transferred quan- 
titatively to the volumetric flask with ECR and 
Fe(III), and filled with deionized water. The 
reagent can be used for measurement 15 min 
after mixing the ECR and Fe(III) solutions. 

Fungal material 

The following entomopathogenic fungal 
strains were used for the study: Scopulariopsis 
bravicaulis (CB-SR), Olpitrichum sp. (CCEB 
2061, Dendrolimus pini ), Tolypocladium geodes 
(CCF 257, Tolypocladium inflatum (CCF 1897), 
Tolypocladium terrieola (CB-TTRI), Beauveria 
bassiana (CB-BBA5, Hylobius abietis ), Tricho- 
derma konigii (CCEB 2063, Cuba), Pae- 
cilomyces farinosus (CB-STR, Hyiobius abietis ), 
Paecilomyces fumosoroseus (CCEB 2012), Beau- 
veria brongniartii (cceb 2176, Ibs typographus, 
Bulgaria). Strains were cultivated and provided 
by Dr Z. Kadlec (Galena, Cesk6 Bud6jovice). 
Fungi were cultured either stationary (21 days 
at 25°C in conical flasks on 100 ml of 
Sabouraud medium) or in submerged culture 
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] 1 Reagent 
L.2 Reagent + 2,3-dihydroxynaphtalene['~ c 
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Fig. 2. The absorption spectrum of  the reagent in the 
absence and presence of  hydroxy compounds. 
cEcg = 3.75 x 10-5M; cram) = 3.75 x 10-6M; CcrAs = 1.5 x 

10-4M; %ydro~y ~o.~u.d = 3 X 10-~M; pH 7.5; t = 2 rain. 

(10 days at 25°C in conical flasks in 200 ml of 
Sabourad medium). A 72-hr submerged precul- 
ture on Sabouraud medium (18 g glucose 
(Lachema, Czech Republic), 18 g maltose 
(Lachema, Czech Republic), 8 g pepton (Fluka, 
Switzerland), 0.3 g yeast extract (Difco) per 
1000 ml) was used as inoculum (1:10, v/v). 
Samples of the non-sterile media were obtained 
by filtration of the fermentation broths and were 
used without stabilizers. 

RESULTS AND DISCUSSION 

The described method is based on the fact 
that the Fe(III) has a high affinity for the 
siderophores. 3'H Thus, the following reaction 
o c c u r s :  

[Fe3÷- B -  T] + S---. [Fe3+- S] + B - T ,  (1) 

where B is the triphenylmethane dye, T is the 
tenside and S is the siderophore. 

The reagent is the complex of the triphenyl- 
methane dye with Fe(III) in the presence of the 
cationogenic tenside (the tensides shift the ab- 
sorption maximum of complexes to the longer 
wavelength, increasing the 2~ax difference of 
complex and dyel3). 

Spectrophotometric determination of 2,3-dihy- 
droxynaphthalene 

Preliminary experiments were carried out 
using 2,3-dihydroxybenzoic acid (2,3-DHBA), 
which has been used in some other methods as 
a model substance for determining 
siderophores. L9 Its reaction with the following 
triphenylmethane dyes was studied: Chrome 
Azurol S, Pyrocatechol Violet and Eriochrome 
Cyanine R. The most sensitive was found to be 

Eriochrome Cyanine R~4-16 (%5o = 3.2 x 
106M-i). In the course of reaction of the 
Fe(III)-dye-tenside complex with a 
siderophore, the color changes from blue, corre- 
sponding to the ternary complex, to an orange, 
corresponding to the liberated dye--tenside. 
The decrease of absorbance is monitored at the 
wavelength of the absorption maximum of the 
original ternary complex (reagent). 

As the reaction of 2,3-DHBA with the reagent 
was not sufficiently sensitive, a different sub- 
stance was sought, that would have greater 
affinity for the Fe(III) ions and retaining com- 
plexing properties similar to the siderophores. 
Comparison was carried out (see the absorption 
spectra in Fig. 2) using hydroxy compounds 
with hydroxyl groups in the ortho position on 
the aromatic nucleus. Hydroquinone, with hy- 
droxyl groups in mutually para positions, which 
does not form a complex with Fe(III), was also 
used for comparison. As follows from Fig. 2, a 
redox reaction with Fe(III) did not occur even 
with this substance. On the basis of these reac- 
tions, 2,3-dihydroxynaphthalene (2,3-DHN) 
was chosen for further work; the affinity of this 
substance for Fe(III) makes it useful for the 
determination of this element) ~-~7 Of the 
cationogenic tensides CTAB and Septonex were 
selected for study of the reaction. The effect of 
the pH (Fig. 3), reagent composition and con- 
centrations of the individual components of the 
reagent [ECR, Fe(III), CTAB, Septonex] on the 
sensitivity of the reaction was studied. The 
sensitivity achieved using CTAB tenside is 
approximately twice the greatest sensitivity of 
the reaction using Septonex. The following 
optimum reagent composition was found: 
CFe(m) = 1 × 10-SM, CECR = 1 X 10-4M, Cc.rA a = 

0.80 

0.60 
< 
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0.40 - 

0.20 ! I i 
4.5t 5.50 6.50 7.50 8.50 

pH 

Fig. 3. Dependence of  the absorbance change (A) at the 
wavelength of  maximum reagent absorbance on the pH. 
CECR=7.5X IO-SM; c r~m)=7 .5x  10-6M; CCtAB=3X 

10- 'M;  C2.3.DH N " ~ -  3 x 10-SM, t = 60 s. 
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2.5 x 10-~M, Le. where the ratio of  the concen- 
trations of  the components of  the reagent is 
F e ( I I I ) : E C R : C T A B =  1:10:250. The maxi- 
mum decrease in the absorbance was obtained 
90 see after mixing the reagent with the 2,3- 
D H N  solution; the absorbanee values were con- 
stant for at least 300 sec. In addition, it was 
found that the reaction rate is practically tem- 
perature-independent at all the temperatures 
tested; the equilibrium state of  the reaction was 
attained 90 see after mixing the reagent with the 
test substance. 

The reagent with pH 7.0 exhibits maximum 
absorbance at 650 rim. If  stored in a glass 
volumetric flask, it is stable for 4.5 hr; new 
reagent must be prepared for a longer series of  
measurements. In the measurement of  a number 
of  series of  samples during a single day, it was 
found useful to store the reagent in a 
polyethylene bottle, where the absorbance at 
650 nm attains maximum value after 2 hr and 
is constant for at least 10 hr. The lower stability 
of  reagent in a glass volumetric flask than in a 
polyethylene bottle is probably caused by higher 
sorption of reagent on the glass wall. 

Under the optimum conditions found 
( 2 = 6 5 0  nm, pH 7.0, CF~m)=I X 10-~M, 
concentration ratio Fe(III): ECR: CTAB = 
1:10:250, t = 90 see), the dependence of  the 
absorbance change (AA) on the concentration 
of  2,3-dihydroxynaphthalene was measured; the 
calibration curve is linear for the 2,3-DHN 
concentration range from 5 x 10 -7  tO 
8 X 10-6M, i.e. 0.08-1.28 /zg of  2,3-dihydroxy- 
naphthalene per mil. The reproducibility of  the 
measurement was tested in repeated determi- 
nations. The relative standard deviation of  the 
measurement (determined from 5 measure- 
ments) varied from 0.7 (8 x 10-6M) to 1.3% 
(5 x I0-TM). The parameters of  the calibration 
straight line A = a + b.  C2.3.DHN were 
b = 8.83 x 10-4M, a = -0.0178,  and the corre- 
lation coefficient r = 0.9998. The detection limit 
(3or) was 5 x 10-TM and the determination limit 
(10a) was 1.2 x 10-6M. A study was also made 
of  the effect of  the presence of  methanol on the 
reaction of  reagent with 2,3-dihydroxynaph- 
thalene. It was found that methanol disturbs the 
reaction above a concentration ratio of  2,3- 
D H N :  methanol = 1:105. 

Spectrophotometric determination of tolypocine 

Using parameters optimized with 2,3-dihy- 
droxynaphthalene, tolypocine was used as an 
alternative ligand. An appropriate amount  of  

0 .0  0.5 1.0 1.5 2.0 2.5 3.0 

v 1 [ml min -1 l 

I I I I I • 
0.0  0 .3  0.6 0.9 I .2 1.5 

v 2 [ml min -1 ] 

I I .l 1. 
0 3 6 9 

k [ m l  

Fig. 4. Dependence o f  the recorded peak height (h) on 
the flow rate o f  the carrier stream v t (V,  at v2 -- 0.4 ml/min, 
L = 6  m) on the flow rate o f  the reagent v 2 ( l l ,  at 
v~ = 1.0 ml/min, L = 6  m) and on the length o f  the 
reaction coil L ( 0 ,  at v I = 1.0 ml/min, v 2 = 0.4 ml/min). 
pH 7.0, CF~Zm----IX 10-SM, concentration ratio Fe(II1): 
E C R : C T A B = l : 1 0 : 2 5 0 ,  C2.3.DHN=3.Sx 10-SM, volume 

injected = 100/zl. 

5 x 10-4M methanol solution of  tolypocine was 
added to the Fe( I I I ) :ECR:CTAB (1:10:250) 
reagent in a volumetric flask and diluted with 
deionized water. Reagent with deionized water 
was used as blank. After 90 sec the absorbance 
was measured at a wavelength of  650 nm, giving 
the calibration curve. The dependence of  the 
absorbance change (AA) on the tolypocine con- 
centration (measured at the same conditions as 
in the case of  2,3-DHN) was linear from 
8 X 10 -7  tO 2 x 10-SM, i.e. from 0.2 to 5.3 /zg 
tolypocine per ml. The relative standard devi- 
ations (from 5 measurements) varied in the 
range 0.9% (2 x 10-SM) to 1.9% (8 x 10-TM). 
The parameters of  the calibration straight line 
were b =4.96  x 104M -I, a = -0 .017,  and the 
correlation coefficient r = 0.9994. The detection 
limit (3a) is 7.6 x 10-7M and the determination 
limit (10a) was 1.7 x 10-6M. 

Optimization of flow-injection analysis 

The parameters of  the flow-through appar- 
atus were optimized on the basis of  the reaction 
with 2,3-dihydroxynaphthalene in order to 
achieve the maximum sensitivity and reproduci- 
bility of  the determination. Figure 4 depicts the 
effect of  the length of  the reaction coil, and the 
flow rate of  the carrier stream and of  the reagent 
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Fig. 5. Dependence of  the recorded peak height (h) on the 
reagent concentration related to the Fe(ll l)  concentration 
[the concentration ratio Fe ( I I I ) :ECR:CTAB = 1:10:250]. 
L = 6 m, v~ = 1.0 ml/min,  o: = 0.4 ml/min, pH 7.0, c2, 3. 

D H N  -- 3.5 x 10-~M, volume injected = 100 #1. 

on the height of the peaks obtained. It follows 
from this figure that the optimal FIA par- 
ameters were: reaction coil length, L = 6 m 
(chosen as a compromise between the maximum 
sensitivity of the determination and maximum 
number of analyses per hour), carrier stream 
flow rate, vt=0.10 ml/min, reagent flow 
rate, v2 = 0.4 ml/min. The optimal ratio of 
the reagent components was determined 
by varying the concentrations of the indi- 
vidual components and was found to be 
Fe(III): ECR: CTAB --- 1 : 10: 250. The optimum 
reagent concentration (Fig. 5) was related to a 
Fe(III) concentration of 1 x 10-SM. 

The effect of the injected volume of sample on 
the sensitivity of the determination was evalu- 
ated in the range 35-1000/~1, under the selected 
optimum conditions. The optimum injection 
volume was selected as 100/al. The effect of the 
injected volume on the linear calibration depen- 
dence was also tested (Table 1). It was found 
that (compared to an injected amount of 35/d), 
the injection of 100/al increased the sensitivity 
of the determination, found from the slope of 
the calibration curve, by about 2.5-fold. Using 
an injected amount of 35 /~1, a total of 40 
samples per hour could be analysed; the use of 
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an injected amount of I00 #1 decreased this to 
30 analyses per hour. 

It follows from these results that the con- 
structed apparatus for flow-injection analysis 
exhibits parameters comparable with equipment 
used by other authorsf1-2j 

FIA determination of tolypocine 

The dependence of the peak height (h) on the 
tolypocine concentration was linear in the 
concentration range from 2.6 x 10 -6  tO 

1.5 x 10-4M, i.e. from 0.7 to 39.5 Mg tolypoeine 
per ml. The relative standard deviation (from 5 
measurements) varied in the range 1.2% 
(1.5 x 10-4M) to 3.5% (2.6 x 10-6M). The par- 
ameters of the calibration straight line 
h = a + b . c  were b = 7 . 7 x 1 0 5  m m . M  -t, 
a = 5.48 mm and the correlation coefficient 
r = 0.9994. The determination limit (10tr) was 
2.6 x 10-6M. 

Determination of siderophores in real samples 

The parameters of simple spectrophotometric 
and FIA analysis optimized for the model com- 
pounds were used to determine the production 
of siderophores by some entomopathogenic 
fungi. Conditions and results of this study are 
summarized in Table 2. In the case of analysed 
siderophores the duration of reaction was a few 
minutes; the measurement was carried out in 90 
sec after injection of sample. As follows from 
the table, all fungal strains belonging to genera 
Beauveria and Paecilomyces produce relatively 
large amount of siderophores. Assuming that 
the fungus Tolypocladium geodes produce only 
tolypocine its concentration was evaluated by 
the method of standard additio. The value 
obtained, i.e. 17.5 #g/ml (6.6 x 10-SM) is in 
good agreement with that found by HPLC (data 
not shown). In contrast, the production of 
siderophores was very small with the isolates of 
Scopulariopsis and Olpitrichum. The corre- 
lations between the results of spectrophotomet- 
ric and FIA analysis of samples obtained by 
stationary and submerged cultivation are given 

Table 1. Parameters o f  the calibration straight lines for various injected volumes of  the test 
substances 

Injection volume, V (/al) 35 100 500 
Intercept, a (ram) 2.02 5.36 5.41 
Line slope, b (ram. M - I )  1.24 x 106 3.00 x 106 4.48 x 106 
Correlation co¢tticient, • 0.9998 0.9998 0.9998 
Number  of  points o f  calibration line, n 10 10 8 

L = 6 m, v I = 1.0 rnl/min, v 2 = 0.4 ml/min, pH %0, cr~,,i) = I x 10-SM, concentration ratio 
Fe(IIl): ECR:  CTAB ffi 1 : I0:250 
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Table 2. The total complexation ability of siderophores produced by various fungal isolates cultivated by 
stationary or submerged cultivation (values in table were corrected with blank) 

Spectrophotometry* (AA) FIAT (h in ram) 
Fungus Submerged c. Stationary c. Submerged c. Stationary c. 

Scopulariopsis bravicaulis 0.002 0.360 1 27 
Olpitrichum sp. 0.008 0.075 2 7 
Tolypocladium geodes - -  0.070 - -  5 
Tolypocladium inflatum 0.020 0.173 3 13 
Tolypocladium terricola 0.101 0.181 8 18 
Beauveria bassiana 0.303 0.595 20 49 
Trichoderma konigii 0.425 0.584 35 46 
Paecilomyces farinosus 0.502 0.593 33 50 
Paecilomyces fumosoroseus 0.830 0.700 64 60 
Beauveria brongniartii 0.995 0.647 79 51 

*CEca = 1 × 10-4M, cram) ffi 1 × 10-SM, CCTAi = 2.5 X 10-3M, pH 7.0, protocol: reagent 5 ml, medium 1 
ml, water to the total volume 10 ml, t ffi 90 sec. 

tL  = 6  m, v ffi 1.0 ml/min, v2=0.4 ml/min, pH 7.0, CF~m)I × 10-SM, Fe(III);ECR:CTAB ffi 1:10:250, 
volume injected ffi 100/zL 
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Fig. 6. Correlation graph between the spectrophotometric 
and FIA results for siderophores produced by various 

fungal isolates cultivated by stationary cultivation. 

in Figs 6 and 7. The parameters of  the corre- 
lation straight lines h = a  + b .  AA were 
b = 81.79 (76.77), a =0.0657 (0.0400) and the 
correlation coefficient r = 0.9954 (0.9955)) for 
stationary (submerged) cultivation. 

Owing to the fact that the different fungal 
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AA 

Fig. 7. Correlation graph between the spectrophotometric 
and FIA results for siderophores produced by various 

fungal isolates cultivated by submerged cultivation. 

isolates produce various types of siderophores, 
which also differ in their stability constants with 
Fe(III), values obtained represent only the rela- 
tive complexation ability, e.g. the sum of contri- 
butions of  all ligands present in the particular 
medium. Only in the case, the sole siderophore 
is produced, the method can be used for the 
quantification of its production. Whereas the 
methods like GC or HPLC are usually much 
better for the determination of  the absolute 
concentration of  the particular compound, FIA 
is the favoured method for the screening of 
siderophores of unknown structure. Owing to 
the extremely short time necessary for one 
analysis, FIA is also a method of choice for the 
fast comparison of fungal or bacterial isolates 
even in the case where the structure of the 
produced siderophores is well known. 
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D E T E R M I N A T I O N  O F  T H E  I N T R I N S I C  SITE PKa V A L U E  
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Summm'y--The three overlapping pK, values of N,N ',N"-tris[2-(3-hydroxy-2-oxo-1,2-dihydropyridin-l- 
yl)acetamido]ethylamine, a tripodal hexadentate chelator formed from three 3-hydroxy-2(I H)-pyridinone 
moieties amide linked to tris-(2-aminoethyl)amine, were determined by simultaneous spcctrophotometric 
and potentiometric titration. The data was analysed by non-linear regression with constraints to deal with 
(a) the highly correlated absorptivities and (b) the highly correlated pK, values. The three pK, values were 
optimized first from the spectrophotometric data (absorbanee vs. pH) by non-linear regression to a model 
in which the molar absorptivity of the ith species (~) was constrained by the correlation equation 
~=~o+(e3-e,o)i/3 with i = 0 , 1 , 2 , 3 ,  where ~3 and ~0 represent the molar absorptivities of the 
most protonated and least protonated species, respectively. The molar absorbitivity of the four species 
defined by three pK, values is, therefore, linearly related to proton stoichiometry. The pK, values 
were then optimized from the potentiometric data (pH vs. titrant volume) by non-linear regression to 
a model in which the three pK, values were constrained by the correlation equation 
pKa, = pK,,,, + b(i - 1) + ( i  - 2)1og(3) where i = 1, 2 o r  3. This expresses the three pK, values in terms of 
only two optimizable parameters, the intrinsic site pK a (pK,,,,) and the interaction energy between sites 
(b). The fixed term (i - 2)1og(3) accounts for the statistical effect on the pK, values of three equivalent 
ionizable sites. The modified analytical derivatives required for optimization of these parameters by the 
Gauss-Newton-Marquardt algorithm and the merits of optimizing pK, values with these two correlation 
equations are discussed. The optimized pK, values were 9.31 + 0.01, 8.75 + 0.01 and 8.19 + 0.01. The 
separation between pK a values is 0.58 comprising 0.477 for the statistical effect and 0.081 for the 
interaction energy while the intrinsic site pKa is 8.672 + 0.005. The tertiary amine at the centre of the 
tripodal backbone has a pKa of 5.88 + 0.03. 

Braibanti et al.' have emphasized the inadvis- 
ability of optimizing several stepwise pK, 
values in molecules with several identical 
ionizable sites, as independent variables. The 
hexadentate metal-ion chelator N,N',N"-tris[2- 
(3-hydroxy-2-oxo- 1,2-dihydropyridin- 1 -yl)acet- 
imido]ethyl-amine (1), is of medicinal interest 
in the treatment of iron-overload. 2 The mol- 
ecule coordinates iron(III) strongly with its 
three identical 3-hydroxy-2(lH)-pyridinone 
units, each of which has an ionizable hydroxyl 
group. The pK, values of these identical 
groups are, therefore, highly correlated. 
This work considers two methods for optimis- 
ing the three pK, values by non-linear re- 
gression to models which account for this 
correlation. 
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The analysis of  spectrophotometric data (ab- 
sorbance vs. pH) was carried out using a corre- 
lation equation which linearly relates molar 
absorptivity to proton stoichiometry. Thus, if 
the molar absorptivities of  the most protonated 
and the least protonated species are represented 
by ~3 and E0, respectively, then the molar absorp- 
tivity of  the ith protonated species is given by 
eqn (1). 

E, = E0 + (~3- E0)i/3. i=0 ,1 ,2 ,3  (1) 

The work demonstrates that this simple 
equation is valid for the particular case exam- 
ined and suggests the criteria to test its validity 
in other cases. 

The analysis of  potentiometric data (pH vs. 
titrant volume) was carried out using a corre- 
lation equation which expresses the stepwise pK. 
values of  identical sites, in terms of  an intrinsic 
site pK., a statistical term, and a site interaction 
term (eqn 2). In the case of  n identical subunits, 
purely statistical factors would lead to n pK. 
values, with the ith pKa given by 
pKa~,, - log{(n - i + 1)/i ) where pK.m ' is the in- 
trinsic pK, of  the site. In this case, n = 3 and the 
three pK, values of  the hexadentate would then 
be pK,, = pK,,,, - log(3), pKa: = pKa~., - log(l) 
and pK,3 = pK, m~ - log(l/3) or pK., = pK,~, 4- 
( i -  2)1og(3). Interaction between sites intro- 
duces an additional term, largely coulombic, for 
each pK, which is assumed in eqn (2) to increase 
linearly with the charge on the species from 
which a proton is dissociating. 

PKa, = pK~,., + b (i - 1) 

+ ( i -2 )1og (3 ) .  i = i , 2 o r  3 (2) 

The determination of  an intrinsic site pK. and 
an electrostatic correction, proportional to the 
net charge, has previously been performed for 
polymers, using the linear transformation of  
Tanford 3 eqn (3), which is itself obtained from 
the Linderstrom-Lang equat ion:  

at 
pH - log (1 - at) = pKa.., - Cz.  (3) 

Here, r, is the proportion of  protonated sites, z 
is the average net charge and C is electrostatic 
proportionality factor. The value of  at can be 
determined from the speetrophotometric data [if 
eqn (1) is valid], or from the potentiometric 
titration data. The net charge may be calculated 
from z = J(at - at.), where at~ is the value of  at at 
which the net charge is zero and d is the 
maximum number of  protons that can be 
bound. 

The author is grateful to one of  the referees 
for suggesting that the interaction term in 
eqn (2) might not be linear. J. R. Miller, at this 
Department, has suggested that a coulombic 
interaction term should be expressed as the sum 
of  pairs of  interactions between ions. The num- 
ber of  ways of  choosing such pairs increases 
with the number of  ionized sites according to 
i ! /2! ( i  - 2 ! )  or i ( i  - 1)/2. The first few terms of  
this quadratic expression are, therefore, 0, I, 3 
for i = 1, 2, 3. The interaction term in eqn (2) 
would then be b { i ( i  - 1)/2.} instead of  b ( i  - 1). 
However, the experimental results are more 
consistent with a linear effect of  charge on pKa. 
In either case, only two parameters, pkg., and b 
need to be optimized to determine all three pKa 
values. 

The reliability of  the spectrophotometric and 
potentiometric methods are compared. 

SPECTROPHOTOMETRIC ANALYSIS 

The computer program N O N L I N I 5  5 was 
used for non-linear, least squares regression 
analysis of  the titration data. The program uses 
the Gauss-Newton-Marquardt  algorithm to 
optimize the pKa values from spectrophotomet- 
ric and potentiometric data. 5'6 New analytical 
partial derivatives for ~A/&, were calculated to 
introduce correlation eqn (I). Since the analyti- 
cal derivatives for absorptivities are simply the 
species concentrations, the required derivatives 
are easily calculated from eqn (4). 

t)A It)e, = [L -3] 4- ([LH3] - [L-3])i/3. 

i = 0,1,2,3 (4) 

The partial derivatives of the two underlying 
molar absorptivities, Eo and E3, are then given by 
eqn (5) and (6). 

OAl&o = Z[(t)A/OE~)(&,/&o)] (5) 

t)A It)E3 = r . [ ( t )A/0E~)(&:, /&3 )] (6) 

The derivatives &,/SEo and &i/&3 required in 
eqns (5) and (6) are easily calculated from 
eqn (I) (e.g.  & i / & o  = 2/3). 

POTENTIOMETRIC ANALYSIS 

Equation (2) indicates that only two 
parameters, pK~, and b, define all three pK. 
values. Optimization of  pKa,., and /7 was again 
accomplished using NONLINI5 .  Analytical 
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partial derivatives for OpH/OpK,=, and OpH/Ob 
are required. These were obtained from eqns (7) 
and (8). 

0pH = + 0pH 0pK,, 
(7) 

0 pK~,o, iz"=, 0 pK., 0 pK.~., 

OpH= ~ 0pH 0pK., (8) 
Ob i=l OpK., Ob 

dpH = ~ apH 
(9) 

OPKai,,, i= ~, OpK., 

OpH ~ ~pH 
= l).  ( l O )  

0b i=, 

The evaluation of analytical partial derivatives 
0pH/0pKa, in eqns (7) and (8) has been dis- 
cussed previously) '6 Equations (9) and (10) fol- 
low, since, in the case of a linear interaction 
term, we find from eqn (2) that t3pKa,/OpK,~,, is 
unity while ~pK=,/6b is simply i - 1  [or 
i(i - 1)/2 for the quadratic interation term]. The 
statistical terms in eqn (2) were provided and 
fixed during optimization. Other optimized par- 
ameters were the electrode zero, initial acidity 
and ligand concentration. 

EXPERIMENTAL 

Titrations were performed using an auto- 
mated titrator which has been described pre- 
viously) This acquires data for the pH, titrant 
volume, absorbance at a monitor wavelength 
and full spectra at regular intervals of ab- 
sorbance change. Hydrochloric acid solution 
(0.2M) and potassium hydroxide (0.2M) were 
prepared from nominally l M Aldrich Volumet- 
ric Standards. Ionic strength was maintained at 
0.1M with potassium chloride (BDH Analar). 
All solutions were made up with 18Mfl/cm 
water. Temperature was maintained at 
25.0 +_ 0.1°C with a Grant-Barrington thermo- 
circulator. The hexadentate chelator N,N',N"- 
tris[2-(3-hydroxy-2-oxo- 1,2-dihydropyridin- l-yl) 
acetamido]ethylamine was synthesized and 
purified in our laboratory. The calibration ti- 
tration and all subsequent titrations were per- 
formed without removal of the glass electrode. 
Factor analysis was carried out using a Quick- 
Basic 4.5 program which implements Ho- 
telling's original procedure with Horst's scaling 
factor and an initial trial vector given by a 
zero-one vector with one in the position of the 

largest diagonal entry in the symmetrical matrix 
being factored, and zero for all other elements. 7 

RESULTS 

Spectrophotometric titrations 
Spectra (350-200 nm) taken at intervals 

during the titration are shown in Fig. 1. Two 
isosbestic points at 300 and 275 nm and three 
temporary isosbestic points at 243, 227 and 207 
nm are apparent. Factor analysis of the data 
matrix from 350-250 nm, where only the hetero- 
cycle changes in absorbance, gives only two 
components. This indicates that over this wave- 
length range the spectra of the four species 
defined by three pK~ values, are all linear com- 
binations of two spectra but does not necessarily 
mean that the linear combination coefficients 
are linearly related to proton stoichiometry. 
However, the additional observation of the isos- 
bestic points at 300 and 275 nm in this con- 
served titration system does require that linear 
combination coefficients are linearly related to 
proton stoichiometry. The assumption of 
eqn (1) is, therefore, fully justified. 

Factor analysis of the data matrix using the 
data from 250-200 nm gives the three com- 
ponents shown in Fig. 2. The extra component 
is required to account for the spectrum of the 
fifth species resulting from ionisation of the 
tertiary amine group. The spectra of the four 
remaining species LH3, LH~-, LH -2 and L -3 
are, therefore, still constructed from just two 
principal components. Non-linear regression 
analysis of these three principal components 
according to correlation eqn (1), is shown in 
Fig. 2. The optimized parameters are given in 

3.0 

2.5 

2.0 

1.5 

< 
1.0 

0.5 

0.0 • 

200 225 250 275 300 325 350 

Wavelength/rim 

Fig. I. Spectra of compound l from 350 to 200 nm at pH 
values of 3.310, 5.768, 6.656, 7.520, 8.079, 8,272, 8.439, 
8.587, 8.726, 8.862, 9.134, 9A05, 9.678, 10.217. Ab~rbanec  

increases with increasing pH at 220, 258 and 325 nm, 
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Fig. 2. Factor analysis of the absorbance data from 250 to 
220 nm (O). The solid lines are simulated from the par- 

ameters in Table 1, optimized by non-linear regression. 

2 . 0  

1 . 5  

• ~ 1 . 0  

0 . 5  

0 . 0  , I i J • i . l . i i . i 

4 5 6 7 8 g 10 11 

pH 

Fig. 3. Single wavelength titration of I at 258 rim, (0 ) ;  and 
220 nm (1"1). The ionization of the tertiary amine group (pK, 

5.88) is only apparent at 220 nm. 

Table 1, column 1. The single wavelength ti- 
trations at 220 and 250 nm are shown in Fig. 3. 
At 258 nm only the heterocycle changes in 
absorbance, while at 220 nm an additional 
sigmoid for the ionization of the central tertiary 
amine is apparent. Non-linear regression analy- 
sis of the single wavelength spectrophotometric 
titration data at 220 nm was performed accord- 
ing to correlation eqn (1). The molar absorptiv- 
ities of LH3 (E3) and L -3 (E0) were, therefore, 
optimized as independent variables, while El and 
~2 were calculated from eqn (1). The molar 
absorptivity of the species LH~ (E4) which has 
the tertiary amine protonated, was also opti- 
mized as an independent variable. Optimized 
parameters are shown in Table 1, column 2. 

Potentiometric titration 

Potentiometric titrations at two ligand con- 
centrations are shown in Fig. 4. The buffer 
region around pH 6 is the result of ionization of 

the central tertiary amine of the tripodal back- 
bone. The ionization of the hydroxyl groups of 
the three heterocycles, produces a buffer region 
(pH 8-10) which extends for three times the 
width of the tertiary amine group buffer region. 
Analysis was performed using the correlation in 
eqn (2), initially without reference to the spec- 
trophotometric data. Global non-linear re- 
gression optimization of the intrinsic site pK, 
(pK,~,) and the interaction term (b) from the 
two potentiometric titrations, gave values of 
pK.i,, = 8.660 + 0.008 and b = 0.099 + 0.006. 
The first heterocyclic proton dissociation 
(LH3 = LHf  + H +) leads to the formation of a 
mono-anion from a neutral ligand. The coulom- 
bic interaction term is therefore zero and only 
the statistical term ( i - 2 ) 1 o g ( 3 ) - - 0 . 0 4 7 7  
contributes in eqn (2) to give pK,,= 
8.183+0.008. The second and third dis- 
sociation constants can similarly be calculated 
from eqn (2). The fourth pK, for the 

Table 1. The four pK a values of N,N',N"-tris[2-(3-hydroxy.2-oxo-l,2-dihydropyridin-l-yl)acetamido]ethylamine (I), 
optimized from spectrophotometrie data using correlation eqn (1) and from potentiometri¢ data using correlation eqn (2) 

Spectrophotometri¢ data 
optimized according to eqn (1) 

Potentiometric data optimized 
according to ¢qn (2) 

Column I Column 2 Column 3 Column 4 
Principal Single Both b and Value of b fixed 

components wavelength pK.,., at 0.081, pK, ,  
350-250 nm 220 tun optimized optimized 

pK,* 
pK.~ 
pKo~ 
PKa, 

LH2 = LH3 + H ÷ 6.08 (0.06) 5.993 (0.005) 5.87 (0.03) 5.88 (0.03) 
LH 3 -- LHf + H + 8.15 (0.05) 8.132 (0.008) 8.183 (0.008) 8.19 (0.01) 

LHf = LH -2 + H + 8.69 (0.04) 8.686 (0.005) 8.76 (0.014) 8.75 (0.01) 
LH -2 = L -3 + H + 9.23 (0.06) 9.249 (0.005) 9.33 (0.022) 9.31 (0.01) 

Intrinsic site pK, 8.63 (0.05) 8.609 (0.005) 8.660 (0.008) 8.672 (0.005) 
Interaction term (b) 0.064t 0.08It 0.099 (0.006) 0.081t:~ 

*The pK, of the central tertiary amine group. 
tObtained from the average of (pK, - pK,2)/2 + (pK,, - pK,, )/2 - log(3). 
~Fixed during optimization. 
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tertiary amino group was optimized simul- 
taneously as an independent variable to give 
5.87 + 0.03. 

D I S C U S S I O N  

Correlation eqn (1), which linearly relates 
absorptivities to proton stoichiometry, has been 
shown here to be valid on the basis of an 
isosbestic point and the presence of only two 
principal components for the four species 
defined by the three heterocycle pK~ values. 
Application of correlation eqn (1) to the analy- 
sis of spectrophotometric data at 220 nm 
(Table 1, column 2) gives pK, values with a 
spacing of 0.563+0.008 (PK~3-PK~2) and 
0.554 + 0.005 (PKa2-PK,,). The regular spacing 
of the pK~ values, within experimental error, is 
independent evidence of the validity of the 
linear interaction term used in the potentiomet- 
ric correlation eqn (2), rather than the 
quadratic interaction term. From eqn (2) the 
spacing between successive stepwise ionizations 
pK~, +, and pKa, is given by eqn (11), from which 
eqn (12) gives the interaction term b. 

pK~, + ,  -- PKa, = b + log(3) (11) 

b = pK~, +, - pK,, - log(3). (I 2) 

The mean spacing between successive pK, values 
({pK~3-pKa2 }/2 + {pK~2-pK,, }/2) is 0.558. Using 
this value for pK~, +, - pK,~ in eqn (12), gives the 
spectrophotometrically determined interaction 
term b as 0.081. 

11 

10 

9 

8 

~ 7 

6 

5 

4 

"i I J , i 

V o l u m e  o f  0 .2M KOH/~I  

Fig. 4. Potentiometric titration of 1 at concentrations of 
0.214 nm, (0);  0.428 m M, (O), with 0.2M KOH. The solid 
lines are simulated with the optimized parameters. The 
interaction term b in this plot was fixed at the value 
determined from the sp~rophotometric titration (0.081), 
and the remaining parameters optimized. When b was 
optimized simultaneously a value of 0.099 4-0.006 was 

obtained with no signi6~m improvement in fit. 

Optimization of the potentiometric data using 
eqn (2) gives the results shown in Table 1, 
column 3. Here the value of b is 0.099 rather 
than 0.081 determined spectrophotometrically. 
However, if the value of b is fixed at 0.081 
during optimization of the potentiometric data 
(Table 1, column 4), the goodness of fit is not 
significantly impaired (solid line in Fig. 4). A 
satisfactory fit was also obtained using the 
quadratic interaction term i ( i -  1)/2, however, 
the separation of the pKa values obtained in this 
way (pKa3-pKa, = 0.621 and pK~f-pK~, = 0.549) 
were not consistent with the Values obtained 
spectrophotometrically. 

The best procedure, therefore, is to optimize 
the spacing between the pK~ values from the 
spectrophotometric data according to the corre- 
lation of eqn (1). This eliminates the effect of 
several potential sources of systematic error 
such as errors in the concentration of ligand, 
initial acidity, contamination by carbonate and 
pKw. The value of b then calculated from 
eqn (12), may then be fixed during optimization 
of the potentiometric data according to eqn (2). 
The rigorous internal calibration of the glass 
electrode, which is possible with potentiometric 
titrations, can then be applied. The values ob- 
tained in this way were pKa, = 8.19 (+0.01), 
PKa2 = 8.75 (+0.01), PKa3 = 9.31 (+0.01) while 
the tertiary amine has a pKa of 5.88 (+0.03). 
This low tertiary amine pKa is presumably due 
to the partial positive charge on the three amide 
functions. It would, of course, be simple to 
include both correlation eqn (1) and (2) in the 
analysis of the spectrophotometric titration. In 
conclusion, correlation eqn (l) is valid if the 
interaction energy between adjacent ionisable 
sites is linear with respect to proton stoichi- 
ometry and this interaction leads to linear alter- 
ation of molar absorptivities. This is true, within 
experimental error, for molecule 1 although the 
interaction between sites has been shown to be 
a minor contribution to the spacing between 
successive pKa values compared to the statistical 
term. Larger interaction energies may lead to 
shifts in the )'m~x of absorption peaks. The 
assumption of linear alteration of molar absorp- 
tivities will then be only approximately valid for 
wavelengths over which the first derivative of 
the spectrum is approximately constant. The 
presence of an isosbestic point and the presence 
of only two principal components for the n + 1 
absorbing species in factor analysis of the ab- 
sorbance data should be used to confirm the 
validity of eqn (1). 
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Summary--The on-line solid phase extraction of trace amount of lead in flow-injection system with flame 
AAS detection was investigated using cellulose sorbents with phosphonic acid and carboxymethyl groups, 
Ct8 sorbent non-modified and modified with Pyrocatechol Violet or 8-quinolinol, commercial chelating 
sorbents Chelex 100 and Spheron Oxin 1000, non-polar sorbent Amberlite XAD-2 modified with 
Pyrocatechol Violet and several cation-exchange resins. The best dynamic characteristics of retention were 
observed for functionalized cellulose sorbents. For Cellex P assumed as optimum sorbent, elution with 
a separate fractions of nitric acid and ethanol allows the differentiation between tetraalkyllead and sum 
of inorganic lead and organolead species of smaller number of alkyl groups. The detection limit for the 
determination of inorganic Pb(II) was estimated as 0. i 7/~g/1. at preconcentration from 50 ml sample at 
a flow rate of 7 ml/min. 

Solid-phase extraction (SPE) is a preconcen- 
tration technique of rapidly growing importance 
in trace metal determination with atomic ab- 
sorption spectrometry. The main advantage of 
this is the possibility of the use of a relatively 
simple detection system with flame atomization 
instead of flameless techniques, which require 
more expensive equipment and are usually 
much more sensitive to interferences from 
macrocomponents of various natural matrices. 
Especially efficient preconcentration can be car- 
ried out in flow-injection (FI) systems and this 
methodology has been discussed in several re- 
views. ~-3 

Lead is a trace heavy metals of great import- 
ance in environmental protection, and the devel- 
opment of a fast and efficient method for its 
determination has been the subject of numerous 
studies. In recent years growing attention has 
been paid not only to the determination of total 
lead content, but also to its speciation, with 
particular emphasis to very toxic organolead 
species, mostly using chromatographic methods 
interfaced with atomic absorption spec- 
trometry. *-6 

In SPE of lead species in FI systems, inter- 

*Author to whom correspondence should be addressed. 

actions based on chelate formation are generally 
utilized. The appropriate ligand is immobilized 
on a stationary support or is dissolved in the 
carrier solution and sorption of chelates formed 
on non-polar sorbents is utilized for the precon- 
centration. 

The commercially available chelating resins 
Chelex 100 with imminodiacetic groups was 
among the earliest used for that p u r p o s e ,  7'8 as  

well as its Japanese analogue Muromac A - l ,  9 

although their use is troublesome because of 
swelling of the resin and changes of the micro- 
column packing during elution of retained metal 
ions with solutions of mineral acids. 

The most commonly used sorbents for the 
on-line preconcentration of lead are those con- 
taining immobilized 8-quinolinol. They include 
commercially available Spheron Oxin 1000 I° or 
the resin synthesized by cross-linking with ap- 
propriate aldehyde) ~ Sorbents with oxine im- 
mobilized on controlled-pore glass t2.j3 or silica 
geP 4.'s were more frequently used. Sorption of 
oxine chelates formed in the solution on non- 
polar resin Amberlite XAD-2 was also re- 
ported) 6 In the latter case similar results were 
obtained for oxine and pyrrolidine dithiocarba- 
mate. A strong influence of the presence of other 
cations including Ca and Mg was observed for 
oxine immobilized on silica gel) 4 The selectivity 

"rAL 42/~--V 85 1 
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of lead preconcentration can be improved by the 
use of appropriate masking agent, t5 

The preconcentration of Pb(II) chelates with 
dithiocarbamate was also carried out with the 
use of a column with bonded silica reversed- 
phase sorbent with octadecyl functional 
groups, ml9 The sorption on silica and Cjs 
bonded silica columns was employed for the 
speciation of Pb(II) complexes, 2° whereas Am- 
berlite XAD-4 modified with thioglycolate com- 
plexing group was applied for efficient Pb(II) 
preconcentration. 21 Preconcentration of Pb(II) 
based on ion-exchange in FI-AAS systems was 
reported only with the use of activated 
alumina. 22 

The aim of this study was to investigate the 
possibility of the use of commercial cellulose 
sorbents for on-line Pb(II) preconcentration in 
FI-AAS systems. They should be suitable for 
such an application owing to very fast sorption 
and desorption properties. A study on the possi- 
bility of differentiation between inorganic and 
organic lead species using different eluents were 
also carried out. The use of Cellex P for off-line 
preconcentration of lead and other metals was 
reported earlier. :3'24 

EXPERIMENTAL 

Apparatus 

A Beckman atomic absorption spectrometer 
model 1272 equipped with an Unilam air/ 
acetylene burner was used for AAS measure- 
ments. The measurements were performed at 
283.3 nm, using a HC1 lamp at 10 mA current 
and at slit width 0.41 nm. In conventional 
measurements with an aspiration nebulizer 
the uptake was 3.5 ml/min. The output ab- 
sorbance signal was recorded with a potentio- 
metric strip-chart recorder Knauer 1000 
(Berlin, Germany). 

The flow injection manifold consisted of a 
peristaltic pump model MS/4 Reglo from Is- 
matec (Zurich, Switzerland), low pressure ro- 
tary injection valve model 5020 from Reodyne 
(Cotati, CA, U.S.A.) and a home-made rotary 
injection valve. The manifolds were assembled 
using teflon tubing of 0.8 mm i.d. The same 
tubing of 8 cm length was used for the coupling 
between the flow injection manifold and the 
flame AAS. The FI carrier flow rate was lower 
than the nebulizer uptake and the nebulizer 
was working on starvation mode without any 
compensation. For elution of tetraethyl lead 

loaded columns with different solvents a teflon 
tubing loop was used, without need of the use 
of solvent resistant pump tubes. 

A digital pH meter model OP-21 l/l from 
Radelkis (Budapest, Hungary) was used for pH 
measurements and plate shaker model 357 
from Elpan (Warsaw, Poland) was used for 
static mode experiments. 

Reagents 

A 1000 ml/i. Pb(II) standard solution was 
obtained from the Research and Development 
Centre for Standard and Reference Materials 
(Warsaw, Poland) and diluted as required. For 
preparation of all solutions deionized water 
from the Waters Milli-Q system was used. 

Pyrocatechol Violet (PV) was from BDH 
chemicals and 8-quinolinol from POCh 
(Gliwice, Poland). Alkyllead compounds used 
were a kind gift from Wilhelm University, 
Munster, Germany and they are abbreviated in 
the text as follows: DMLCI, dimethyllead 
chloride; TriMLCI, trimethyllead chloride; 
DELCI, diethyllead chloride; TriELC1, triethyl- 
lead chloride; TEL, tetraethyllead. 

The following cationic sorbents were used: 
Cellex P (CP) and Cellex-CM (CCM) from 
Bio-Rad (USA) which is highly purified cellu- 
lose powder with phosphonic acid or car- 
boxymethyl exchange groups of ion-exchange 
capacity 0.8 and 0.65 meq/g, respectively; 
chelating resin Chelex-100 from Bio-Rad; 
chelating resin Spheron-Oxine 1000 containing 
8-quinolinol immobilized on glycol methacry- 
late from Lachema (Brno, Czechoslovakia); 
Amberlite XAD-2 from BDH; reversed phase 
bonded silica gel with octadecyl functional 
groups, 40--60 #m diameter, from POCh 
(Gliwice, Poland); Dowex 50 W x 4 cation 
exchanger, 50-100 mesh from Serva 
(Germany); Varion KS cation exchanger from 
Nitrokemia (Hungary). 

Preparation of Amberlite XAD-2 loaded with 
PV 

The dry XAD-2 resin (1 g) was washed with 
2M HCI, distilled water, 1M NaOH and dis- 
tilled water again to remove traces of soluble 
species. The resin was put in a stoppered bot- 
tle, 50 ml PV solution containing 0.045 g of the 
reagent was added and the bottle put in a 
mechanical shaker for I hr. The resin was 
filtered out and washed with distilled water, 
ethanol and left to be air-dried. 
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Pure 
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V 1 V 2 

Fig. 1. Schematic diagram of flow-injection system used for the optimization of preconcentration and 
elution conditions. CS, container with cartier solution; V,, V 2, injection valves; C, column with sorbent; 

FAAS, flame atomic absorption spectrometer. 
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Retention of Pb(II) on different sorbents in static 
conditions 

To 0.2 g of the sorbent, 20 ml solution 
containing 1 mg Pb(II) was added, the pH of 
the solution was adjusted with nitric acid or 
sodium hydroxide to the required value, and 
the mixture shaken for 1 hr on a plate shaker. 
The mixture was left to settle and the Pb 
concentration determined by FAAS in conven- 
tional mode with aspiration of analyte sol- 
ution. 

On-line preconcentration of Pb(II) 

The manifold used for the optimization of 
the conditions for the on-line preconcentration 
is shown in Fig. 1. Valve V1 is used for 
the injection of the Pb(II) solution, and V2 
for the injection of the eluent. C is a micro- 
column made of 1 ml plastic pipette tip, packed 
with the sorbent. The solid sorbent is held in 
place inside the column by placing a piece of 
plastic foam in the outlet of the column. For 
large volume samples V~ is removed from the 
manifold and the sample is continuously aspi- 
rated. 

Determination of the ion exchange breakthrough 
capacity 

The breakthrough capacity of the sorbents 
was determined by pumping 5 mg/l. Pb(II) 
solution through a column with a packed bed 
of 20 mm height (400 ~1 volume) at flow rate 
of 6 ml/min until the concentration of the 
effluent was the same as the feed (C/Co = 1), 
50 ml effluent portions were collected, in 
which the Pb(II) content was measured by 
conventional aspiration and flame AAS detec- 
tion. 

Retention and recovery of  Pb(II) on Cellex-P 

A column of bed height 20 mm (400 #! 
volume) was used. Two hundred milliliters of 

0.1 mg/l. Pb(II) solution was pumped at 5 
ml/min. The preconcentrated Pb(II) was eluted 
by two successive portions of I ml of 1M nitric 
acid in a 4 ml volumetric flask and then the Pb 
concentration was determined by conventional 
FAAS. 

Effect of the presence of common cations on the 
retention of Pb(II) on different sorbents 

The effect of the presence of Na, K, 
Mg, Ca, Cu, and Fe(III) cations on the reten- 
tion of Pb(II) on different sorbents was exam- 
ined. 

The microcolumn used was 20 mm bed 
height (400 /~l volume). Using 25 ml of 
0.1 mg/l. Pb(II) solution containing the inter- 
fering cation Na, K, Mg, Ca at concentrations 
up to 200 mg/l., and for Cu, and Fe(III) up to 
20 mg/l. were examined. The elution signal 
obtained was compared to the signal of sol- 
ution without interferents. 
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Fig. 2. Effect of pH on retention of Pb(ll) in static con- 
ditions for Cellex P (*), Ccilex-CM (Z~) Spheron Oxin 1000 

(O) Chelex-100 (ffi) and Varion KS ( x ). 



854 A. M. NAGHMU$1t et aL 

1.2  

1.0 

0.8 
0 

0.6 

0.4 

0.2 

11 I~S~ II 

. . . b  - I w- 0 1000 4000 

I 
? 

I 

/ 

/ 
2000 3000 

Effluent volume (ml) 

Fig. 3. Breakthrough curves for Cellex P (O), Cellex-CM 
(0 )  and Spheron Oxin 1000 ( I )  columns for the continuous 

delivery of 5.0 #g/l. Pb(II) at flow rate 6.0 ml/min. 

Speciation of lead in natural samples with Cellex 
P sorbent 

The collected water samples, were filtered, 
using a 0.45/zm filter, and acidified to pH 2.5 
with nitric acid. 

Samples (50 ml) were used for preconcen- 
tration at flow rate of 5 ml/min, two portions 
were taken from each sample, one spiked with 
Pb(II) and TEL, while the other was analyzed as 
collected for inorganic lead and TEL. The inor- 
ganic lead with the organolead compounds ex- 
cept TEL were •luted with 1M nitric acid while 
TEL was eluted with ethanol. 
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Fig. 4. Effect of nitric acid concentration at injection volume 
I ml (A) and of the injection volume of IM nitric acid (B) 
on peak height corresponding to the elution of Pb(ll) 
retained on Cellex P sorbent from 1.0 ml of 5.0 mg/l. Pb(II) 

solution at a flow rate of 3.3 ml/min. 
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Fig. 5. Eiution peaks recorded for Pb(II) with expanded time 
preconcentrated from 1.0 ml of 5.0 mg/l. Pb(II) solution at 
(pH 4.5), flow rate 3.3 ml/min and 0.4 ml bed volume for 
columns with Cellex P (1), Cellex-CM (2), Spheron Oxin 
1000 (3), Pyrocatechol Violet loaded XAD-2 (4), Chelex 100 
(5), Dowex 50 w x 4 (G) and Varion KS (6). Preconcentra- 
tion without pH adjustment. Elution with 1.0 ml of IM 

nitric acid. 

RESULTS AND DISCUSSION 

Comparison of sorbents for Pb(II)preconcentra- 
tion 

In the preliminary study for the selection of 
the appropriate sorbent for further study, a 
number of sorbents was tested for the retention 
of Pb(II) in batch mode at various pH values 
(Fig. 2). Pb(II) was completely retained on all 
sorbents examined in a broad range of pH. For 
some of the examined sorbents a breakthrough 
capacity determination was also carried out 
(Fig. 3). It can be seen that both Cellex P and 
Cellex CM gave the ideal breakthrough curves, 
and the capacity was calculated as 0.66 meq/g 
for CP, and 0.52 meq/g for CCM. In the case of 
Spheron Oxin 1000 some of Pb(II) was detected 
in the second portion (50 ml) of effluent and the 
concentration of Pb(II) in the effluent did not 



D e t e r m i n a t i o n  of  Pb in water 855 

reach that of the feed Pb solution of 5 mg/l. even 
after pumping 1400 ml. For Chelex-100 there 
was no Pb(II) detected even after pumping of 
more than 7 1. of Pb(II) solution indicating 
height capacity (2.9 meq/g as stated by the 
manufacturer). 

Elution of Pb(II) retained on Cellex P 

Because of the good properties of cellulose 
sorbents exhibited in the batch mode, and since 
CP was successfully used earlier for off-line 
preconcentration of Pb(II), 23"24 this sorbent was 
selected for the study of the elution of retained 
Pb(II). Two acids, hydrochloric and nitric were 
tested for the elution of Pb(II) retained on CP. 
Both gave satisfactory results and for further 
study nitric acid was chosen as it does not 
precipitate Pb(II). The effect of acid concen- 
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Fig. 6. Effect of  pH on flow-injection signal m a g n i t u d e  
obtained for preconcentration of  Pb(ll) from 25 ml 100 t4g/i. 
(Pb(ll) s o l u t i o n  o n  25 ram column with (A) Cellex P (!) a n d  
Cellex CM (2); (B) C** silica gel (I), CI, loaded with 
Pyrocatechol Violet (2), C** loaded with oxine (3); (C) 
Spheron Oxin (1), Pyrocatechol V i o l e t  l o a d e d  XAD-2 (2). 

Elution with 1.0 ml of  1M nitric acid. 

t r a t i o n  a n d  acid volume is shown in Fig. 4. It 
was found that 1.0M acid completely eluted 
Pb(II) retained on CP, since when l ml of 2M 
nitric acid was injected for the second time, no 
second peak was observed indicating that the 
elution was complete and 0.5 ml of IM nitric 
acid was sufficient for the elution. For further 
study either 0.5 or 1.0 ml of IM nitric was used 
for the elution of Pb(II). 

In order to compare different sorbents in 
dynamic condition the elution signal corre- 
sponding to preconcentration of l ml 5.0 mg/l. 
Pb(II) solution of pH 4.5 (without adjustment) 
on each sorbent of the same bed volume using 
1.0 ml IM nitric acid for elution was recorded 
on an expanded time scale (Fig. 5). The highest 
peaks were obtained using CP, CCM, and 
Spheron Oxin 1000, indicating that the elution 
process of the retained Pb(II) from these sor- 
bents was fast. The elution peaks for two cation 
exchangers Varion KS and Dowex 50 W x 4 
were small and broad indicating that the elution 
process using this eluent was much slower, while 
for others, the process was moderate. 

Effect of pH and flow rate on the retention of 
Pb(II) on different sorbents 

The effect of pH on the retention of Pb(II) on 
different sorbents was also studied in dynamic 
conditions. The column used was 25 mm bed 
height (500 /~1) and 25 ml of 0.1 mg/l. Pb(II) 
solution was preconcentrated on the sorbent at 
a flow rate of 6 ml/min. The retained analyte 
was eluted with 1 ml of 1M nitric acid at a flow 
rate of 3.3 ml/min. It was found that for the 
sorbents studied the optimum pH was on the 
acidic side (2--4) except for C~s loaded with 
8-quinolinol and XAD-2 loaded with PV, in 
which the optimum pH was in the alkaline range 
(7-10) (Fig. 6). 

The effect of preconcentration flow rate was 
also studied for the investigated sorbents. It was 
found that the variation of the flow rate from 
3.0 to 10 ml/min had no effect on the signal 
when CP or CCM were used, while for Spheron 
Oxin 1000 the signal magnitude was reduced 
with increasing sampling flow rate. 

Effect of potential interferences 

The obtained results for two Cellex sorbents 
and oxine sorbent are shown in Table 1. The 
best selectivity was obtained for Cellex P, where 
only some positive interference was observed at 
high Ca concentration. The same effect, how- 
ever, was found in conventional aspiration of 
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Table I. Effect of the presence of other common cations on Pb(ll) precoocentrated elution signal 
for different sorbents (elution with 1 ml of IM nitric acid) 

Interferent % change in peak height for Pb(ll) 
concentration 

Sorbent (mg/I.) Na K Ca Mg Cu(ll) Fe(lll) 

Cellex P 

Cellex C M  

Spheron 
Oxine- 1000 

5 . . . .  0 0 
10 0 0 +15 +5 0 0 

. . . .  0 0 
50 0 0 +7.5 +8 --  --  

1O6 0 0 +7.5 +3 --  - -  
2~ 0 0 -32 +3 --  --  

5 . . . .  0 - 2 4  
10 - 4  0 - 7  0 0 - 7 8  
20 . . . .  0 - 94 
50 - -13  - -19  - -20  0 - -  - -  

100 - 3 6  - 2 9  - 4 9  +1 1  - -  - -  
200 - 6 8  - 4 0  - 5 5  + I I  - -  - -  

5 . . . . .  57 - 3 6  
10 + 6 5  0 0 - -3  - 6 1  - 5 4  
20 . . . . .  50 -- 64 
50 + 6 5  0 0 - 7  - -  - -  

100 + 7 6  0 0 - 7  - -  - -  
200 + 106 0 0 - -  - -  - -  

Pb(II) solution containing calcium. At 100 mg/l. 
Ca and 10 mg/l. Pb(II) 12% enhancement of  
signal was observed in comparison to Pb(II) 
measurement without calcium. This suggests the 
spectral nature of  this interference. A similar 
effect was also observed for Pb(II) preconcen- 
tration on immobilized 8-quinolinoi) 4 however, 
on the contrary preconcentration using Cellex P 
in the presence of  magnesium exhibited a much 
smaller effect. 

For  the other tested sorbents much larger 
interferences were observed. Using C~s, even in 
the presence of  50 mg/l. sodium, the Pb signal 

0.3 

0.2 

0 

g~ o 
0.1 

I L I I 
50 100 150 200 

S a m p l e  v o l u m e  m l  

Fig. 7. Effect o f  the v o l u m e  o f  p reconcen t r a t ed  Pb( l l )  

solut ion on detection limit in flow-injection system with 25 

mm column with Cellex P. Preconcentration at flow rate 7.0 
ml/min. Elution with l ml of 1M nitric acid at flow rate 3.0 

nd/min. 

was reduced by 82% and in the presence of  5 
mg/l. Fe(III) no signal was obtained. In the 
presence of  50 mg/1. Ca or Mg the signal was 
reduced by 100 and 95%, respectively. 

Using Ct~ loaded with PV (PV was added to 
the sample), in the presence of  50 mg/l. Na, Ca 
or Mg the signal was reduced by 55, 82 or 77%, 
respectively, while in the presence of  5 mg/l. 
Cu(II) or Fe(III) it was reduced 68 or 81%, 
respectively. 

Using C~a loaded with 8-quinolinol, in the 
presence of  10 mg/l. Mg the Pb signal was 
reduced by 12%, while in the presence of  5 mg/l. 
Fe(III) the signal was reduced 11%. 

Using XAD-2 loaded with PV, the presence 
of  Na or K at 10 mg/l. the signal was enhanced 
by 10 or 23%, respectively, and in the presence 
of  Cu(II) or Fe(III) at 5 mg/l. the signal was 
suppressed by 14 or 75%, respectively. 

Calibration and detection limit 

For the FIAAS system .with C-P column, the 
linearity of  response as a function of  preconeen- 
trated sample volume was examined. The 
sample pH was adjusted to 2.5 with nitric acid. 
Preconcentration was done at a flow rate of  6 
ml/min. In the volume range from 5 to 100 ml, 
for preconcentrated 10 /~g/l. solution the ob- 
tained relation was described by the equation: 
H = 2.00 V + 0.0, and the correlation coefficient 
was 1.0 (n = 10), where H is the peak height 
(mm) and V is the sample volume (mi). 

For  the calibration in the Pb(II) concen- 
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Table 2. Comparison of the efficiency of Pb(il) preconcentration on solid 
sorbents in flow injection systems with flame AAS detection 

Sampling Sampling 
Sorbent used volume (ml) rate (hr -I ) CE value Reference 

Activated 25 12 50 22 
alumina 

Chelex 100 10 60 50-100 8 
10 10 10-13 28 

8-quinolinol 100 2 20 12 
on CPG 12 20 13 14 

Muromac A-1 20 13 20-39 9 

Cellex P 50 6 10-15 This work 
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tration range 10-100 #g/l. for the sample vol- 
ume 50 ml, the relation was linear in the range 
studied. The equation for the plot obtained is: 
H = 0.705C + 0.545, where H is as above and C 
is the sample concentration in /~g/l., with a 
correlation coefficient of 0.9989 (n = 10). 

The detection limit based on the triple value 
of the standard deviation of the blank for lead 
(II) determination using a 50 ml sample was 
estimated as 0.17/zg/1. The precision at the 10 
/~g/1. level was 5.9% RSD (n = 10). 

The effect of the preconcentrated sample vol- 
ume on the detection limit was also examined 
and it was found that the detection limit could 
be decreased down to 0.04 /~g/l. for sample 
volume of 200 ml (Fig. 7). The efficiency of the 

on-line preconcentration is usually given by 
enrichment factor and concentration efficiency 
(CE) values. In the system developed for the 
analyte preconcentration from 50 ml sample 
containing 10-50 /~g/l. Pb(II), the enrichment 
factor ranges between I00 to 150. For flow rate 
5 ml/min, this corresponds to concentration 
efficiency value in the range 10-15. As can be 
seen from the comparison shown in Table 2. 
This is rather a low value referring to other 
works reported in the literature, but the devel- 
oped method, in contrary to previous reports, 
provides some possibility of speciation. 

Some improvement of concentration 
efficiency can be expected by lowering the sor- 
bent bed dimensions and also the diameter of 
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Fig. 8. Variation of elution signal of tetraethyllead preconcentrated on Ceilex P with time. 
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Table 3. Effectiveness of elution of alkyllead compounds 
and inorganic lead retained on Cellex P 25 mm column of 
bed volume 0.4 ml (preconcentration from 1 ml of 5 mg/l. 
Pb solutions, elution with 0.5 ml volume of eluent at flow 

rate 3 ml/min) 

Elution peak height for 
different eluents (ram) 

Preconeentrated 
lead species Ethanol IM nitric acid 

DML 0 62 
TriML 0 70 
DEL 0 65 
TriEL 0 60 
TEL 60 0 

Pb(II) 0 60 

the tubing connecting the FI system with AAS. 
For a concentration of Pb(II) in the sample 
larger than 3 #g/1. a sample volume of 25 ml is 
sufficient. This will increase the sampling rate up 
to 10-12 hr -~. For the preparation of cali- 
bration plot, five different standard solutions 
are required and it takes about 40 min to 
perform the calibration procedure. The Cellex P 
column can be used for months without any 
significant change of its ion-exchange proper- 
ties. This corresponds to hundreds of cycles of 
sorption and elution. 

Sorption of alkyllead compounds on different 
sorbents 

Using 5 mg/l. tetraethyllead (TEL) solution 
several sorbents were also tested for the reten- 
tion of this compound in on-line mode. It was 
found that using RP C~s, and Amberlite XAD-2 
loaded with PV, most of the analyte passed 
through the column without retention. Using 
CP, TEL was completely retained on the 
column and then it could be completely eluted 
with ethanol. For the elution of TEL from CP 

Table 4. Effectiveness of elution of alkyllead compounds 
and inorganic lead retained on Cellex P 25 ram, column of 
bed volume 0.4 ml with consecutive i ml portions of 0.1 and 
1.0M nitric acid (preconcentration from i ml of 5 mg/l Pb 

solutions) 

Elution peak height (ram) 
for consecutive elution 

Preconeentrated 
lead species 0.1M nitric acid 1.0M nitric acid 

DML 28 68 
TriML 82 0 
DEL 20 62 
TriEL 20 68 
TEL 0 0 

Pb(lI) 0 95 

Table 5. Parameters of the linear calibration curves obtained 
in FIAAS measurements of alkyllead compounds retained 
on Cellex P from I ml solutions for the concentration range 

!-5 mg/l. (elution with i ml of I M nitric acid) 

Alkyllead Correlation 
species Curve equation* coefficient 

DML H = - 1.08 + 1 i.08C 0.9983 
TriML H = - !.24 + 14.03C 0.9991 
DEL H = -0.43 + 14.34C 0.9993 
TriEL H = - 1.43 + 14.37C 0.9994 

*H = Peak height in ram, C = concentration in mg/I. 

a number of other solvents were also tested, 
including methanol, acetone and acetonitrile. 
However, ethanol was found the best, nitric acid 
showing no elution of the TEL species. 

In the study of TEL retention on CP it was 
observed that the elution signal was reduced in 
time without peak broadening (Fig. 8). It can be 
attributed to several reasons. One of them is the 
decomposition of TEL by light, which was 
observed by other authors, tooY It can be also 
caused by the adsorption of the compound on 
the walls of the containerY This may also result 
from the effect of ethanol on the sorbent since 
when the column is used the flow rate is reduced 
owing to the back pressure of the packed resin 
that became more compact. After about 30 rain 
stabilization, the microcolumn can be used for 
quantitative determinations. 

Several other alkyllead compounds examined 
(DELCI, DMLCI and TriMLCI) were also com- 
pletely retained on CP. The ionic alkyllead 
compounds were found to behave similarly to 
inorganic Pb(II) in that they were completely 
eluted by I M nitric acid, while the neutral TEL 
species was not eluted by the acid as mentioned 
above. The effectiveness of elution of the differ- 
ent alkyllead compounds is shown in Table 3. 

Additionally, it was found that trimethyllead- 
chloride (TriMLCI) was completely eluted by 
0.1M nitric acid, and since this dilute acid 
solution did not elute Pb(II), the possibility of 

Table 6. Parameters of linear dependence of flow-injection 
peak height on the volume of preconcentrated 0.1 mg/l. 
alkyllead solutions for the system with Cellex P column in 
the volume range from 5 to 50 ml (elution with ! ml of I M 

nitric acid) 

Alkyllead Correlation 
.species Curve equation* coefficient 

DML H = -0.95 + 0.91V 0.9993 
TriML H -- -0.48 + 2.00V 0.9984 
DEL H = -0.33 + i.30V 0.9974 
TriEL H = --0.76 + 1.20V 0.9981 

H = Peak height in ram, V = volume in ml. 
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Fig. 9. Examples of recording for flame AAS determination with conventional aspiration (A) obtained 
for 2 (1), 4 (2), 6 (3), 8 (4) and 10 (5) mg/l. Pb(lI) and for flow-injection determination with 
preconcentration on 20 mm column (B) of solutions containing: (a) 10 #g/1. Pb(II) and 10 #g/l. TEL; (b) 
20 #g/l. Pb(lI) and 20 #g/l. TEL; (c) 30 #g/1. Pb (II) and 30 #g/1. TEL; (d) 40#g/l. Pb(ll) and 40 #g/l. 
TEL and (e) 50 #g/1. Pb(II) and 50 #g/l. TEL. Sample volume for preconcentration 50 ml. Elution with 

1.0 ml of IM nitric acid for Pb(II) (smaller peak) and 0.5 ml ethanol for TEL (larger peak). 
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the differentiation o f  the ionic alkyllead com- 
pounds  and inorganic lead was tested. It was 
found,  however,  that  the other  ionic alkyllead 
compounds ,  dimethylleadchloride,  diethyllead- 
chloride and triethylleadchloride (DMLCI ,  
DELCI ,  and Tr iELCI)  were only partially eluted 
using the diluted acid (Table 4). So, it can be 
concluded that  the only speciation that  can be 
done is the elution o f  ionic alkyllead c o m p o u n d s  

together with inorganic lead by 1M nitric acid, 
then the elution o f  T E L  by ethanol.  

The parameters  o f  linear calibration curves 
obtained in F I - A A S  measurements  o f  alkyllead 
c o m p o u n d s  retained on CP f rom 1 ml solution 
o f  concentra t ion range 1-5 and elution with 1 
ml o f  1M nitric acid are shown in Table 5. The 
parameters  o f  linear dependence on the volume 
is shown in Table 6. 

Table 7. Analysis of natural water samples for lead preconcentrated on Cellex 
P column of 0.4 ml bed volume for 50 ml sample [Eluent (1) 1.0 ml of 1.0M 

nitric acid for Pb(lI); (2) 0.5 ml ethanol for TEL] 

Tap water 0.0 8.5 0.0 -- 
20.0 25.7 20.0 20.7 

G. water I 0.0 4.3 0.0 -- 

20.0 25.7 20.0 19.23 

G. water II 0.0 8.4 0.0 -- 

20.0 23.2 20.0 21.3 

( 3 .  water III 0.0 2.4 0.0 - -  

20.0 23.5 20.0 20.6 

River water 0.0 5.9 0.0 - -  

20.0 27.1 20.0 19.4 

Lead concentration (#g/l.) 

Sample Pb(II) added Pb(ll) found TEL added TEL found 
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The recording of the signal obtained for 
standard samples containing different Pb(II) 
and TEL concentrations is shown in Fig. 9. 

Analysis o f  natural water samples 

The results  ob ta ined  (Table  7) indicate  tha t  
the lead level in the wate r  samples  ana lyzed  was 
be low the permiss ib le  level for  d r ink ing  wate r  
(50 #g / l . )  27 and  the T E L  in these samples  was 
be low the de tec t ion  l imit  o f  the m e t h o d  which 
for  50 ml sample  was es t imated  as  1.8/zg/l .  The  
sp iked  samples  show that  the recovery was 
81 -105% for  a spike  o f  20/~g/ l .  o f  lead f rom 
different  wate r  samples.  
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Summm'y--A normal-phase high performance liquid chromatography using a 5-#m Spherisorb-CN 
column (250 x 4.6 mm i.d.) has been used for determination of the monomeric anthraquinones and their 
glycosides present in rhubarb roots, senna leaves and dock flower. The effects of various parameters were 
studied and the conditions for the extraction of the anthraquinones from herbal samples and their 
chromatographic separation were optimized. The nature and the quantity of anthraquinones and their 
conjugates were determined with a good precision and accuracy. 

INTRODUCTION 

Senna leaves, rhubarb roots and dock flowers 
are used as oriental laxative medicines. These 
plants contain a wide variety of compounds 
including monomeric anthraquinones (as shown 
below), together with their glycosides and 
dimeric anthrones glycosides. Sennosides are 
the purgative principles of these plants ~ and like 
other glycosides are metabolized by animals and 
humans into monomeric rhein or other anthra- 
quinones which are the active metabolites. 2.3 

preparations and biological fluids are of great 
importance. 

A few spectrophotometric and electro- 
chemical methods have been reported for 
the determination of these compounds and 
their conjugates. An earlier fluorimetric 
method suffered from a lack of sensitivity and 
specifity; 7"a another fluorimetric method involv- 
ing thin layer chromatographic separation 
with two solvent systems was somewhat 
time-consuming and complex) Simultaneous 
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The natural free anthraquinones are not 
effective and it has been confirmed that they 
are reduced into anthrones and anthranoles 
in the human intestine, and act as laxative 
compounds? The stimulant laxatives composed 
of  the anthraquinones (e.g. senna, rhubarb, 
etc.) are the cause of the greatest side-effects and 
are often abused by the public, s-7 therefore 
the identification and analysis of anthra- 
quinones in herbal samples, pharmaceutical 

*Author to whom all corresponden¢~ should be addressed. 

determination of chrysophanol (Ch), rhein 
(Rh), emodin (Em) and their glycosides in some 
medicinal plants and pharmaceutical prep- 
arations has remained a problem in analytical 
chemistry for years.l° Recently, an electrochem- 
ical method has been developed for direct analy- 
sis of these compounds in chloroform. "'12 It is 
still non-selective, but it may be a valuable and 
new detection system for such compounds in 
normal-phase liquid chromatography. 

The aim of this work was to develop a 
normal-phase chromatographic method using 
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chloroform as mobile phase for effective separ- 
ation and determination of anthraquinones. 

EXPERIMENTAL 

Chemicals and reagents 

Rhein (Rh), emodin (Era) and chrysophanol 
(Ch) were from Aldrich-chemie (U.K.). Sol- 
vents, acetic acid and all other reagents were 
purchased from E. Merck (Germany). Chloro- 
form was distilled, poured through the silica 
column and redistilled. 

Apparatus 

The HPLC apparatus consisted of Bruker 
LC-21, equipped with a Bruker UV-Vis detector 
model LC 313 I, Rheodyne loop injector and 
Qx-16 Epson personal computer with Epson 
FX-800 printer. A normal-phase column of 
Spherisorb-CN (250 x 4.6 mm i.d., particle size 
5 #m) was from Bischoff (Germany). 

Solutions 

Stock solutions (100 ppm) of Ch, Em and Rh 
were prepared in chloroform. The standard 
solutions of 0.01-100 ppm were prepared by 
dilution of the stock solution with mobile phase, 
from which a 20/~1 aliquot was injected. 

Chromatographic procedure 

The column temperature was ambient 
(25 + 4°C). For separation of anthraquinones, 
the isocratic elution with an organic phase 
of chloroform-concentrated (96%) acetic acid 
(95:5 v/v) was carried out at a constant flow- 
rate of 0.7 ml/min. The absorption of the 
column eluate was monitored at 254 nm. 

Extraction of  anthraquinones flora herbal 
samples 

Rhubarb roots, senna leaves and dock flow- 
ers were examined in this work. Dried and 
powdered herbal samples (0.100 g) were mixed 
twice with 40 ml water and methanol (50: 50). 
The mixtures were stirred for 15 rain, filtered 
collected and diluted to 100 ml with water 
(solution A). A 10 ml portion of solution A were 
extracted three times with 5 ml portions of 
chloroform. The organic phases were collected 
into 25 ml conical flasks, 1.25 ml of concen- 
trated acetic acid was added to each flask and 
then diluted to 25 mi with chloroform (solution 
B). These solutions were used for determination 
of monomeric anthraquinones. The impurities 
were eliminated by a one step pre-extraction 
of solution A into 5 ml chloroform in alkaline 
media. 

For the determination of glycosides, five 
10 ml portions of solutions A, each acidified 
with 1 ml concentrated HC1 and separately 
refluxed. The refluxing times ranged from 5 to 
60 min. The solutions were cooled rapidly and 
the extraction carried out as in the previous 
step. The extracts (solution C) were used for the 
determination of total anthraquinones (free 
anthraquinones and acid hydrolysed glyco- 
sides). 

RESULTS AND DISCUSSION 

Detection wavelength 

The absorption spectra of Ch, Rh and Em 
dissolved in mobile phase were studied at 
200-700 nm using both batch and stop flow 
mode. Owing to the remarkable absorption of 
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Fig. 1. Chromatogram of Ch (1 ppm), Rh (2 ppm) and Em (4 ppm). Stationary phase: 5-/~m 
Spherisorb-CN. Mobile phase: chloroform-pure (99.9%) acetic acid (95:5). Flow rate: I ml/min. 
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Fig. 2. Chromatogram of Ch (1 ppm), Rh (2 prom) and Em (4 ppm). Stationary phase: 5-1am 
Spherisorb-CN. Mobile phase: chloroform--concentrated (96*/,) acetic acid (95:5). Flow rate: I ml/min. 

chloroform at 2 < 245 nm, the strong back- 
ground attenuation increase the noise. Two 
maxima at about 254 and 430 nm were observed 
for these compounds. For the sensitive quanti- 
tative analysis, the column eluate was moni- 
tored at 254 nm. 

Optimization of HPLC parameters 

Choice of packing material. One of the best 
commercially available stationary phases for 
normal-phase HPLC is the bonded phase 
with cyano group, therefore we selected 5-/am 
Spherisorb-CN column (250 x 4.6 mm i.d.). 

Choice of mobile phase. The pure chloroform 
was used as mobile phase and the effect of 
ethanol, methanol and concentrated acetic 
acid were examined as modifiers. From the 
obtained chromatograms (Fig. l), the chro- 
matographic performance characteristic such 
as plate numbers, N~ =8731, N2= 5555 and 
N3 = 3649 (where 1, 2 and 3 are chromato- 
graphic peaks of chrysophanol, rhein and 
emodin, respectively) and column resolution 
(R, > 1.5) reveal a good efficiency when 5% v/v 
pure acetic acid (containing 0.1% water), was 
added as modifier. It should be noted that the 
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Fig. 3. Chromatogram of Ch (I ppm), Rh (2 ppm) and Em (4 ppm). Stationary phase; 5-pro 
Spherisorb-CN. Mobile phase: chloroform-concentrated (96%) acetic acid (95: 5). Flow rate: 0.7 ml/min. 
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Table I. Quantitative analytical characteristic of the method. Column: Spherisorb-CN (250 x 4.6 mm i.d., particle 
size 5/zm. Mobile phase: chloroform-concentrated (96%) acetic acid (95:5). Flow rate: 0.7 ml/mn. Injection 

volume: 20 pl. Detection wavelength: 254 mn 

Chrysophanol Rhein Emodin 

Retention time (min) 4.10 _+ 0.03 5.80 -4- 0.08 8.50 ± 0.05 
Linear calibration range (mg/I) 0.02-30 0.06-30 0.1-100 
Regression equation * Y = 9950 + 88800X Y = - 6700 + 58300X Y = - 9270 + 44300X 
Correlation coefficient 0.99992 0.99995 0.99997 
Limit of detection (mg/I)t 0.01 0.005 0.02 
%RSD (n -- 7) 0.72 1.24 0.79 

* Y = Peak area, X = concentration (mg/l). 
tS/N = 3. 

water content  in the mobile phase was only 
0.005%. The peak tailing (Tj = 1.00, T2 = 1.25 
a n d / ' 3  = 3.15 for  Ch, Rh  and Era, respectively) 
was p robab ly  caused by the packing,  because it 
has been shown that  the residual silanol g roup  
on partially reacted bonded phase can interact 
with solutes in a mode  different f rom the 
bonded  stat ionary phase, which often leads to 
tailing peaksJ  3.)4 

Effects of  traces o f  water. The ch roma tog rams  
obtained with a mixture o f  ch loroform-ace t ic  
ac id-water  (95:4.8:0.2) ,  prepared by means 
o f  pure ch loroform and acetic acid (96%), is 
illustrated in Fig. 2. The compar i son  o f  the 
ch roma tog rams  in Figs 1 and 2 reveals that  
increasing the water amoun t  in the mobile 
phase (from 0.005 to 0 .2%) effectively improves 
the peaks symmetry  (T~=I.O0, /'2 = 1.00, 
T3 = 1.05) and plate numbers  (N I =9577 ,  
N2 = 9090 and N a = 11904) wi thout  retention 
times distortion. These phenomena  probably  
are due to the presence o f  small amounts  o f  

water molecules in the mobile phase that cause 
a decrease in the tendency o f  the residual silanol 
g roup  to interact with susceptible solutes. 

Flow rate. For  the investigation o f  the opti- 
m u m  flow rate the variat ion o f  plate height 
(H) vs. mobile phase velocity for different 
monomer ic  anthraquinones  were studied. F rom 
the results obtained the op t imum flow-rates 
were in the range 0.3-0.7 ml/min. 

The ch romatograms  obtained for  the stan- 
dard solutions with 0.7 ml/min flow rate o f  
mobile phase are shown in Fig. 3. The plate 
numbers,  peaks resolution and retention times 
(N~ = 13370, N 2 = 12315, N 3 = 15340, Rs > 1.5) 
represent a useful resolution and reasonable 
analysis time. 

Qualitative analysis 

The s tandard solutions o f  analytes (20 /zl) 
were analysed using optimized chromatographic  
conditions. Owing to the reproducibility o f  the 
retention time ( R S D %  < 1.4) and height resoi- 

Table 2. Determined amounts of anthraquinones and their glycoside 
derivatives in herbal samples of senna leaves, rhubarb roots and dock 

flowers 

Chrysophanol Chrysophanol glycosides 

Material Mean SD Mean SD 

Senna leaves 0.0185 0.0001 0.0089 0.0002 
Rhubarb roots 0.428 0.003 0.182 0.004 
Dock flowers 0.0380 0.0003 0.0326 0.0005 

Rhein Rhein glycosides 

Materials Mean SD Mean SD 

Senna leaves 0.097 0.001 0.413 0.006 
Rhubarb roots N.D. - N.D. - 
Dock flowers N.D. - N.D. - 

Emodin Emodin glycosides 

Material Mean SD Mean SD 

Senna leaves 0.0420 0.0003 0.0431 0.0007 
Rhubarb roots 0.297 0.002 0.141 0.003 
Dock flowers 0.150 0.001 0.09 0.01 

All data are in weight per cent of herbal sample. 
N.D. = Not detected. 
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Fig. 4. Total Ch, Em and Rh per cent (w/w) in senna leaves, 
rhubarb roots and dock flowers vs. hydrolysis time. 

ution (K~>>l.5) in any arbitrary concentration 
of  analytes in two successive peaks, the qualifi- 
cation of  each compound can be affected pre- 
cisely. The signal to analyte concentration 
proportional in the extract of  herbal samples 
was studied by comparing the absorption o f  two 
wavelengths (254 and 430 nm). 

Quantitative analysis 

The standard solutions of  Ch, Rh and Em 
were injected into chromatograph with different 
concentrations. The amount  of  each compound 
were plotted vs. peak area. Characteristic 
data of  the calibration curves and the obtained 
detection limit (L.O.D.) are presented in 
Table 1. From these results, the quantitative 
analysis of  the anthraquinones can be carried 
out with a good sensitivity and accuracy. 

Herbal samples 

Rhubarb roots, senna leaves and dock flowers 
were examined in this work. 

Determination o f  free anthraquinones. Sol- 
ution B (20 #1) (see Experimental) was in- 
jected for the separation and determination 
of monomeric anthraquinones. The results 
obtained are presented in Table 2. 

Determination o f  glycosides. Solution C (20 
#1) (see Experimental) was injected for the  
separation and determination of  total an- 
thraquinones (free anthraquinones and acid 

hydrolyzed glycosides). The weight percentage 
of  anthraquinones vs. hydrolysing time is 
plotted in Fig. 4. Since the curve of  each sample 
reaches a plateau in more than 10 rain, the 
total anthraquinone in the herbal samples 
may be analysed following acid hydrolysis in 
a convenient time with a good precision. The 
quantity obtained for glycosides are shown in 
Table 2. 

Recovery study o f  extraction procedures. The 
original and spiked samples with 100 ppb of 
each Ch, Em and Rh were treated as mentioned 
previously and injected. The absence of a 
chromatographic peak (smaller than L.O.D. or 
detector threshold) in the third extract proves 
the complete extraction of  accessible anthra- 
quinones in the first and second steps. 

CONCLUSION 

From the obtained results the efficiency of  
the proposed method for the qualitative and 
quantitative analysis of  the free anthraquinones 
and their conjugates in the cited medicinal 
plants has been proved. This method can also be 
utilized for the analysis of these compounds in 
biological media. 
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Summary--The neotetrazolium hexachloridorhenate(IV) (NTReC16) has been synthesized and its compo- 
sition checked. The optimum conditions for the extraction of NTReCI6 with dichloroethane have been 
established. The recovery factor for one-fold extraction is R = 74%. The distribution constant, K D, 
extraction cons t an t , /~ ,  and ion-association constant, ~, have been determined. Neotetrazolium chloride 
was found to be suitable reagent for extraction-spectrophotometric determination of rhenium(IV) 
(~NTReCI6 = 3.42 + 0.20 × 104M -t era-t).  

In contrast to rhenium(VII) very little work 
has been reported on the liquid-liquid extrac- 
tion of rhenium(IV)J -5 In a previous article 6 
we reported on the formation and extraction 
of iodo-nitro-tetrazolium hexachloridorhenate. 
The present paper reports on the extraction 
of ReCI62- with neotetrazolium chloride 
(NTC). NTC differs from the previously studied 
iodo-nitro-tetrazolium chloride (INT) by 
the number of substituents in tetrazolium 
rings. 

EXPERIMENTAL 

Reagents and apparatus 

2,2';5,5'-Tetraphenyl-3,3'-(p-biphenyl)-di- 
tetrazolium chloride, neotetrazolium chloride 
(NTC) from Fluka, 2 x 10-3M aqueous sol- 
ution. Potassium hexachloridorhenate(IV) was 
synthesized and recrystallized as described else- 
where. 7 2×  10-4M aqueous solution. 1,2- 
Dichloroethane, Puriss, from Fluka was used 
without additional purification. 

A Carl Zeiss Jena VSU-2P speetrophotometer 
was used for all absorbance measurements. The 
samples were shaken on a Thys 2 shaking 
machine (Germany). 

*Author to whom correspondence should be addressed. 

Procedures 

Establishment of optimum extraction con- 
ditions. Dichloroethane (10 ml), an aliquot of 
the NTC solution to cover the concentration 
from 4 × 10 -5 to 8 × 10-SM NTC and an ali- 
quot of the potassium hexachloridorhenate(IV) 
solution to cover the concentration range from 
0.5 to 5.2 #g/ml ReCI~- were introduced into 
100-ml separatory funnels. The aqueous phases 
were brought to 10 ml with water and the 
funnels shaken on a shaking machine for 60 
min. The oganic layer was filtered through a 
filter paper impregnated with dichloroethane 
into a 1-cm quartz cell and the absorbance 
measured at 281 nm against diehloroethane. 
The absorbance of the blank was also measured. 

RESULTS AND DISCUSSION 

On mixing aqueous solution of NTC and 
K2RcCI6 an ion-association complex was 
formed. The absorbancc of this aqueous sol- 
ution of the complex corresponds to the sum of 
absorbances of the individual components 
K2 RcCI6 and NTC which is an indication that 
the resulting compound is an ion-association 
complex. No frequency shift was observed. In 
1,2-dichloroethane, NTReCI6 is soluble, NTC- 
slightly soluble and K2ReCI 6 not soluble at 
all. The composition of the complex was 

TAL 42/6--G 8 6 7  
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determined by the continuous variation 
method s to be 1:1, which corresponds to the 
formula NTReCI 6. The same NTC to ReCI~- 
molar ratio was obtained according to the 
Likussar and Boltz method *° (see below). In 
both methods the absorbance of the complex 
NTReCI6 was measured in the organic 
phase. 

Hydrochloric acid appeared to be the best 
medium for the formation of the ion-associ- 
ation complex and its subsequent extraction. 
The experiments were carded out with a con- 
stant concentration of ReCI 2- in the aqueous 
phase of 0.5 x 10-SM and 4.0 x 10-4M NTC 
and varying pH values of the aqueous phase 
adjusted by means of suitable buffer sol- 
utions. The optimum pH range for the for- 
mation and extraction of NTReCI6 was 
established to be within pH 3-7. Maximum 
extraction of ReCI 2- was achieved with a 30- 
fold excess of NTC. The absorbance of 
NTReC16 (organic layer) vs. original concen- 
tration of ReC126 - (aqueous phase) plot 
showed good linearity in the range of 
0.13 x 10 -5 to 1.17 x 10-SM ReCI~-. The 
molar absorptivity of NTReCI 6 in dichloro- 
ethane was found to be E =3.42+0.20 x 
104M-' cm-l. The molar absorptivity of 
(INT)2ReCI6 was 3.9 x 104M -1 cm-I, 6 while 
the molar absorptivity of NT(ReO4)2 was 
E = 7 . 0 x  103M -I cm-' .  H Hence, the molar 
absorptivity of NTReCI6 is higher by a factor 
of 10 than that of NTReO4. 

The effect of diverse ions that usually ac- 
company rhenium in environmental and in- 
dustrial samples was studied under the 
optimum extraction conditions. The following 
amounts are tolerated with the extraction of 
2.5 x 10-rM ReCI 2- with NTC: Ni(II), 
1.7 x 10-2M; Mo(VI), 8.3 x 10-3M, Cd(II), 
7.1 x 10-3M, Zn(II), 7.6 x 10-3M; Cu(II), 
4.7 x 10-3M; Fe(III), 8.9 x 10-3M. BrO;,  
IO~- and CIO~- interfere. 

Determination o f  the equilibrium constants Kex, 

The extraction equilibrium was studied 
according to the chemical model applied in 
Ref. 9. The following equilibria were con- 
sidered: 

(i) formation of an ion-associate in the 
aqueous phase according to the reaction: 

with an equilibrium constant (ion-association 
constant) 

/ / =  [NTReCI,]/[NT '+ ] [ReCII- ]. 
(ii) Distribution of the ion-association com- 

plex between the aqueous and the organic 
phase 

[NTReCI~] ~- NTReC16]o,s, (2) 

with a distribution constant 

KD = [NTReCIr]orB/[NTReC16]. 

The overall extraction process is described by 
the equation: 

NT 2+ + ReCI 2- ~ [NTReCIr]ors (3) 

with a corresponding equilibrium constant 

Kex = [NTReCIr]ors/[NT 2+ ][ReCI 2- ]. 

According to Ref. 9 the constants Kex and 
KD can be graphically determined from the 
experimental lg Dsec~- vs. lg[NTC] plot 
(Fig. 1). The distribution coefficient DReCI ~- 
was determined with a constant ReCI 2- con- 
centration in the aqueous phase according to 
the formula: 

DR~-  = [NTReCIr]ore/[NTReCIr] + [ReCI 2- ]. 

Kcx and KD are read from the plot and 
calculated from ~ = K~/KD. The  slope of the 
plot shows the composition of the extracted 
species. Figure I presents an experimental 
lg DR~c,~- vs. Ig[NTC]. The slope of the plot 
confirms the composition of the extracted 
complex to be NT 2+ :ReCI~- = 1:1. 

The value of K~x was determined indepen- 
dently by the Likussar and Boltz method t° 
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Table 1. Values of Ke,, K D and /~ for the extraction system 
ReCl~--neotetrazolium chloride (NTC)--water--dichloroethane 

1 Ig K~* - 4.46 -t- 0.10 Ke~* = (2.99 + 0.74) x 104 n = 7  
2 lg K, xt =4.41 +0.02 Ke, t =(2.70+0.70)  x 104 n = 4  
3 lg KD = 0.46 4- 0.03 K 0 = 2.40 + 0.22 n = 6 
4 lg/~ =3 .99+0 .05  ~ =(1.02_+0.12) x 104 n = 10 

*Value obtained from the lg DRied- vs. Ig Csrc plot? 
tValue calculated by the Likussar and Boltz method? ° 

with CNT2+ + CR~c:~- = 1.0 × 10-4M. Table 1 
lists the values of  equilibrium constants of  the 
system ReCl~--neotetrazolium chloride (NTC)-  
water-dichloroethane. 

CONCLUSIONS 

The extraction constant K~x = (2.99 -I- 0.74) × 
104 and the recovery factor achieved with one- 
fold extraction is R = 74%. The extracted 
species NTReCI6 is an ion-association complex 
of  moderate stability /~ - (1.02 + 0.12) × 104. 
The molar absorptivity of  the ion-associate 
E = (3.42 +_ 0.20) × 104M -I cm -t competes 
favourably with the molar absorptivity of  neote- 
trazolium perrhenate NT (REO4)2 ion-associate 
(~ = 7.0 × 103M -I cm-t) .  The results obtained 
show that NTC can be successfully applied to 
the selective extraction of  Re(IV). 
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Staamm'y--The development of a sensor for the direct and selective determination of atmospheric ethanol 
is in the initial stages. The sensor takes advantage of the selective chemical reaction between ethanol and 
vanadium oxinate. This reaction occurs in an organic medium where a red colored complex is the product. 
This reaction is determined spectrophotometrieally where the absorbanee maxima is 475 nm. The focus 
of this paper is to discuss the parameters necessary to develop a solid sorbent sampling-sensor which can 
be used to determine atmospheric ethanol. 

Over the course of the past 10 years, this 
research group has been developing sampler- 
sensoring devices for trace gas analysis) -3 The 
research involves the use of chemical reagents 
immobilized on solid sorbents for selective 
surface reaction with the analyte of interest. In 
most cases, the reaction between the reagent and 
analyte on the surface results in the formation 
of an irreversible complex. The product yields 
a colored or fluorescent surface where either 
visual and/or an appropriate spectrochemical 
technique can be utilized to determine the 
analyte concentration. The advantages of using 
solid sorbents for trace gas analysis are low cost, 
selectivity, simplicity, high sample collection 
efficiency, suitable storage time, and detection 
limits in low ppm-ppb range. 4 

In addition to these advantages, the use of 
an archimedean sampler-sensor adds the dimen- 
sion of direct in situ analysis of air pollutant. 
An archimedean sampler-sensor has been 
developed in this laboratory for the direct deter- 
mination of air pollutants and has been 
previously described.: The novelty of this device 
is the elimination of instrumentation for analyte 
determination. The species of interest is 

quantified by measuring the spiral length of 
color established by the pollutant reaction. 

The use of sorbent material for the determi- 
nation of atmospheric ethanol is not widely 
accepted, but there exist detector tubes available 
for this analysis. Sorption tubes containing 
activated charcoal are common for ethanol 
detection. 5 Although suitable for atmospheric 
ethanol determination, activated charcoal tends 
to be nonspecific and adsorbs other organic 
volatiles present. In addition, humidity greater 
than 60% can reduce the adsorptive capacity of 
activated charcoal. 6 In general, chemical sorbent 
chosen for atmospheric ethanol need not be very 
sensitive since the Federal Permissible Exposure 
Limits (PEL) is 1000 ppm. However, the surface 
reagent must be selective to ethanol due to the 
presence of other organics and high humidity 
available in environmental and industrial 
atmospheres? 

In this research, the reagent chosen for 
ethanol selectivity is a compound referred to 
as vanadium oxinate. 7 Vanadium oxinate, a 
phenol ester of orthovanadic acid, reacts with 
ethanol to form a red colored complex 
(equation !). 

N O ~ NC2HsOH ~ N ~ 
N 

OH OH (C2HsOH)x 
Vanadium oxinate grey green Alcoholate complex red 
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This reaction is characteristic of alcohols over 
all organic functionalities. As a matter of fact, 
this reagent, which is sparingly soluble in many 
organic solvents, has been used to remove low 
levels of ethanol in mixtures containing other 
organics. 7 In addition this compound is com- 
pletely insoluble and non-reactive with water. 
Because of the selectivity, the vanadium oxinate 
has been used to determine levels of ethanol in 
beers, wine, blood samples, and other solvent 
mixtures, s-l° The detection occurs with mini- 
mum sample preparation and the ethanol levels 
are quantified with basic UV-Vis spectro- 
photometry. Thus, because of its selectivity, 
vanadium oxinate appears to be a prime sorbent 
reagent for the selective determination of atmos- 
pheric ethanol using a sampler-sensor device. 

EXPERIMENTAL 

Reagent 

The vanadium oxinate was prepared to 
adding solutions of 0.02M ammonium vandate 
(Fischer) to 2.5% 8-hydroxyquinoline (MCSB) 
in 5% acetic acid (Fischer). The resulting 
precipitate was soaked in an acetic acid-sodium 
acetate (Fischer) solution, pH 4, for l hr. All 
solutions were prepared in analytical grade 
deionized water. The precipitate was filtered in 
a sinitered glass filter and allowed to dry 
overnight in the oven at temperatures ranging 
from 100 to 120°C. Reagent solutions ranging 
from 2.0 x l0 -4 to 4.5 x 10-4M were tested for 
solubility and ethanol sensitivity in the follow- 
ing solvents: (1) toluene, (2) 2,4-dichloro- 
toluene, (3) cyclohexane, (4) acetonitrile, (5) 
benzene, and (6) chloroform. The chloroform 
had to be washed with analytical grade deion- 
ized water to remove residual ethanol. The 
effectiveness of these reagent solutions were 
tested in contact with solutions of ethanol at 
concentrations (V/V) ranging from 0.001 to 
10%. The ratio of organic to aqueous phase was 
l to 2, and analyses were carried out in 25 ml 
test tubes. Reaction times were varied from 
20 min to 3 hr depending on concentration and 
temperature. The colored product in the organic 
phase was analyzed spectrophotometrically at 
475 nm. 

In addition to various solvents, several poly-. 
mers were also investigated as a matrix for 
vanadium oxinate immobilization. The follow- 
ing polymers were explored: (I) polyvinyl 
acetate, (2) polymethacrylate, (3) cellulose 
acetate, (4) polyethylene oxide, and (5) poly- 

vinyl alcohol. The polymer films were formed by 
dissolving 10 mg of vanadium oxinat¢ and 2 g 
of polymer in 60 ml of solvent. An aliquot of 
2 ml was placed on a polypropylene disk (7.5 cm 
diameter) where the solvent would evaporate, 
leaving a caste film. These polymer films were 
tested for the mechanical stability, capacity to 
immobilize the reagent, and interaction with 
atmospheric ethanol. 

Instrumentation 

UV-Vis spectra of the various solutions were 
obtained on either a Perkin-Elmer Lambda 5 
UV/Vis Spectrophotomer or Hewlett Packard 
8452A Diode Array Spectrophotometer. The 
sample was placed in a 1 cm quartz curvette. 
These spectrophotometers were also used to 
analyze atmospheric ethanol collected on the 
various polymer surfaces. The complex was 
recovered in an appropriate solvent for analysis. 
Calibration gas standards were prepared from a 
VICI Dynacalibrator Model 230-50-2. A 5 mm 
diffusion vial (VICI metronics) with 100% 
ethanol was inserted into the instrument 
chamber and concentration was controlled by 
adjusting the gas flow rates. The atmospheric 
ethanol entered a reaction chamber where 
reaction with the vanadium-oxinate polymer 
film occurred. 

RESULTS AND DISCUSSION 

Solvent test 

Initial research was devoted to determining 
the best solvent for the dissolution of the 
vanadium compound. Ideally the solvent should 
meet several criteria. The ideal requirements 
are as follows: (1) totally immiscible with water, 
(2) possess a low dielectric constant, (3) be 
able to dissolve sufficient amounts of the 
vanadium-oxinate, (4) non-hazardous to users, 
(5) ability to dissolve a polymer-reagent mixture 
for the film formation, and (6) have a high 
volatility. Furthermore, the reaction with 
ethanol in the aqueous or gas phase has to be 
rapid, have a large formation constant to yield 
sensitivity, and must be selective. It is to be 
noted that none of the solvents tested fulfilled all 
the criteria. The advantages and limitations of 
each of the solvents in contact with ethanol 
solutions is listed below. 

Toluene. Toluene meets many of the ideal 
specifications for choosing a solvent. It has a 
low dielectric constant, immiscible with water, 
and non-hazardous to potential users. Never- 
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theless, vanadium--oxinate is sparingly soluble 
in toluene limiting the effectiveness to determine 
low levels of ethanol. Reagent solutions ranging 
from 2.0 × 10 -4 to 5.0 × 10-~M were tested. 
Levels of 0.5% (5000 ppm) and 1% (10,000 
ppm) were detected at the saturated reagent 
concentration. This is insufficient for the 
required PEL (1000 ppm) needed for atmos- 
pheric ethanol. 

2,4-Dichlorotoluene. 2,4-Dichlorotoluene was 
chosen to investigate possible substituent effects 
of the chlorine on improved solubility. Results 
for this solvent, however, had identical detec- 
tion levels as toluene offering no advantages. 

Cyclohexane. In terms of the criteria, cyclo- 
hexane has similar properties to toluene. How- 
ever, the vanadium oxinate is completely 
insoluble in cyclohexane; therefore, no color 
formation occurred in the organic phase with 
ethanol solution. 

Acetonitrile. This was the only water miscible 
solvent investigated; thus it is in essence undesir- 
able. In addition, acetonitrile is more hazardous 
than the previous solvents mentioned. Never- 
theless, the acetonitrile can dissolve a sufficient 
amount of vanadium oxinate to determine 
ethanol levels of 0.1% (1000 ppm). 

Benzene. Benzene is the solvent most widely 
used to dissolve the vanadium compound, but 
it is the most toxic, thus, least preferred. The 
desirable aspect of using benzene is that ethanol 
levels as low as 0.05% (500 ppm) can be deter- 
mined. 

Chloroform. Chloroform is a compromise 
solvent, therefore, being the choice solvent for 
sensor development. It dissolves a sufficient 
amount of vanadium to determine ethanol at 
levels of 0.01% (100 ppm) and it is immiscible. 
The apparent disadvantage is the toxicity of this 
solvent; although, its toxicity is less severe than 
benzene and acetonitrile. Figure 1 shows the 
UV-Vis spectra of the vanadium solution in 
contact with 1 and 3% ethanol solutions. The 
absorbance maxima occurs at 475 nm. This 
maxima agrees closely to reported literature 
values for this complex? In addition, this sol- 
vent is capable of dissolving most of the poly- 
mers investigated. Its volatility is suitable for 
casting polymer films containing the immobi- 
lized reagent. 

Regardless of the solvent, there was a major 
problem associated with dissolution of the 
vanadium compound. Vanadium--oxinate, as 
mentioned earlier, is sparingly soluble in most 
solvents. When this compound dissolves in an 

B 

[ ; I 0.~Abs. Units 

300 400 500 600 
X. [nm] 

Fig. 1. Absorbanc¢ spectra of vanadium--oxinate solution in 
contact with (A) 1% aqueous ethanol, (B) 3% aqueous 

ethanol. 

organic medium, it forms a dark black solution 
which tends to precipitate in the organic layer 
on standing. Thus, the reagent solution has a 
variation in color intensity and absorbance for 
a particular ethanol concentration which is time 
dependent. In order to circumvent this particu- 
lar problem, sieving of particles and filtering of 
solutions were employed before analysis. How- 
ever, time dependent changes persisted. This 
problem is carried into the second stage of 
polymer film development for atmospheric 
determination of ethanol. In conclusion, none 
of the above solvents fulfil all requirements of 
ideality. Chloroform is the choice solvent due to 
its ability to determine ethanol at levels of 
0.01% (100 ppm). 

Polymers 

The next stage of sensor development was to 
find a polymer which can incorporate the 
vanadium compound in a film. In essence, the 
ideal polymer should have compatibility with 
the ethanol promoting adsorption and/or per- 
meability, it should be soluble in organic sol- 
vents that dissolve the vanadium oxinate, it 
needs to be mechanically stable when cast, and 
the reagents should be homogeneously dis- 
tributed in the film. Thus, these criteria were 
explored for identifying the choice polymer. 

Polyethylene oxide. Polyethylene oxide had 
many desirable properties for immobilizing 
the reagent. It exhibited mechanical stability, 
dissolved well in chloroform, and formed 
homogeneous films of the immobilized reagent. 
It also exhibited surface reaction with ethanol 
solutions of 10% (v/v) and greater. However, no 
reaction occurred with atmospheric ethanol. 

Polyvinyl alcohol. Polyvinyl alcohol had many 
undesirable attributes as a substrate matrix. 
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This polymer did not have any permeability for 
the ethanol. In addition, the oxine reagent was 
formed in non-homogeneous and irreproducible 
zones on the polymer surfaces. Although the 
surface vanadium reagent reacted with ethanol 
solutions, it was impossible to obtain repro- 
ducible color changes with ethanol concen- 
tration. 

Polymethacrylate. The polymethacrylate be 
haved similar to polyethylene oxide in all 
regards. Surface color change reactions with 
ethanol solutions greater than 10% (v/v) 
occurred, but it was non-active to atmospheric 
ethanol. 

Cellulose acetate. Cellulose acetate was very 
ineffective. As a matter of fact, this polymer film 
was mechanically unstable on incorporating the 
vanadium reagent. Thus, no further testing were 
performed. 

Polyvinyl acetate. Polyvinyl acetate fulfilled 
all the necessary requirements for formation of 
a sensor film. It readily permeated with the 
ethanol and exhibited a rapid color change 
for both ethanol solutions and gases. Sol- 
utions of 1% (V/V) and 1200 ppm of ethanol 
gases were easily detected. In addition, the 
films were mechanically stable and uniform 
in terms of reagent distribution. Figure 2 
shows the UV-Vis spectra of films exposed to 
8300 ppm and 10,000 ppm of ethanol where 
the film was dissolved in chloroform. Notice 
the characteristic absorbance maxima of 
475 nm. 

In summary, polyvinyl alcohol and cellulose 
acetate which are hydrophillic in nature tend to 
precipitate the vanadium compound out as the 
solvent evaporates on casting the film. 
Polyethylene oxide and polymethacrylate films 
distribute the vanadium compound uniformly 
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Fig. 2. Absorbance spectra of vanadium--oxinate film in 
contact with (A) 8300 ppm ethanol--air sample, (13) I0,000 

ppm ethanol-air sample. 

on film formation. However, the ethanol does 
not readily permeate these films, thus, forming 
color changes only with ethanol solutions 
greater than 10% (v/v). Moreover, this inability 
to adsorb ethanol produces no color change for 
atmospheric samples. Polyvinylacetate shows 
both hydrophobic and hydrophillic character- 
istics. Thus this polymer promotes the uniform 
distribution of the vanadium oxinate on casting 
and has sufficient hydrophillicity to interact 
with the atmospheric ethanol. This allows 
the ethanol to react both at the surface and 
within the matrix with reagent. Response time 
for color formation varied from 3 to 6 hr for 
atmospheric samples depending on concen- 
trations. 

CONCLUSIONS 

The combination of a reagent, solvent, and 
polymer for an immobilized surface sensor film 
for atmospheric ethanol determination was 
successfully completed. The selectivity of the 
vanadium-oxinate towards ethanol is excellent 
in both the solution and gas phase. Ethanol 
solutions as low as 0.01% (v/v) were determined 
in chloroform solvent-reagent system, and the 
immobilized vanadium oxinate-polyvinyl 
acetate substrate film can detect as little as 1200 
ppm of atmospheric ethanol. However, the 
problem of solvent-vanadium stability gave 
non-reproducible color formation for each con- 
centration of ethanol tested. This has not yet 
been solved. Thus, continued work must be 
performed on establishing stable and homo- 
geneous reagent solutions for improved sensor 
data reproducibility. Once this problem is 
solved, the applicability of these films for use in 
the archimedean sampling-sensor unit can be 
evaluated. 
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Talanta 

The Benedetti-Pichler Award 

Leslie Colin Ebdon 

Leslie (Les) Colin Ebdon, Deputy Vice-Chancellor (Academic), at the University of Plymouth in 
Plymouth, UK, will be presented with the prestigious Benedetti-Pichler Memorial Award by the 
American Microchemical Society, during a symposium in his honor at the annual meeting of the 
Eastern Analytical Symposium in Somerset, NJ, USA, November 12-17, 1995. This award is 
given annually and was established in 1966 to recognize outstanding achievements in 
microanalytical chemistry. 

Les obtained a B.Sc. in chemistry in 1968 and a Ph.D. in 1971 at Imperial College, University 
of London, UK. His Ph.D. was supervised by Professor Tom West and (the late) Professor 
Gordon Kirkbright. He was a lecturer in chemistry at Makerere University, Kampala, Uganda 
for two years before accepting a position as lecturer in analytical chemistry at Sheffield 
Polytechnic, Sheffield, UK, being promoted to senior lecturer in 1976. In 1981, Les took the 
newly promoted position of Reader in Analytical Chemistry in the Department of Environmental 
Sciences at Plymouth Polytechnic, which later became the University of Plymouth. In 1989 he 
became Deputy Vice-Chancellor (Academic) at the University of Plymouth. 

Les's interests are in trace analysis particularly applied to environmental problems. At present 
he has nearly 200 publications, 4 books, and 5 patents. He has given plenary lectures in over 20 
countries and over 200 invited conference contributions. He is the 1986 SAC Silver Medal 
recipient. He currently serves on the editorial board of 8 journals. In a recent survey (Chemistry 
& Industry, August 1993, p. 571,) Les was reported as the most cited analytical chemist in the UK 
and the 14th most cited of all UK chemists. 

The following is a list of presentations at the Benedetti-Pichler Award Symposium at Eastern 
Analytical Symposium: 

Ramon M. Barnes, Department of Chemistry, University of Massachusetts, Amherst, MA, USA 
Electrophoresis and ICP-MS 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights reserved 
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Kenneth W. Jackson, Department of Env/ronmental ti.~alth and Toxicology, State University of 
New York at Albany, Albany, NY, USA 
Electrothermal Atomic Absorption Spectrometry: Fundamental Research Leads to Accurate Applied 
Methods 

Richard F. Browner, Department of Chemistry, Georgia Institute of Technology, Atlanta, GA, 
USA 
Coupling Microflow Chromatography to LC-ICP-MS, LC-MS, and LC-MS-MS 

Robert G. Michel, Department of Chemistry, University of Connecticut, Storrs, CT, USA 
New Laser Technologies for Atomic Spectroscopy 

Les Ebdon, Department of Environmental Sciences, University of Plymouth, Plymouth, Devon, 
UK 
New Plasmas for Old Speciation Problems 

NOMINATIONS FOR THE 1996 BENEDETTI-PICHLER AWARD 

The American Microchemical Society is soliciting nominations for the prestigious 1996 
Benedetti-Pichler Award. The award, established in 1966, is given annually to recognize 
outstanding achievements in microanalytical chemistry. The award consists of a plaque and 
expenses to attend the Eastern Analytical Symposium in Somerset, N J, USA, in November 
1996 to receive the award at a session in honor of the awardee. 

Nominations, including at least two supporting letters, should be sent no later than 
October 30, 1995 to: 

Len Klein 
Secretary 
American Microchemical Society 
FMC Corporation 
Agricultural Chemical Group 
P.O. Box 8 
Princeton, NJ 08543, USA 

For further information, please contact: 

Dr. Joseph Sneddon 
Head 
Department of Chemistry 
McNecse State University 
Lake Charles, LA 70609, USA 
Telephone: (318) 475 5777 
Fax: (318) 475 5234 
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Abstract 

The adsorptive stripping voltammetric determination of germanium(IV) based on the adsorptive accumu- 
lation of the germanium(IV)-pyrogallol complex on a hanging mercury drop electrode is reported. The 
reduction current of the adsorbed germanium complex is measured by differential-pulse cathodic stripping 
voltammetry. The peak potential is at -0.42 V vs. Ag/AgCI (saturated KCL). The effects of various 
parameters (ligand concentration, supporting electrolytic composition and concentration, accumulation 
potential and collection time) on the response are discussed. With controlled accumulation for 3 min, the 
detection limit is 1.2 x 10 -9 M germanium. The relative standard deviation (at 1.2 x 10 -s M germanium) is 
3.6%. Possible interferences are evaluated. The applicability of the method to the determination of 
germanium(IV) in ore samples was also successfully carded out. 

1. Introduction 

Germanium is a rare element in the earth's 
crust and because of its industrial and biologi- 
cal significance, a highly sensitive method is 
required for reliable measurement. German- 
ium(IV) complex with organic ligands such as 
polyhydroxy compounds [1-4] have been ap- 
plied in the polarographic determination of 
germanium, but these methods are not suffi- 
ciently sensitive to detect trace germanium. Re- 
cently, the adsorptive characteristics of 
complexes have been used in the determination 
of traces of inorganic elements [5-7]. The ad- 
sorptive stripping measurements of german- 
ium(lV) in the presence of catechol and pyro- 
gallol have been reported [8] and the method 
has been applied to determination of trace 
germanium in ginseng and garlic. 

In this paper, a sensitive adsorptive stripping 
voltammetric method is described for the deter- 

* Corresponding author. Fax: (86) 431-823-907 
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mination of trace amounts of germanium based 
on differential-pulse cathodic stripping voltam- 
metry (DPCSV) of the accumulated german- 
ium(IV) complex with pyrogallol at a hanging 
mercury drop electrode. The optimum analyti- 
cal conditions for germanium(IV) determina- 
tion are discussed in detail. 

2. Exper imenta l  

2.1. Apparatus and reagents 

The voltammograms were recorded on a 
PAR model 384A polarographic analyzer. The 
working electrode was a PAR model 303 static 
mercury drop electrode and a medium-sized 
hanging mercury drop electrode (HMDE) was 
employed. Ag/AgCl(saturated KCI) and plat- 
inum wire served as reference and auxiliary 
electrode, respectively, A model 79-1 voltam- 
metric analyzer (Jinan Fourth Radio Factory, 
China) coupled with a model Series 60000 XYt 
recorder (Gould Electronics, China) was used 
for cyclic voltammetry. 

raerved 
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Unless specified otherwise, all reagents were 
of analytical-reagent grade. All solutions were 
prepared from doubly distilled water. A stock 
solution of 1.2 x 10 -2 M germanium(Iv) 
(atomic absorption standard) was used and 
diluted with water as required. A stock solu- 
tion of 0.1 M pyrogaUol was prepared weekly 
and was stored at 4 °C in a refrigerator. 

2.2. Procedure 

Voltammetric stripping experiments were 
performed in the following manner. The sup- 
porting electrolyte (10ml) containing 0.5 M 
HCI, 0.1 M KCI and 4 x 10 -4 M was pyrogal- 
1ol transferred into the voltammetric cell and 
purged with pure nitrogen for 4 min. The pre- 
concentration potential (usually 0.0 V vs. Ag/ 
AgCI (saturated KCI)) was applied to a fresh 
mercury drop while the solution was stirred. 
Stirring was stopped and after 30 s the voltam- 
mogram recorded by applying a negative scan 
(at 4mV s -1) from 0.0 to -0.60 V using the 
differential-pulse stripping mode. After the 
ground voltammogram has been obtained, the 
adsorptive stripping experiment was repeated 
with a new drop for the addition of the germa- 
nium sample. After additions of each sample, 
nitrogen was passed through the solution for 
about 1 min. 

3. Results and discussion 

3.1. Response characteristics 

b 

t I I I I 
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Fig. 1. Cyclic voltamperograms of germanium(IV) after 0 
(a) and 30 (b) sec stirring at -0 .20  V vs. Ag/AgCI (satu- 
rated KCI). Scan rate, 100 mV s -I .  The solution contained 
0.SM HCI, 0.1M KCi, 4 x 1 0 - 4 M  pyrogallol and 
6.0 x 10 -7 M Ge(IV). 

DPCSV, different parameters (supporting elec- 
trolytic composition and concentration, accu- 
mulation potential, collection time, ligand 
concentration and germanium(IV) concentra- 
tion) were investigated. 

By comparing HCIO4, HAc-NaAc, H2SO4, 
and KCI-HCI solution, we found that the 
germ-anium(IV)-pyrogallol complex peak was 
highest and constant in KCI-HCI solution and 
the optimum concentration was 0.1 M KC! and 
0.5 M HCI. 

Fig. 1 shows cyclic voltamperograms for 
6 x 10 -7 M germanium(IV) in a medium con- 
raining 4 x 10 -4 M pyrogallol, 0.1 M KC1 and 
0.5 M HCI. In the absence of accumulation, 
only a small peak from the reduction of the 
germanium-pyrogallol complex was observed 
at -0.42 V (a). When the above experiment 
was repeated for a 30 s stirring period at 
-0.20 V vs. Ag/AgCI (saturated KCI), a sig- 
nificantly larger cathodic peak was observed 
(b), indicating an interracial accumulation of 
the complex. The fact that a well-defined cyclic 
voltammetric response was observed shows the 
remarkable sensitivity associated with the inter- 
facial accumulation process. 

To check the applicability of the adsorption 
preconcentration behaviour of the german- 
ium(IV)-pyrogallol complex at the HMDE 
for the determination of germanium(IV) by 
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Fig. 2. Dependence of the reduction peak current of the 
adsorbed Ge(IV) complex with pyrosallol on the concen- 
tration of pyrogaliol. The solution contained 0.1 M KCI, 
0.5 M HCI and 1.2x 10-7 M Ge(IV). Scan rate, 4 mVs  - t .  
Preconcentration time, 30s. Preconcentration potential, 
0.0 V vs. Ag/AgCI (saturated KCI). 
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4o 2o From the results above, we chose the follow- 
A ing as the optimum experimental condition: 

0.1 M KCI, 0.5 M HCI, 4 × 10 -4 M pyrogallol. 
The accumulation potential was 0.0 V vs. Ag/ 

i i AgCI (saturated KCI). 

30 1o 3.2. Analytical application 
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Fig. 3. Dependence of the reduction current of the ad- 
sorbed Go(IV) complex with pyrogallol on the preconcen- 
trated time. The conditions are 0.1 M KCI, 0.5 M HCI, 
4 × 10 -4 M pyrogallol and 1.2 x 10 -7 M Ge(IV) (A) and 
3.6 x 10 -8 M Ge(IV) (B). Other conditions are the same as 
those in Fig. 2. 

Fig. 2 shows the dependence of the german- 
ium(IV)-pyrogallol complex peak on the lig- 
and concentration. The peak height increases 
linearly with the pyrogallol concentration at a 
concentration of less than 4 × 10 -4 M. The 
peak height tended to remain constant at a 
concentration of more than 4 × 10 -4 M. There- 
fore, 4 × 10 -4 M was selected as the optimum 
concentration of the pyrogallol. 

The dependence of the maximum stripping 
peak current on the collection time was exam- 
ined for samples containing 1.2 × 10 -7 M (Fig. 
3A) and 3.6 × 10 -8 M (Fig. 3B) germanium(IV) 
in the range of 0-300 s. The maximum peak 
height was observed at 120 and 240s for 
1.2 × 10 -7 M and 2.6 × 10 -s M germanium 
(IV), respectively, and was constant during the 
longer time. 

The effect of the accumulation potential on 
the stripping peak current of the german- 
ium(IV)-pyrogaUol complex was examined over 
the potential range from 0.0 to - 0 . 3 0 V  in 
0.1 M KC1, 0.5 M HC1, 4 x 10 -4 M pyrogallol 
and 1.2 × 10 -7 M germanium(IV) solution at 
the optimum collection time. The largest peak 
current was obtained at a deposition potential 
of 0.0 V and the current decreased slowly at 
more negative potentials. Electrostatic exclu- 
sion may be responsible for the observed effect. 
Because the germanium (IV)-pyrogallol com- 
plex appears negatively charged, a more posi- 
tive potential is favorable for its adsorption at 
HMDE. Therefore, 0.0 V was selected as the 
accumulation potential in the recommended 
procedure. 

The greatest advantage of the determination 
of germanium(IV) by proposed adsorptive 
stripping voltammetric method is the inherent 
sensitivity. Under the optimum conditions, a 
linear relationship between the peak current 
and the germanium(IV) concentration was oh- 
mined in the range of 0 -6  x 10 -7 (Fig. 4A), 
0 -6  x 10 -8 (Fig. 4B) and 0-10 x 10 -9 (Fig. 
4C) M when collection time was 60, 90 and 
180 s, respectively. When the collection time 
was 180 s, the detection limit of the method was 
1.2 × 10 -9 M. Reproducibility tests on eight 
results at 1.2 × 10 -8 M germanium(IV) showed 
a relative standard deviation of 3.6%. 

The selectivity of the method was tested by 
studying the effects of foreign ions on the 
determination of 1.2 × 10 -8 M germanium(IV). 
The results showed that 100-fold excess of 
Cu(II), Cd(II), Fe(III), Fe(II), Co(II), Pb(II), 
Mg(II), AI(III), Ni(II), Mn(II), Zn(II), Ca(II) 
and 20-fold exess of As(liD did not interfere 
with the determination of germanium(IV) under 
the experimental conditions. In addition, be- 
cause Tin(IV) can complex with pyrogallol 

200 20 

A 

C 

0 
2.q 4.8 7.2 9.6 

Concentrat ion 

Fig. 4. Dependence of the reduction peak current of the 
adsorbed C~IV) complex with pyrogaliol on the concen- 
tration of 8ermaniurn(IV). The conditions are as follows. 
(A) 0-10.8 x 10 -7 M C_~(|V), preconcentration time was 
60$. (B) 0-10.8 x 10 -a  M Ge(IV), preconcentration time 
was 90s. (C) 0-10, $ x 10-9M Ge(IV), precon~ntration 
time was 180 s. Other conditions are the same as those in 
Fig. 3. 
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Table 1 
Results of the determination of germanium in standard ore 
samples 

Sample Stated Content Average value 
content determined found (~g g -  ~) 
(~g g - t )  (~tg g - t )  

GSD-2 1.70 1.65, 1.71, 1.68 1.68 
GSD-4 1.40 1.35, 1.40, 1.39 1.38 
GSD-5 1.40 1.32, 1.39, 1.41 1.37 

and adsorb at HMDE, a cathodic stripping 
peak was produced. In experiments it was 
found that the sensitivity of tin(IV) was low. 
When the concentration of tin(IV) was 20-fold 
excess of Ge(IV), the relative response was 
5.6%. 

The adsorptive stripping voltammetric 
method can be applied to the determination of 
germanium(IV) in ore samples. A 0.2 g ore 
sample was dissolved in 5 ml of nitric acid 
(1 + 1) and the solution diluted to 25 ml. An 
appropriate volume of this sample solution was 
transferred into a 50 ml volumetric flask con- 
taining supporting electrolyte and diluted to the 
required volume with water. After these steps, a 
certain amount of this solution was added to 
the cell and tested to the procedure above. 

Typical results obtained for standard samples 
are summarized in Table 1. The results for the 
determination of germanium(IV) are in agree- 
ment with the stated contents. 

4. Conclusions 

The results above demonstrate the feasibility 
of the method for the determination of trace 
germanium by cathodic stripping voltammetry. 
The detection limit is 1.2 x 10-9M. The 
method is sensitive, simple and relatively rapid. 
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Abstract 

A chemically modified electrode (CME) constructed by adsorption of aquocobalamin (VBI2a) onto a 
glassy carbon electrode surface was demonstrated to catalyze the electro-oxidation of cysteine, a suifhydryl- 
containing compound. The sulfhydryl oxidation occured at 0.54-0.88 V vs. Ag/AgCI depending on pH value 
(3.0-I0.0). The electrocatalytic behavior of cysteine is elucidated with respect to solution pH, operating 
potential and other variables as well as the CME preparation conditions. When used as the sensing electrode 
in flow injection amperometric detection, the CME permitted detection of the compound at 0.8 V. The 
detection limit was 1.7 pmol. The linear response range went up to 1.16 nmol. The stability of the CME was 
shown by RSD (4.2%) over 10 repeated injections. 

1. Introduction 

Numerous methods for the amperometric 
determination of physiologically important thi- 
ols following liquid chromatographic separa- 
tion have been reported. Unfortunately, those 
thiols exhibit irreversible oxidation requiring 
extreme positive overpotential at most conven- 
tional electrode surfaces and, consequently, are 
not ideally suitable for quantification via con- 
ventional electrochemical approaches following 
liquid chromatography [1-3]. Electrochemical 
detection of those species is usually performed 
at mercury [4-7] or mercury amalgam [8,9] 
electrodes at which the formed mercury sulfide 
species can be oxidized at comparatively mod- 
est values of applied potential. Much effort has 
been made towards decreasing the overpoten- 
tial and increasing the oxidation current 
[10-22]. Zagal et al. [10] reported the phthalo- 

* Corresponding author. 
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cyanine tetrasulphonate adsorbed graphite 
electrode used for the electrocatalytic oxidation 
of cysteine. Baldwin [11,12] has developed car- 
bon paste electrode containing cobalt phthalo- 
cyanine (CoPC) to decrease the overpotential 
for the oxidation of sulfhydryl compounds. 
Later, a polymeric CoPC chemically modified 
electrode was constructed to improve the sta- 
bility of the electrode in organic solvents [13]. 
Some other medically important sulfhydryl 
containing substances such as thiopurines [14] 
and 2-thiothiazolidine-4-carboxylic acid [15] 
were also detected ideally on CoPC carbon 
paste electrode and electropolymerized CoPC 
glassy carbon electrode, respectively. Hart et al. 
[16-18] devised a carbon-epoxy resin com- 
posite electrode chemically modified with 
CoPC for catalytic oxidation and determina- 
tion of glutathione following liquid chromatog- 
raphy. Kulys et al. [19] constructed graphite 
electrodes modified with tetraeyano-p- 
quinodimethene, tetrathiafulvalene and 1,1'- 
dimethylferroeene for the electrocatalytic 

reserved 
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oxidation and determination of sulfhydryl 
compounds. He et al. [20] prepared a Nafion- 
Os(bpy)] +/3+ film coated glassy carbon elec- 
trode for the determination of trace amounts of 
thiols via LCEC. Wang [21] and Cox [22] de- 
vised mixed-valent inorganic film modified elec- 
trodes for electrocatalysis and determination of 
those thiols. 

Aquocobalamin (VB12a) is a Co(Ill) corrin 
complex with the structure shown in Fig. 1. It 
is related to the biologically active adenosyl- 
cobalamin, in which adenosine replaces water 
as an axial ligand. In conjunction with the 
proper enzyme system, the latter compound 
catalyzes a variety of group-transfer and other 
unique reactions in living systems [23]. There is 
an extensive body of literature on the chemistry 
of VB12 [24,25], and there has been recent 
interest in its catalytic properties for organic 
reduction [26-29], mostly about the alkyl- 
halides [27-29], and also about oxygen [30]. 
The catalytic utility of VBI2a in reduction is 
due to its facile chemical or electrochemical 
reduction to B12s [Co(I)alamine], a powerful 
nucleophile that is readily alkylated to yield 
alkyl Co(Ill) alamins. Compared to the wide 
research on catalytic reduction by VB12a, there 
has been little study on the catalytic oxidation 
by vitamin B12 and its analogues [31,32], not 
least the catalytic mechanism. In view of the 
well known catalytic activity of VB12a toward 
a wide variety of redox systems, we have con- 
structed an aquocobalamin modified electrode 
(VB12a-CME) which not only greatly en- 
hanced the oxidation peak but also decreased 
the oxidation overpotential of cysteine. We fur- 
ther investigate the use of the VB12a-CME as 
analytical sensors in voltammetry and flow in- 
jection analysis (FIA). 

2. Experimental 

2. I. Reagents and apparatus 

Vitamin BI2 and DL-cysteine (Cys) were of 
biochemical grade obtained from Shanghai 
Chemical Corp. (Shanghai, China). A stock 
solution (0.1 M) of cysteine was prepared with 
0.1 M KOH and stored at 4 °C in the dark. 
Doubly distilled water was used for the prepa- 
ration of all solutions. Vitamin B12a was ob- 
tained by photolysis [33,34]. A 1 x 10-3M 
solution of vitamin B12 in acetate buffer pH 
4.75 was subjected to photolysis for 30 min. 

Voltarnmetric experiments were performed 
with a laboratory-built voltameter. All experi- 
ments were done by using a three-electrode cell 
configuration with a modified or unmodified 
glassy carbon working electrode, a saturated 
Ag/AgCI reference electrode and a platinum 
wire auxiliary electrode. 

Flow injection analysis was performed with a 
Gilson 306 pump (Gilson Medical Electronics, 
France), a model 7125 Rheodyne injector 
(Berkeley, CA, U.S.A.) with a 20tal sample 
loop and a model 400 electrochemical detector 
with MP 1303 GCE for detection. The mobile 
phase was 0.1 M potassium phosphate buffer 
(pH 7.0), containing 50 ~tM EDTA, and was 
delivered at a constant flow rate of 1.0 ml/min. 
The mobile phase was filtered through 0.45 lam 
Type HA filter paper (Millipore Corp., U.S.A.) 
and was briefly degassed in an ultrasonic bath 
and a vacuum system about 15 min before use. 
The experiments were carried out at room tem- 
perature. A 125 W mercury lamp was used for 
photolysis. 

2.2. Electrodes 

Prior to surface modification, the glassy car- 
bon electrode was polished successively using 1, 
0.3 and 0.05 ~rn alumina powder suspension on 

OH 2 

l o,c-N"2 
= 

o NZ - ",A.. 

H2 N-- iCiJ~" ~ CH 3 H.C / 

7: °-\ 

/\M 
H3C 

Fig. 1. The structure of aquocobalamin. 
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Fig. 2. Cyclic voltammograms of  1 mM vitamin Bl2a on 
bare glassy carbon electrode in 0.1 M phosphate buffer (pH 
7.0) before (b) and after (a) degassing with nitrogen for 
10 min. Scan rate, 100 mV/s. 

a smooth cloth and then thoroughly ultrasoni- 
cated in a water bath several times, and finally 
rinsed with water. This electrode is referred to 
as fresh glassy carbon electrode (GCE). The 
CME was prepared by applying 10 pl of 1 mM 
aquocobolamin solution onto the dried GCE 
surface. The electrode was then left to dry in 
the air, until a uniform brown reddish film was 
observed to cover the entire disk. The electrode 
was rinsed with water and was then ready to 
use .  

3. Result and discussion 

3.1. Cyclic voltammetry of vitamin Bl2a 

Fig. 2 shows cyclic voltammograms of vita- 
min B l2a on the freshly cleaned glassy carbon 
in a neutral phosphate buffer solution. Fig. 2a 
was obtained after degassing with oxygen, 
while Fig. 2b was not degrassed with oxygen. 
Two cathodic waves, Pc and Pc, were observed 
at cathodic scan, with peak potential of 
Er~ =0.01 V and E r ~ , = - 0 . 9 4 V  which were 
with two corresponding anodic peaks ( E  = 
-0.1 V and Ep~, = -0 .75  V). 

A detailed picture of the redox behavior of 
vitamin B12a has emerged from the work of 
Saveant [35-37]. As shown in those reports, 
VBI2a is electroactive and followed two steps 

of a one-electron transfer redox process at the 
pH values involved in our experiment. The 
base-on aquo-Bl2a and the base-on B12r are 
the electrochemically reacting species as shown 
below: 

base-on base-on base-off 

The first redox couple Pc and Pa features the 
reversible reduction and oxidation of B12a and 
B12r through its aquous form, and the second 
redox pair (Pc' and Pa,) represents the redox 
process of B12r and Bl2s couple, the peaks at 
-0 .54  and - 1 . 0 V  in Fig. 2b belong to the 
catalytic reduction of oxygen by VB12a. [37]. 

3.2. Electrocatalysis 

Among the compounds whose redox reac- 
tions have been shown to be catalyzed by B 12a 
are homocysteine and several other sulfhydryl- 
containing species [31]. In view of the impor- 
tance of these compounds in a number of 
biological, pharmaceutical and environmental 
areas, we investigated the electrocatalytic oxi- 
dation of cysteine on VB12a and applied the 
VB12a-CME for the determination of cys- 
teine. The CVs obtained for a GCE (a), VB12- 
CME (b) and VB12a-CME (c) immersed both 
in 0.1 M phosphate buffer (pH 7.0) blank solu- 
tion and in the same solution doped with 0.5 
and 1 mM cysteine are shown in Fig. 3. The 
VB12a-CME containing higher modifier con- 
centration were found to yield a slightly higher 
current level and thus was not investigated 
further. By itself, the VB12a-CME exhibited 
anodic and cathodic peaks which matched the 
adsorption wave observed for a VB12a solu- 
tion in Fig. 2b (without degassing oxygen by 
N2). The introduction of a cysteine to this 
CME/solution system resulted in a marked in- 
crease in current and a decrease in overpoten- 
tial compared with the GCE/solution system. 
As before, the catalytic currents observed were 
proportional to the cysteine concentration and 
no cathodic currents were seen on the reverse 
scan. Furthermore, the currents due to the 
cysteine oxidation were diffusion controlled ex- 
hibiting a linear dependence on the square root 
of the scan rate range from 10 to 250 mV/s. 
Compared to the significantly catalytic oxida- 
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Fig. 3. Cyclic voitammograms of GCE (a), VBI2-CME 
(b) and VBI2a-CME (c) in 0.1 M phosphate buffer solu- 
tion (1) and doped with 0.5 mM (2) and I mM (3) cysteine. 
Scan rate, 100 mV/s. 

tion of cysteine on VB12a, there was almost no 
catalytic effect towards cysteine on VB12 (Fig. 
3b), where the current was almost the same as 
at GCE with the addition of an adequately 
high concentration of cysteine. The catalytic 
mechanism was not dear. It is the same phe- 
nomenon in the chemically catalytic oxidation 
homocysteine by VBI2a derivatives [31]. 

The effects of different pH values on cata- 
lytic peak current and oxidation wave are illus- 
trated in Fig. 4. In general, increasing the 
solution pH caused a shift of the catalytic 
waves to lower potentials, and an identical 
increasing anodic current. The peak currents in 
neutral and alkali media were generally larger 
than those in low pH values. 
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60 I 1.2 

5 0  a _ b 1 . 0  

qO 0 . 8  

30 , , ~ - / b  a ~ "  0.6 

20 1 O.q 
10 0.2 

0 o ~ I I t i 0.0 
3.0 q.O 5.0 6.0 7.0 8.0 9.0 10.0 

pH 

Fig. 4. Media pH effect on the peak potential (a) and peak 
current (b) on CVs obtained at VBI2a-CME for i mM 
cysteine in 0.1 M phosphate buffer. Scan rate, 100 mV/s. 

3.3. Flow injection amperometry 

Despite some uncertainty concerning the 
catalysis mechanism, it was apparent that the 
response enhancement produced by the use of 
VB12a-CME should make its usage attractive 
in a number of analytical applications. One 
area where its use could be of particular advan- 
tage is as the sensing electrode for the detection 
of thiols in flow injection analysis and liquid 
chromatography. 

Hydrodynamic voltammograms (HDVs) ob- 
tained for cysteine via flow injection on both 
GCE and VB12a-CME are shown in Fig. 5. A 
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Fig. 5. Hydrodynamic voltammograms of 5.0 x 10 -5 M 
cysteine of GCE(a) and VBI2a-CMECo). Mobile phase, 
0.1 M phosphate buffer (pH 7.0) Flow-rate, l.Oml/min. 
Injection volume, 20 pl. 
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Fig. 6. Flow injection amperometric responses at GCE(a) 
and VBI2a-CME(b) of 4 x 10-6M cysteine. Potential 
applied at 0.8 V vs. Ag/AgCI. Flow conditions as in Fig. 5. 

Table 2 
The current responses of the injection of 5 x 10 -6 M eys- 
teine 

Injection no. Current response 
(nA) 

1 52 
2 53 
3 56 
4 54 
5 50 
6 57 
7 51 
8 53 
9 55 

10 52 

substantial decrease in the half-wave potentials 
was observed at the C M E  and the response to 
cysteine was greatly enhanced. The opt imum 
response in items of  sensitivity, i.e. operation 
on the plateau region, occurred at 0.8 V. Also 
provided for comparison is the H D V  obtained 
at an unmodified carbon electrode, which, as in 
CV, showed little response at potentials lower 
than 1.0 V. The mobile phase employed in 
these flow injection experiments consisted of  
0.1 M phosphate buffer (pH 7.0) containing 
50 ttM EDTA. 

On the basis of  the HDVs,  it appeared that 
the opt imum potential for F IA detection of  
cysteine at V B 1 2 a - C M E  should be larger than 
0.8 V vs. Ag/AgCl. As a high detection poten- 
tial results in a more serious deactivation and 
high noise, 0.8 V was chosen as the detecting 
potential. Anodic peaks were obtained at this 
potential only when the V B 1 2 a - C M E  was em- 
ployed (Fig. 6). Under  those conditions, the 
calibration curve for cysteine was linear with 
injected amounts  of  analyte from 1.16 nmol to 
1.7 pmol (Table l). The regress equation was 

Table 1 
Dependence of the current response on concentration of 
cysteine a 

Concentration Current response 
cys. (M) (nA) 

5.8 x 10 -5 596 
1.0 x 10 -5 98 
7.0 x 10 -6 64 
i.5 x 10 -6 17 
5.0 X 10 -7 7 
8.5 x 10 -s 0.9 

"Mobile phase: 0.1 M phosphate buffer, pH 7.0 and 50 gtM 
EDTA, E = 0.8 V vs. Ag/AgCI, flow rate I ml/min, injec- 
tion column 20 ~tl). 

RSD = 4.2%. 
Experimental conditions as Table !. 

ip = -0 .521  + 1.124C (ppm) (the correlation 
coefficient was 0.996). The detection limit was 
1.7 pmol ( S / N =  2). Typical peak currents ob- 
tained in this manner  for the injection of  
5.0 x 1 0 - 6 M  cysteine solution yielded a rela- 
tive standard deviation of  4.2% for 10 succes- 
sive trails (Table 2). 

4. Conc lus ion  

A V B I 2 a - C M E  was constructed and 
showed effective catalysis of  the oxidation of 
cysteine. In general, the performance of  the 
V B 1 2 a - C M E  for cysteine determination seems 
to be at least comparable to that of  other 
carbon- and mercury-based electrode systems. 
The detection limit of  1 .7pmol found for 
V B 1 2 a - C M E  is not less than those of  previous 
reported assays [1-15]. The V B 1 2 a - C M E  was 
used in the flow injection analysis of  cysteine 
with satisfactory results for high sensitivity and 
stability. 
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Abstract 

Arsenic has been determined by fl-correction spectrophotometry with ethyl violet (EV) in the presence of 
sodium nitrite which is an oxidant and effective for removing absorption spectra and increasing analytical 
sensitivity. Extraction with benzene can separate most other metals ions and concentrate arsenic in 
wastewater. The fl-correction method can eliminate completely the effect of excess EV in its As colored 
solution to give the real absorbance of the chelate produced. Sensitivity, precision and accuracy are all 
increased. Beer's law is obeyed over the range 0-2.0 mg l -  ~ at 630 nm and the detection limit of arsenic is 
0.02 mg l -t .  The results show that the relative standard deviation was less than 12% with the recovery 
between 91.0 and 114%. 

1. Introduction 

Arsenic is a poisonous element and often 
exists in waters, polluted by, for example, the 
pesticide chemical, paper and other industries. 
Although spectrophotometry with Ag-DDC [1] 
is now a usual method for the determination of  
trace arsenic, the reaction between arsenic(III) 
and ethyl violet (EV) in the presence of sodium 
nitrite was developed first. Sodium nitrite is an 
oxidant for changing trivalent As(III) in a col- 
ored solution into As(V), it was also found to be 
effective in removing the absorption spectra and 
increasing sensitivity. Both the extraction with 
benzene and the back-extraction with water 
may separate other metal ions [2] to increase the 
selectivity. Because of the serious effect of  ex- 
cess EV in As solution, it is difficult to accu- 
rately determine trace As by single wavelength 
spectrophotometry. The fl-correction method 
described in this paper is a new dual-wavelength 
method for the determination of  trace metal, 
which is different from other dual-wavelength 

spectrophotometries [3-6]. It may completely 
eliminate the interference of excess complex to 
give the real absorbance of chelate produced. 
The sensitivity, precision and accuracy by the 
dual wavelength /q-correction method are all 
higher than those for the ordinary one. Re- 
cently, such a method has been applied to the 
analysis of Be E+ [7] Sb 3+ [8] etc. Here, this 
method is utilized for the determination of  trace 
amounts of  arsenic(III) in wastewater using the 
above reaction. Beer's law is obeyed over the 
range 0-2 .0  mg l-~ As at 630 nm and the rela- 
tive standard deviation is less than 12% and the 
recovery between 91.0 and 114%. The detection 
limit of  arsenic is 0.02 mg l - t .  It is suitable for 
the determination of  As(III) in wastewater from 
the chemical industry. 

2. Principle 

The following reaction of  the colorant R and 
the metal is given to illustrate the fl-correction 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights reserved 
SSDI 0039-9140(95)01503-5 
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Fig. 1. Absorption spectra of R and its Me colored solu- 
tion: (1) R (a amount); (2) R(a) + Me(b) colored solution; 
(3) excess R (c amount); (4) MeRe, chelate. All against 
water reference. 

principle and its spectrophotometry. The reac- 
tion is expressed by 

aR + bMe-~ bMeR7 + cR 

where a and b are the starting amounts of  R 
and Me, respectively, and c is the excess R in 
its colored solution. ? is the complex-ratio of R 
to Me. The absorption spectra sketch is shown 
in Fig. 1. At the wavelength 2e the real ab- 
sorbance (Ac) of the MeR7 chelate should be 
equal to the interval MO but not MN. The Ac 
value is expressed by 

A~ = (AA - D ~A 3/0 - ~D) (1) 

where a¢ and # are both correction coefficients. 
They are calculated by, respectively, 

= A'~/A~ (2) 
and 

= A o/A '0 (3) 

AA, AA' are the absorbances of the colored 
solution of R (a amount) with Me (b amount) 
at 22 and 2m, respectively, against its reagent 
blank (aR) reference. From Fig. 1 AA = MN 
and - A A ' =  PQ. A~, A'~, are the absorbance 
of the chelate MeR7 at 22 and 21, respectively, 
against water. A o, A'o are that of  a reagent 
blank at 22 and 2s against water, A~, A'~c; Ao, 
A'o are shown in Fig. 1. 

3. Experimental 

3. I. Apparatus and reagents 

Visible spectra were recorded with a Model 

7230 spectrophotometer (Shanghai Third Ana- 
lytical Instruments) in a 3 cm cell. 

Standard arsenic(III) solution, 1.00 g l-l:  
0.1320g1-'  of arsenic trioxide (C.P., Beijing 
Chemical, China) was dissolved in 5 ml of 10% 
sodium hydroxide then the solution neutralized 
to pH 6-7  with 10% hydrogen chloride 
and diluted to 100ml with distilled water. A 
10 .0mgl- '  arsenic solution was prepared by 
dilution. EV (Shanghai Chemical Reagents, 
China) solution, 0.010%; sodium nitrite (A.R., 
Beijing Hongxing Chemical, China) solution, 
1%; hydrochloric acid solution, 0.125 mol; Ben- 
zene (Shanghai Organic Chemical, China). 

3.2. Recommended procedures 

To 50 ml of a wastewater containing less 
than 50 ~tg of arsenic(III), sulfuric and hy- 
drochloric acid were added to give the desired 
10 tool hydrogen ion molarity in a total volume 
of 100 ml. The solution was transferred into a 
separating funnel and extracted with 10ml 
benzene. After separating the aqueous layer, 
As(III) was stripped with two 5 ml portions 
of water. The water-phase solution was taken 
in a 25ml standard flask. Then, 2ml of 
hydrochloric acid solution, 0.5 ml of sodium 
nitrite solution and 1.5ml of EV solution 
were added. It was diluted to volume with 
distilled water and mixed well. After 1-5 min, 
the absorbances were measured at 560 and 
630 nm, respectively, against a reagent blank 
reference. 

4. Results and discussion 

4.1. Absorption spectra 

The absorption spectra of EV against water 
in the presence of sodium nitrite, that of 
As(III)-EV colored solution against its reagent 
blank and that of As-EV chelate which was 
measured from the colored solution as the 
mole ratio of EV to As(Ill) nears zero against 
the water reference, are shown in Fig. 2. From 
curve 3, two wavelengths may be selected such 
that the difference in absorbance is maximal: 
560 and 630 nm. From curves 3 and 4, we see 
that sodium nitrite is effective in increasing the 
sensitivity and removing the absorption spec- 
tra. From curve 1,# was calculated as 0.657 
and from curve 2,a as 0.623. 
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Fig. 2. Absorption spectra of EV and its As(II) colored 
solution in the presence of sodium nitrite: (1) EV (6.0 mg) 
with 0.02% sodium nitrite against water reference in 
0.01 M HCI; (2) the colored solution of As(Ill) (500 rag) 
and EV(6.0 mg) with 0.02% sodium nitrite, regarded as 
only As-EV chelate not excess EV in the colored solution, 
against water reference; (3) the colored solution of As(Ill) 
(2.0rag) and EV (6.0mg) with 0.02% sodium nitrite, 
against its reagent bland reference; (4) same as (3) with 
sodium nitrite. 
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Fig. 4. Effect of HCI and sodium nitrite concentration on 
A¢ of As(Ill) (2.0rag) colored solution at 630nm: (1) 
0.125 M HCI; (2) 1% sodium nitrite. 

4.3. Effect of acid and sodium nitrite 
concentration 

4.2. Effect of EV concentration 

The effect of EV in the presence of sodium 
nitrite is shown in Fig. 3. Curve 1 is drawn 
from curves 2 and 3 and formula (1). From 
curves 1 and 2, A¢ is much higher than AA, 
which shows the high sensitivity of the dual- 
wavelength fl-correction method. From curve 
l, A¢ reaches a maximal valve remains constant 
for the addition of more than 1.5 ml of 0.010% 
EV solution. 

0 . 6  

< 0.3 

c 1 
2 

0 0 - -  
.~ 3 x 

< ~ X ~ x ~  x 

-0.3 I I I I 
0 0 . 5  1 .0  1 .5  2 . 0  

0.010~ EV (ml) 

Fig. 3. Effect of EV in the presence of sodium nitrite at 
630 nm: (!) the real absorbance (A¢) of the As-EV chelate 
in its colored solution containing 2.00 mg As(Ill); (2) the 
absorbance of the colored solution of As(Ill) (2.00 nag) and 
EV against its reagent blank reference; (3) same as (2) at 
560 nm. 

Varying molar concentration of HCI in a 
colored solution was investigated and the effect 
on the A¢ value of the colored solution contain- 
ing 0.800 mg As has been drawn as Curve 1 in 
Fig. 4. The use of between 0.3 and 2.0 ml of 
0.125M HCI was found to give maximal 
colour intensity. Curve 2 in Fig. 4 shows the 
effect of sodium nitrite concentration. We see 
A¢ reach a maximum and was mostly stable for 
the addition of 1% sodium nitrite between 0.2 
and 1.5 ml. 

4.4. Stoichiometry of complex 

A trial to determine As(V)-EV composition 
in the presence of sodium nitrite for the 
aqueous binary complex using the continuous 
variations method showed the As to ligand 
ratio to be 1:1. On the other hand, attempts to 
determine the composition of ternary complex 
were not made, because about 100-fold molar 
excess of nitrite (NO2) was required for com- 
plete complex formation. 

4.5. Effect of development time 

The effect of reaction time on the real ab- 
sorbance of 2.0 mg As(Ill) solution at 630 nm 
is shown in Fig. 5. We see that the formation 
of the complex of As(V) with EV in the pres- 
ence of sodium nitrite is complete in 1 rain but 
the fading of the colors becomes rapid after 
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Fig. 5. Effect of development time on A¢ of As(Ill) 
(2.00 rag) colored solution at 630 nm. 

10min. Therefore, the measurement of  ab- 
sorbance should be completed in 1 -5  rain. 

4.6. Calibration graph 

A series of  standard arsenic solutions were 
prepared and the absorbance of  each was mea- 
sured and plotted. Curves of  Ac and AA with 
As concentration (x) at 630nm have been 
drawn in Fig. 6. Curve 1 is more linear than 
curve 2. It shows that the accuracy of  the 
fl-correction method is higher than that of  the 
single wavelength method. The sensitivity of  
the recommended procedure is increased as 
shown by the higher gradient. 
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Fig. 6. Standard curves for the determination of As(Ill) at 
630 nm: (l) A~-x; (2) AA-x. 

Ti 4+, AI 3+, V 5+, W3+; 2 mg of  Zn 2+, Pb 2+, 
Mn 2+, Sn 2+, Fe 2+, Be2+; 1 mg of  Ni 2+, Cu 2+, 
Hg 2+, Cd2+; and 0.1 mg of  Sb 3+, Ag +, Te 3+. 

4.8. Precision and detection limit 

Direct replicate (10) determinations of  stan- 
dard As(III) solutions containing 2.00mg 
As(III) were made, the relative standard devia- 
tion (RSD) being 2.3%. However, the RSD for 
the single wavelength method was 7.8%. There- 
fore, the precision by the dual-wavelength fl- 
correction spectrophotometry is higher than 
that of  the single wavelength method. 

We used a real absorbance of  0.010 to calcu- 
late the detection limit of  arsenic as 0.02 mg for 
50 ml of  wastewater. 

4. 7. Effect o f foreign ions 4.9. Samples analysed 

Once both the recommended extraction and 
back-extraction are carried out, none of  the 
following metal ions affect the determination of  
50 ttg of  As: 10 mg of  Na +, K +, Ca 2+, Mg 2+, 

As a test of  the method, arsenic(III) was 
determined in wastewater, from sulfuric acid [1] 
chemical [2], river [3] and Environmental Cer- 
tified Reference Material: No. 3620106 [4]. The 

Table 1 
Analytical results of arsenic in wastewater 

Sample Arsenic (mg 1- i) 

By Ag-DDC Added Found • 

RSD (%) Recovery (%) 

1 b 81.4 0 
100 

2 0.391 0 
0.30 

3 0.094 0 
0.10 

4 b Certified value 
0.323 + uncertainty 

= 0.338 + 0.022 

76.3 2.6 
169 92.7 

0.419 7.6 
0.781 114 
0.104 12 
0.195 91.0 

0.346 2.7 100 

• Average of six determination. 
b Direct determination without the extraction. 
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results are listed in Table 1. There is no  obvi- 
ous difference f rom that  by the A g - D D C  
method.  The recovery was between 91.10 and 
114% with a R S D  o f  less than 12%. 
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Abstract 

A very sensitive electrochemical procedure for trace determination of antimony is described. The complex 
of antimony with p-dimethyl-aminophenyl-fluorone (p-DMPF) is adsorbed on a hanging mercury drop 
electrode (HMDE), and the reduction current of the accumulated complex is measured by voltammetry. In 
linear sweep voltammetry, the reduction potential of the complex is more positive than that of the free dye. 
The peak height of the complex is proportional to the concentration of antimony in the range of 4.0 x 10  - 9  

to 4.0 × 10 - 7  M ,  the detection limit is 1.0 x 10 - 9  M Sb(III) for a 5 min preconcentration time. The relative 
standard error for the determination of 8.0 × 10 -8 M Sb(III) is 2.9%. 

1. Introduction 

Antimony exists widely in alloy, rock, soil, 
mineral, air, water and biological samples, 
China having the largest natural deposits of  
antimony in the world. Lately, the study of the 
distribution, excretion and accumulation of  an- 
timony in the human body has been widely 
studied in biological science. Human hair is the 
excretory organ and storehouse of trace ele- 
ments in the human body. Thus, sensitive ana- 
lytical methods to determine trace Sb in human 
hair are needed. 

Many methods for determining trace Sb are 
available, including spectrometry, fluorometry, 
etc [1-3]. The polarographic behaviour of anti- 
mony has been reported previously. In the 
early 1960s, Gao [4] observed the Sb-hydrogen 
catalytic wave in an aqueous Na2SO4-CoSO 4- 
(C4Ha)4NBr medium. This method may be 
used to determine Sb in semiconductor materi- 
als at a level of 2.0 x 10 -7 M. In succinic acid 

* Corresponding author. 

buffer solution (pH 4), a complex polaro- 
graphic wave which is formed by Sb 3+ and 
cupferron was observed by Donoso. The detec- 
tion limit of this AC polarographic method is 
2 x 10 -6 M Sb(III) [5]. In recent years, some 
other methods for Sb analysis have also been 
reported [6-9], the lower detection limit of  Sb 
with these methods is ca. 10 -8 M. 

While studying the Ga-sal icyl  fluorone com- 
plex adsorption wave [10], we found that after 
Sb had combined with fluorone type reagents, 
a clear adsorptive complex wave appeared on a 
Hg electrode. In this paper, the polarographic 
behaviour of Sb(III)-p-dimethylaminophenyl- 
fluorone (p-DMPF) is reported. The experi- 
mental results showed that Sb could give a 
sensitive complex adsorptive wave in 0.01 M 
H2C204 (pH 1.8) which contained a small 
amount of DMPF.  The linear relationship 
holds between the peak height of the complex 
and the concentration of Sb in the range from 
4.0 × 10 -9 to 4.0 × 10 -7 M, the detection limit 
is 1.0 × 10 -9 M. This method has been applied 
to the analysis of trace Sb in human hair and 
satisfactory results were obtained. 

SSDI 0039-9140(95)01504-3 
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2. Experimental 

2.1. Apparatus 

A Model (79-1) voltammetric analyser (Jinan 
Fourth Electronic Factory, China) coupled 
with an X-Y recorder (Model 3086) (Shanghai 
Dahua Instrument Factory, China) were used. 
The three-electrode system consisted of a 
HMDE as the working electrode, a Pt plate as 
the counter electrode and a SCE as the refer- 
ence electrode. A Model pHs-2pH meter 
(Shanghai Second Analytical Instrument Fac- 
tory, China) was used. 

2.2. Reagents 

A 1 x 10 -z M stock solution of Sb 3+ was 

prepared by dissolving the appropriate amount 
of antimony metal in concentrated H2SO4 
(GR) with heating. After being cooled, this 
solution was transferred to a 100 ml volumetric 
flask and diluted to the mark with 40% H2SO4. 
Standard solutions were obtained by diluting 
this stock solution with water. A 1 x 10 -3 M 
stock solution of p-DMF was prepared by 
dissolving the p-DMPF in ethanol (GR) con- 
taining 10 ml of 6 M HCI. A 0.5 M H 2 C 2 0  4 

solution was prepared by dissolving reagent 
grade H2C204 in water. All of the solutions 
were prepared from triply distilled water. 

Results and discussion 

3.1. Voitammetric behaviour of  
p-dimethylaminophenyl fluorone 

The fluorone dye, p-dimethylaminophenyl 
fluorone (p-DMPF) is commonly used as a 
developer in spectrophotometry. DMPF gives 
a reduction wave in various acidic or weak 
acidic electrolytes, such as HAc/NaAc, HCI, 
HCIO4, H2SO4, H2C204, NH4CI and 
(CH2)rN4. In a solution of pH 2.0, DMPF 
gives a well-defined wave in DC, normal-pulse 
polarography (NPP), and differential pulse po- 

p-Dimethylaminophenyl fluorone 

larography (DPP). A logarithmic analysis of 
DMPF DC polarograms indicated that two 
electrons are involved in the reduction step as 
is the case for fluorescein. A series of solutions 
containing 0.01 M H2C204 and 3.2 x l0 -7 M 
DMPF were prepared with different pH values 
by adding HCI or NaOH. The peak potentials 
and peak currents of these mixtures were mea- 
sured by voltammetric analysis. The results are 
shown in Table 1. 

From Table 1, one can see that in the range 
of pH 1-6, a relationship of Ep - 0 . 5 9 -  
0.06 pH holds. According to the relationship 
s = (m/n)59 mV (25 *C) [11], where n = 2 [12] 
and m = 2, every DMPF molecule must con- 
sume two H ÷ during reduction. 

3.2. Voltammograms of the Sb(III)-DMPF 
system 

Voltammograms for DMPF containing 
H2C204 solutions in the absence (a) and pres- 
ence (b) of Sb(III) are shown in Fig. 1. When 
the DMPF containing solution was stirred for 
1 min while the electrode was held at -0 .25  V 
prior to the scan, a large cathodic peak associ- 
ated with the reduction of the adsorbed DMPF 
was observed at -0 .68  V. When the same ex- 
periment was repeated after the addition of 
1.0 x l0 -7 M Sb(III), two additional peaks as- 
sociated with the reduction of the S b - D M P F  
complex were observed at -0 .38 and -0 .56  V, 
a very small peak P2 and a large peak P3, 
appeared at a position more positive than the 
reduction peak of DMPF P~. It is reasonable 
to propose that the two new peaks result from 
the Sb(III) complex with DMPF. 

Table ! 
DMPF reduction waves at different pH values 

pH !.0 2.0 2.4 2.8 
-Ep  (V) 0.65 0.70 0.73 0.75 
ip (~A) 0.29 0.44 0.52 0.66 

3.8 4.5 5.3 5.7 6.0 
0.80 0.84 0.90 0.91 0.94 
0.58 0.52 0.48 0.29 0.10 
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Fig. 1. Typical adsorption reduction voitammograms for 
DMPF containg solutions in the absence (a) and presence 
(b) of 1.0 x 10 -7 M Sb(III). Preconcentration for 60s at 
-0.25V; DMPF concentration i.0 x 10-6M; scan rate, 
100 rnV/s; electrolyte, 0.0] M H2C20 ¢ (pH 1.8). 

3.3. Composition of the Sb-DMPF complex 

Voltammograms for the S b - D M P F  complex 
are shown in Fig. 2. A peak P2 appeared at a 
more positive potential when the concentration 
of Sb(III) was lowered. The peak potential of 
the P2 was -0 .38  V (Fig. 2a). When the con- 
centration of Sb(III) was higher, another new 
peak, P3, appeared at a potential slightly posi- 
tive compared with that of DMPF. The peak 
potential of P3, EP3, was - 0 . 5 6 V  (Fig. 2b). 
With an increase of the concentration of 
Sb(III), P2 decreased, and P3 gradually in- 
creased. These results suggest that Sb(III) re- 
acted with DMPF to form two complexes, i.e. 
SbL3 and SbL. This conclusion also has been 

P2 

A 
I I I 

-0 .2 -0 .q  -0.6 

E/V 

P 

0.=sT 
% 

P2 

I I I I 

- 0 . 8  - 0 . 2  - 0 . 4  - 0 . 6  

EIV 

P1 

I 

- 0 . 8  

Fig. 2. Adsorption reduction voltammograms of Sb(III)- 
DMPF complexes at different Sb(IIl) concentrations. (a) 
2.0 x 10 -s  M; (b) 8.0 x 10 -s  M. Experimental conditions 
as in Fig. 1. 
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Fig. 3. Effect of pH (a), DMPF concentration (b) and scan 
rates (c) on the Sb(III)-DMPF adsorptive stripping re. 
spons¢. Other conditions as in Fig. 2(b), except for E= = 
-0.45 V; pH (a); CDMPF (b); and scan rates (c): scan rate 
V (mV/s): (I) 40, (2) 60, (3) 80, (4) 100, (5) 120. 

proposed by Xia [13] using spectrophotometry. 
This means that at lower concentrations of 
Sb(III), the prevailing form of the complex is 
SbL 3 and with increasing concentrations of 
Sb(III), the concentration of SbL gets larger. 

We use the following equation [14]: 

[/ip = 1/ipmax "4- 1/]~ipmaxC ~ 

to obtain the coordination number of the com- 
plex adsorbed on the surface of the electrode, 
where ip is the measured peak current, ip,,, is 
the peak current when all the metal ions form 
the complex and CL is the concentration of the 
ligand. When m = 3, a straight line is obtained 
from a plot of 1/ip vs. I/C~. This indicates that 
the composition of the electroactive complex 
on the surface of the mercury electrode, which 
results in peak Pz is Sb:DMPF = 1:3. When the 
same method is repeated for peak P3, we get 
Sb:DMPF = 1:1. 

3.4. Response characteristics and optimization 

The effect of various operational parameters 
on the S b - D M P F  adsorptive stripping re- 
sponse is shown in Fig. 3. The pH dependence 
of the complex peak was studied in the range 
from pH 1 to 6 (Fig. 3a). No peaks were 
observed at pH values higher than 6. The 
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relationship between the peak current of the 
reduction of the S b - D M P F  complex, ip3 and 
pH is shown in Fig. 3a. Maximum peak cur- 
rent was reached at pH 1.8. Therefore, this 
value was used throughout this study. The 
DMPF concentration had a pronounced effect 
on the adsorptive stripping response (Fig. 3b). 
As the DMPF concentration increased, the 
peak current rapidly increased at first and then 
less rapidly. The effect of the scan rate on the 
peak current was evaluated over the 40 to 
120mV/s range (Fig. 3c), the current of P3 
varied linearly with the potential scan rate. The 
peak current, ip3 increased upon extending the 
preconcentration time, ta. These phenomena 
suggest that the reactant is adsorbed on the 
electrode surface. 

3.5. Linear range and reproducibility 

There are two linear relationships between 
the Sb(III) concentration and the reduction 
peak current of the Sb(III)-DMPF complex. 
Using linear sweep voltammetry, a linear rela- 
tionship between Sb(III) concentration and 
peak current of peak P2 in the concentration 
range of 4,0 x 10 -9 to 5.0 X 10-SM Sb(III) 
can be obtained in 0.01 M H2C204(pH 1.8) 
and 1.0 x 10 - 7  t o  1.0 X 10 - 6  M DMPF. An- 
other linear relationship between the Sb(III) 
concentration and the peak current of P3 is 
2.0 X 10 - s  to  4.0 X 10 - 7  M Sb(III). The rela- 
tive standard error for the determination of 
8 x 10 -s  M Sb(III) is 2.9%. 

3.6. Analytical utility 

The experimental results show that a 1000- 
fold excess of Cu 2+, Z n  2+, AI  3+, F e  3+, C a  2+, 

Mg 2 +; a 200-fold excess of P b  2 +, Ni 2 +, Nb s +; 
a 10-fold excess of Vs+; 50-fold excess of 
Ga3+; and a two-fold excess of Mo 6+ and 
Sn ~+ did not interfere with the determination 
of 8.0 x 10 -s M Sb(III). 

A human hair sample was prepared by plac- 
ing an exact amount of sample in a 50ml 
beaker. Approximately 15 ml of a mixed acid 
(HNOs: HCI:H20, 1:3:3) was added to the 
beaker, and it was heated on a hotplate at 

Table 2 
Results of the determination of Sb(Ill) in samples of 
human hair 

Sample Content Added Found • Recovery 
determined • (ppm) (ppm) (%) 
(ppm) 

A 2.40 2.50 4.88 99 
B 2.25 2.00 4.13 94 
C 3.30 3.00 6.33 101 
D 2.65 3.00 5.74 103 
E 3.00 3.00 5.88 96 

"The values are the mean of five determinations. 

80 °C for about 5 h. Then, 1 ml of HC104 was 
added to the sample and it was heated until the 
evolution of white smoke. After cooling, the 
resulting white deposit was dissolved in water, 
and transferred to a 50 ml volumetric flask and 
diluted to volume with water. 

Typical results determined by linear sweep 
adsorption voltammetry with two successive 
standard additions for treated samples, and the 
analysis of samples spiked with known quanti- 
ties of Sb(III) are summarized in Table 2. 

References 

[I] H.R. Hovind, Analyst, 100 (1975) 769. 
[2] V. Stara, Talanta, 18 (1971) 228. 
[3] G.Q. Gong, A.P. Wang and H.G. Wang, Fenxi 

Huaxue (China), 17 (1989) 524. 
[4] H. Hua, X.X. Gao and W. Y, Scientia Sinica (China), 

12 (1963) 1588. 
[5] G. Donoso N. and M.A. Santa Ana V., Anal. Chim. 

Act& 42 (1968) 109. 
[6] R.D. Jee, Analyst, !13 (1988) 1321. 
[7] A. Kumar, R.S. Agarwal and M. Jain, Chim. Acta 

Tune., 18 (1990) 493. 
[8] N.V. Tobolkina and N.D. Fedorova, Zavod. Lab., 59 

(1993) 16 (in Russian). 
[9] H.L. Huang and D. Jagner, Anal. Chim. Acta, 202 

(1987) 123. 
[10] R.L. Chen and X.L. Zhang, Chem. J. Chinese Univ., 

12 (1989) 1180. 
[I 1] M.P. Zhang and X.X. Gao, Anal. Chem., 56 (1984) 

1917. 
[12] X.L. Zhang et al., Chin. Chem. Lett., 925 (1993) 4. 
[13] X.L. Xia and G.J. Shao, Fenxi Lab. (China), 7 (1988) 

41. 
[14] N. Li and X.X. Gao, Fenxi Huaxue (China), 1 (1973) 

40. 



Talanta 
E L S E V I E R  Talanta 42 (1995) 901-907 .... 

Separation mechanism exploration on 
metal- MBTAE- salicylic acid mixed ligand complexes by 
reversed-phase high performance liquid chromatography 

Liu Qiping, Wang Yuanchao, Liu Jinchun *, Cheng Jieke 
Department of Chemistry, Wuhan Uniuersity, Wuhan 430072, People's Republic of China 

Received 15 July 1994; revised 15 November 1994; accepted 28 November 1994 

Abstract 

The separation and determination of platinum metal and co-existing metal complexes by reversed-phase 
high performance liquid chromatography (HPLC) with 2-(6-methyl-2-benzothiazolylazo)-5-diethylamino 
phenol (MBTAE) as a precolumn derivatizing reagent is presented. The separation mechanism of these 
complexes was investigated by combining spectrophotometry with HPLC while salicylic acid was contained 
in the mobile phase. The results show that most platinum metal ions, Co(II) and Cu(II) can form ternary 
mixed ligand complexes with MBTAE and salicylic acid. The relationship of the retention behavior of 
complexes and the surface tension of the mobile phase (~), the column temperature (T), and the composition 
and space configuration of complexes was also investigated. Some possible configurations of complexes are 
also proposed. These may all be illustrated well from the viewpoint of solvophobic theory. These method 
allowed the prediction of the composition and structure of metal complexes by utilizing HPLC. 

1. Introduction 

Platinum metals are rare and highly dis- 
persed in the earth. They co-exist with large 
amounts of non-noble metals. Though plat- 
inum metals analysis had been a concern of 
analysts from early times, it is still difficult to 
preconcentrate, separate and quantitatively de- 
termine them owing to their similar physico- 
chemical properties, various valences and 
existing species in solution. The development of 
HPLC provided a powerful and practical tech- 
nique for platinum metals analysis, and the 
micro and trace analysis of platinum metals by 
HPLC had been a challenging research topic in 
inorganic analysis. 

In order to avoid possible changes in species 
or valence during the chromatographic process, 
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platinum metal ions are often detected in the 
form of stable complexes. The application of 
inorganic [1,2] or organic [3-5] reagents to 
platinum metals analysis had been frequently 
reported. Much attention had been paid to the 
organic reagents utilized because of their useful 
properties and wide selection. Therefore, it was 
our first premise to synthesize and select a 
group reagent with good stability and high 
sensitivity for separation and determination of 
platinum metals by HPLC. Among the organic 
reagents, pyridylazo compounds owing to high 
detection sensitivities with platinum metal ions, 
have been mostly applied, e.g. PAN [6] and 
various new reagents [7,8]. These reagents re- 
markably enhance the detection sensitivities 
of platinum metals. The use of thiazolylazo 
reagents in platinum metals analysis by HPLC 
has increased gradually in recent years [9,10]. 
These reagents contain a sulfur coordination 

reserved 
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atom and can form stable complexes with plat- 
inum metal ions. They can not only enhance 
the detection sensitivities, but also increase the 
number of platinum metals separated and de- 
tected. They have been applied to complicated 
real sample analysis [11-13]. 

Among the reported literature, an over- 
whelming majority is concerned with the selec- 
tion and optimization of separation conditions, 
a few are on mechanism research. Further- 
more, there was also a limit to the detection 
sensitivities and the number of separated plat- 
inum and co-existing metals. 

2-(6-Methyl-2-benzothiazolylazo)-5-diethyl- 
amino phenol (MBTAE) is a new reagent 
which was synthesized by us [14]. It has been 
used for the separation and determination of 
some platinum and co-existing metal ions in 
the presence of ethylenediaminediacetic acid 
diethyl acetate (EDDD) [11] and malic acid 
[13]. Novel use of MBTAE in the presence of 
salicylic acid (SA) as well as a separation mech- 
anism study of metal mixed ligand complexes is 
emphasized in this paper. The results showed 
that Pd(II) and Ni(II) can form binary com- 
plexes with MBTAE, while other platinum 
metal ions, Co(II) and Cu(II) can form ternary 
mixed ligand complexes with MBTAE and SA. 
All of the complexes except Rh(III) and Ir(IV) 
can be separated well at the mobile phase of 
the methanol-water system. Good correlations 
were found among the retention values of com- 
plexes and the surface tension of the mobile 
phase (~,), the column temperature (T), and the 
composition and space configuration of the 
complexes. All of these can be interpreted by 
solvophobic theory. It allowed the prediction 
of the composition and configuration of the 
metal complexes and had also some reference 
value for metal complexes analysis. 

2. Experimental 

2.1. Apparatus and reagents 

A Shimadzu LC-6A high performance liquid 
chromatograph equipped with a Shimadzu C- 
R3A recorder was used. A Shimadzu UV-3000 
speetrophotometer. Model DF-801 acidimeter 
from Zhongshan University and a supersonic 
degasser from Shanghai Int. Corp. were also 
used. The chromatographic column was 
Spherisorb C18 (5 Ima, 150 x 4.6 nun i.d.) from 
Dalian Research Institute of Chemistry and 
Physics of China. 

Stock solutions of Os(IV), lr(IV), Ru(III), 
Rh(III), Pd(II) and Co(II) were prepared from 
analytical grade (NH4)2OsCI6, (NH4)2IrCI~, 
RuCI3, RhCI3, PdCI2 and CoSO4 dissolved in 
1 M HCI, respectively. Ni(II) and Cu(II) stan- 
dard solutions were obtained by dissolving 
99.99% nickel and copper metals in dilute nitric 
acid, respectively. Pt(II) standard solution was 
obtained by reducing analytical grade K2PtCI6 
standard solution with SO2. The work solu- 
tions were 10.0 or 1.0 lag/ml. 

Sodium salicylate from Shanghai Reagent 
Corp. was prepared as 0.2 M. Buffer solutions 
were mixed with 1 M acetic acid and 1 M 
sodium actate by adjusting to the proper pH 
values with an acidimeter. The synthesis and 
identification of MBTAE was given previously 
[14]. It was prepared in 0.02% absolute alcohol 
solution. Tetrabutylammonium bromide (TBA. 
Br) solution was prepared as 0.5 M. Methanol 
and alcohol were of analytical grade and dou- 
ble distilled water was used. 

2.2. Analytical procedure 

A known volume of Ru(III), Rh(III), Pd(II), 
Os(IV), Ir(IV), Pt(II), Co(II), Ni(II) and Cu(II) 
standard solutions were added to a 25 ml volu- 
metric flask. Then 4.0ml of pH 5.0 acetic 
acid-sodium acetate buffer solution, 2.0 ml of 
0.02% MBTAE solution and 5 ml of 95% alco- 
hol were added in order. The mixture was 
heated in an 80°C water-bath for 40min, 
cooled to room temperature and diluted to the 
mark with 95% alcohol. This solution (20 lal) 
was injected onto the chromatographic column 
for analysis. 

The composition of the mobile phase was 
of (v/v) methanol-water (82:18) containing 
10.0 mM SA. 10.0 mM of pH 5.0 acetate buffer 
solution and 5.0 mM TBA. Br. The mixture 
was filtered through a 0.45 pm Millipore filter 
and degassed for 10 min before use. 

The ODS column was pre-equilibrated with 
the mobile phase for 30 min. The column tem- 
perature was kept at 35°C. The flow rate was 
1.0 ml/min. All of the complexes were detected 
at 575 nm with peak area for quantitative anal- 
ysis. 

3. Results and discussion 

In reversed-phase HPLC, the interactions 
among the solute, solvent and stationary phase 
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are very complicated. Many models and theo- 
ries have been proposed to interpret it including 
the solvophobic theory proposed first by Hor- 
vath and co-workers [15] which is well re- 
garded. This theory emphasizes the important 
action of the mobile phase during the chro- 
matographic process. It holds that during the 
chromatographic process, the polar mobile 
phase excludes non-polar or weak-polar so- 
lutes, and the combination of solute and sta- 
tionary phase reduces the exclusion action from 
the solvent. According to Horvath's hypothesis 
and their mathematical calculations, an equa- 
tion closely related to the experimental parame- 
ters is obtained: 

[N AA + 4.836NI/3(K c - I)V 2/3] 
In k' = In (1) + 7 

R T  

(1) 

where (I) is the volume ratio of the stationary 
and mobile phase, N is the Avogadro constant, 
AA is the reduction of the surface area as a 
consequence of the association of the solute 
with the stationary phase, K e is a factor for 
converting the bulk surface to molecular dimen- 
sions, R is the universal gas constant, V is the 
molar volume of the solvent, T is the absolute 
temperature and 7 is the surface tension of the 
bulk solvent. 

The importance of Eq. (1) is that it connects 
the microscopic chromatographic process with 
the macroscopic parameters of the mobile 
phase, the column temperature, etc. Therefore, 
the retention behavior of solutes can be pre- 
dicted by adjusting and controlling the chro- 
matographic parameters. 

It was well known that platinum metal ions 
can form stable complexes with many ligands 
containing an oxygen atom. In this paper, sali- 
cyclic acid was chosen to investigate the com- 
plexes' retention behavior. The results are 
shown in Fig. 1. An interesting aspect is that 
the C u - R  complex (where R is MBTAE) was 

~ . ~  , I t  
- - Ni 

L 
- -  , ~  C n  

| 
I r  

| ! 4 i ! I I  1! 14 L ~ m ~ l .  

Fig. 1. The effect of SA concentration on in k'. Chromato- 
graphic conditions: column, Spherisorb CI8 (5 Inn, 150 x 
4.6 ram i.d.); mobile phase, methanol-water (82:18, v/v), 
0 ~ 15 mM SA, 3 mM TBA. Br, 20raM, pH 5.0 HOAc-  
NaOAc; flow rate, i.0 ml/min; column temperature, 35°C; 
detection wavelength, 575 nm. 

retained strongly on the C18 column when SA 
was absent from the mobile phase, and no peak 
could be observed for the C u - R  complex even 
after a long elution time. In contrast a remark- 
ably sharp and symmetric Cu-R  peak appeared 
after SA was added to the mobile phase. Not 
only the retention time, but also the detection 
limit, was reduced for platinum metals in the 
presence of SA (Table 1). The detection limits 
of platinum metals were raised by three to 33 
times. Under optimum conditions, a typical 
separation chromatogram is shown in Fig. 2. 

Now the problem was that the separation 
mechanism of platinum and their co-existing 
metals on a C18 column still cannot be ex- 
plained clearly if only based on the results of 
Figs. 1, 2, and Table 1. Therefore, it was 
necessary to explore further the effect of the 
mobile phase composition, the oven tempera- 
ture, the composition and the configuration of 
complexes on retention behavior of platinum 
and co-existing metals. 

Eq. (1) indicated that In k '  is directly propor- 
tional to the surface tension of the mobile 
phase (7) and the reciprocal of column temper- 

Table l 
The effect of SA concentration on detection limit and analysis speed (S/N = 3) 

Complexes R u - R  R h - R  P d - R  O s - R  I r - R  P t - R  C o - R  N i - R  C u - R  Eiution time (min) 
(last one, Co) 

Detection limit (I)" (ng/ml) 26.75 0.65 1.48 36.67 4.65 7.76 0.41 0.16 - -  35 
Detection limit (II) b (ng/ml) 2.14 0.10 0.46 1.11 1.20 2.00 0.10 0.10 0.24 23 

Chromatographic conditions were the same as Fig. I. 
"SA was absent. 
b 10 mM SA in the mobile plume. 
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Fig. 2. Separation chromatogram of metal complexes. (l)  
0.4 ng Rh + I, 2 ng It; (2) 2.0 ng Cu; (3) 4.0 ng Pt; (4) 
0.5 ng Pd; (5) 0.4 ng Ni; (6) MBTAE; (7) 2.0 ng Ru; (8). 
7.0 ng Os; (9) 0.4 ng Co. 

ature (l/T). Strictly speaking, with the mixed 
solvents as mobile phase, the dependence of 
In k' on surface tension values is strongly non- 
linear as a consequence primarily of non-lin- 
earity between 7 and the composition in mixed 
solvents. Moreover, the molar volume of the 
eluent is a function of its composition, and K c 
is also likely to change. At a certain column 
temperature, if the change of mobile phase 
composition is comparatively small, K c and V 
would be regarded as constants. So In k' will be 
linear with y as shown in In k '  = A + By (Table 
2). For the same reason, when the mobile 
phase composition was kept as a constant for a 
given temperature, y was a fixed value, In k' 

Table 2 
The relationship between In k' and surface tension" 

Complexes A B r 

Table 3 
The relationship between in k'  and 1/T 

Complexes ,4' B' r 

R u - R  -5.291 2358.5 0.9914 
R h - R  -4.529 1258.4 0.9905 
P d - R  -6.006 2404.3 0.9985 
Os -R  -5.162 2371.0 0.9958 
I r -R  -3.713 1028.5 0.9985 
P t - R  -2.425 1096.2 0.9874 
C o - R  -4.332 2180.4 0.9991 
N i - R  -6.988 2763.2 0.9994 
C u - R  -3.913 1034.3 0.9992 

Chromatographic conditions were the same as Fig. 2. 

can also be regarded as linear with I / T  as 
shown by In k '  = A '  + B ' / T  (Table 3). Good 
linear relationships between In k' and y, and 
Ink' and l i T  were established in the tested 
range (Tables 2 and 3). 

Yet, there was still a question. What was the 
function of SA in the metal ion-MBTAE-SA 
system? Can it be regarded as the secondary 
complexing component to react with metal ions 
to form ternary mixed ligand complexes? How 
did it affect the retention behavior of metal 
complexes? It is generally believed that ternary 
mixed ligand complexes have three main char- 
acteristics as compared with binary complexes. 
The first is the sensitization action, the second 
is the solubilization action. Lowering the detec- 
tion limits and shortening the retention time 
are the direct results of the above two actions 
on chromatography. These results are sup- 
ported by data in Table 1. The third character- 
istic is the change of maximum absorption 
wavelength (2~x) of metal complexes. The 
change of 2 ~  of complexes in the presence of 
SA is shown in Table 4. It showed that most 
complexes had different changes in 2max- The 
R u - R  complex showed two peaks when SA 
was absent. However, after SA was added in 
the mobile phase, the second peak, R u - R  
(644 nm), disappeared and the 2m~ of the first 

R u - R  -9.6121 0.4633 0.9948 
R h - R  - I0.801 0.4073 0.9877 
P d - R  - 13.424 0.6017 0.9978 
O s - R  -9.2801 0.4605 0.9917 
I r - R  -7.3980 0.2785 0.9993 
P t - R  -6.6345 0.3022 0.9992 
C o - R  - 8.5060 0.4382 0.9999 
N i - R  - 13.603 0.6034 0.9988 
C u - R  -6.5516 0.2746 0.9990 

Chromatographic conditions: mobile phase, methanol-  
water, 20 mM, pH 5.0 HOAc-NaOAc; 10 mM SA; 3 mM 
TBA. Br; other conditions were the same as Fig. 1. 

Table 4 
The change of absorption wavelength in the presence of SA 

Complexes ~ o ,  (am) ° Complexes ~m~x (rim)" 

R u - R  574 (570, peak 1) I r - R  593 (585) 
- -  (644, peak 2) P t - R  585 (578) 

R h - R  586 (590) C o - R  581 (575) 
P d - R  589 (589) N i - R  579 (579) 
O s - R  618 (600) C u - R  584 (578) 

" ,lm,~ in the absence of SA in parentheses. 
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Table 5 
Composit ion of  metal complexes 

Ru  Rh  Pd Os lr  Pt Co Ni Cu 

M:R 1:2 1:1 1:2 1:2 1:! 1:1 1:2 1:2 1:1 
M:R:SA !:2:1 !:1:2 - -  !:2:1 1:1:i 1:1:1 i:2:! - -  1:1:1 

R: MBTAE.  

peak changed and its absorption increased. All 
of these are beneficial for the separation and 
quantitative analysis of Ru(III). 

It is reasonable to deduce from the above 
discussion that SA may take part in coordina- 
tion with metal ions and MBTAE to form 
ternary mixed ligand complexes under the 
given conditions. To verify this deduction, we 
determined the metal complexes composition 
by the Asmus [17] and Shi Huiming [18] meth- 
ods, respectively (Table 5). 

In Table 5, the complexes can be divided 
into four types: (i) Ni(II) and Pd(II) only re- 
acted with R to form 1:2 complexes, and they 
did not complex with SA; (ii) Cu(II), Pt(ll), 
Ir(IV) can react with R and SA to form ternary 
mixed ligand complexes of 1:1:1; (iii) Rh(III) 
formed 1:1:2 complex with R and SA; (iv) 
Ru(llI), Os(IV), Co(II) reacted with R and SA 
to form ternary mixed ligand complexes of 
1:2:1. 

Why was the ternary mixed ligand complex 
more stable than the binary complex? An im- 
portant factor was the electrostatic effect. It 
included the charge-neutrality principle and an 
entropy effect. The net charge of each complex 
after forming binary complexes is listed in 
Table 6. According to the charge-neutrality 
principle, if a complex is neutral, it is more 
stable than that with charge, and will not try to 
react with another charged ligand. In contrast, 
if a binary complex is charged, it is not suffi- 
ciently stable and will try to react with other 
ligands with the opposite charge to form a 
ternary mixed ligand complex. In Table 6, Pd-  
R and N i - R  complexes are neutral and thus it 
would be difficult for thmn to react with SA to 
form a ternary mixed ligand complex. The 
other binary complexes in Table 6 have + 1, 
+ 2, or + 3 charges and had a greater tendency 
to react with SA. The C o - R  complex in Table 
6 had an unusual behavior, differing from the 
others. This may be a result of the oxidation of 
Co(II), producing Co(III) under the experimen- 
tal conditions, which would make a Co(III)-R 
complex with a + 1 charge. It would then react 

with SA to form a ternary mixed ligand com- 
plex. Once the ternary mixed ligand complex is 
formed, both the system disorder tendency and 
its entropy increase, and this would increase 
the stability of complexes. 

Eq. (1) also indicated that the slope of the 
In k' vs. ~,/T curve is related to the AA value if 
the mobile phase composition change relatively 
slowly at the given temperature. Under these 
circumstances, In K' can be regarded as being 
proportional to AA. The larger the contact area 
of complexes with the hydrophobic stationary 
phase, the bigger the AA value and the curve 
slope. Otherwise, the AA value and the curve 
slope should be smaller. In our experiment, the 
volume of the MBTAE molecule was much 
bigger than that of the SA. Therefore, it would 
contribute much more to the AA value than the 
SA molecule does. The results in Tables 2 (B 
value), 3 (B' value) and 5 demonstrate this. 
The sequence of curve slopes was (M:R:SA) 
1:2:1 > 1:1:2 > 1:1:1. 

An interesting question here was why the 
binary complex slopes of N i -R  and Pd-R(1:2) 
were larger than those of R u - R - S A ,  O s - R -  
SA, and C o - R - S A  complexes whose composi- 
tion was 1:2:1? It cannot be explained only by 
the complex composition. 

On the basis of reaction principles, metal 
complexes may have 12 kinds of configura- 
tions. They belong to the plane quadrilateral 
and regular octahedral structure, respectively. 
The configuration of the Pd -R  and Ni -R  
complexes was plane quadrilateral and the oth- 
ers were regular octahedral. The typical 
configurations are shown in Fig. 3. We believe 
a plane quadrilateral complex would occupy a 
larger surface area on the stationary phase 
when adsorbed by the stationary phase, be- 
cause its molecule is situated in the same plane, 
it has a larger cross-sectional area. This means 
that the AA value would increase and the slope 
of curve would be larger. On the other hand, a 
regular octahedral structure had eight planes, 
and its effective cross-sectional area is smaller 
than that of the plane quadrilateral when ad- 
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Table 6 
Charge of the binary complexes 
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Ru-R  Rh-R  Pd-R Os-R I r -R  Pt-R Co-R Ni-R Cu-R 

Charge + 1 + 2 0 + 2 + 3 + 1 0 0 + 1 

sorbed by the stationary phase. So its contribu- 
tion for A.4 and slope of curve would be 
smaller compared with the plane quadrilateral 
structure. For these reasons, the slope of the 
N i - R  and P d - R  complexes (1:2) was larger 
than that of the (Ru, Os, C o ) - R - S A  com- 
plexes (l:2:l). 

4. Conclusion 

Based on the above discussion we obtain the 
following conclusions. 

(i) SA can react with some binary metal 
complexes to form ternary mixed ligand com- 
plexes under certain chromatographic condi- 
tions. 

(ii) This method remarkably improved the 
detection limit of  platinum metals, shortened 

Fig. 3. Typical structures of metal complexes. 

the analytical time and increased the number of 
separable and determinable elements in the 
presence of SA in the mobile phase. 

(iii) The retention behavior of metal com- 
plexes in reversed-phase HPLC was related to 
the stationary phase, the composition and 
properties of the mobile phase, the column 
temperature, and the composition and configu- 
ration of complexes. 

In this paper, solvophobic theory gives a 
satisfactory interpretation to the retention 
mechanism of platinum metals and their co- 
existing metal complexes on a C18 column 
with salisylic acid in the mobile phase. This 
work should be of value in predicting the 
composition, configuration and retention be- 
havior of metal complexes by the HPLC tech- 
nique. 
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Abstract 

The determination of several N-substituted phenothiazine derivatives was carried out by the reaction of 
the drug with manganese dioxide entrapped in a polymeric material in a packed-bed reactor: the oxidized 
drug was monitored at 2m~ x. The calibration graph is linear over the range 5-50 ~tg/ml of phenothiazine 
derivatives with a relative standard deviation of 0.5-1% (at 10 ttg/ml) and sample throughput of 40-48 h -t, 
The influence of foreign compounds was studied and the method was applied to the determination of six 
different phenothiazine derivatives in pharmaceutical formulations. 

1. Introduction 

The phenothiazines are one of the most im- 
portant groups of pharmaceuticals, used as an- 
tihistamines, tranquillizers, antiemetics and 
anti-Parkinson drugs and, therefore, their de- 
termination in pharmaceutical formulations is 
of considerable importance [1]. On the other 
hand, phenothiazines exhibit certain interesting 
analytical properties owing to their characteris- 
tic structure, the presence of chemically active 
sulfur and nitrogen atoms and substituents. It 
is important to point out the liability to oxida- 
tion by means of many oxidants with forma- 
tion of coloured or fluorescent oxidation 
products. The oxidation involves a series of 
one-electron steps providing free radicals and 
cations [2-4]. As a result, there are many pub- 
lished procedures dealing with the determina- 
tion of different phenothiazines with the aid of 
strong oxidative reagents. Some FIA proce- 

* Corresponding author. 

dures which have been published deal with 
formation of ion-association compounds with 
liquid-liquid separation [5] or turbidimetric 
monitorization [6], fluorimetric or spectropho- 
tometric procedures based on the reaction with 
oxidants in solution [7-11] or immobilized 
[12-15] or fluorimetric procedures based on 
photoreactions [16-21]. Other FIA procedures 
using amperometric [22,23] and voltametric 
[24,25] detection have also been reported. 

On the other hand, the use of solid-phase 
reactors has become one of the most interest- 
ing developments in continuous-flow analytical 
methodologies, including FIA. The interest is 
ascribed to their different advantages over 
reagents in solution; the advantages have been 
reported earlier [26,27]. This paper deals with 
the immobilization of reagents based on poly- 
merization of linear unsaturated polyester 
chains as a type of the broad category of 
physical entrapment of the reagent. The pro- 
posed procedure allows the use in flow-injec- 
tion manifold of reagents commercially 

0039-9140/95/$09.50 O 1995 Elsevier Science B.V. All rights reserved 
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Fig. I. Absorption spectra of the products from the oxidation of N-substituted phenothiazines. (I) DTZ. ML; (2) 
PMZ. HCI; (3) PMT. HCI; (4) TFP; (5) TRZ" HCI and (6) CPM • HCI. 

available as fine powder without high-pressure 
FIA manifolds. The analytical procedure is 
based on the reaction of the drug with man- 
ganese dioxide and spectrophotometric moni- 
torization of the oxidized drug which results in 
a simpler FIA manifold and lower consump- 
tion of reagents. 

2. Experimental 

2.1. Reagents and apparatus 

Promazine (PMZ. HCI), promethazine 
(PMT. HCI), thioridazine (TRZ. HCI) and 
chloropromazine (CPM. HCI) hydrochlorides, 
diethazine maleate (DTZ. ML) and trifluoro- 
perazine (TFP) were obtained from Polfa, Jele- 
nia G6ra, Poland and the aqueous solutions 
were prepared in bidistilled water. Hydrochlo- 
ride, sulfuric, citric and ascorbic acids, 
formaldehyde, glucose, lactose calcium and 
sodium chlorides, sodium sulfite and disodium- 
EDTA were obtained from POCh, Gliwice, 
Poland. All reagents used were of analytical- 
grade unless otherwise stated. The bed-reactor 
was prepared with MnO2 (A.R., Panreac, 
Barcelona, Spain), Al-100-A polyester resin so- 
lution (Reposa, Valencia, Spain) containing 
low-molecular weight polyester chains, with a 
cobalt compound as an activating agent and 
metyl ethyl ketone as a catalyst (Akco, Valen- 
cia, Spain) in the reaction. 

FIA manifold 
Fig. 1 shows the continuous-flow manifold 

used. A sample injector from R.heodyne, model 
5041; and a Gilson Minipuls 2 pump were 

used. The determination of phenothiazine 
derivatives was carried out by means of a 
model 8452A diode array spectrophotometer 
(Hewlett-Packard, Waldbronn, Germany) at 
different wavelengths, with a flow-cell of 18-1~1 
and 1 crn path length (Tecator, Hoganas, Swe- 
den). The PTFE tubing was of 1.0 nun i.d. for 
the solid-phase bed reactor and the rest of the 
manifold. 

Preparation of  the solid-phase reactor 
The bed-reactor was prepared as described 

previously [28]. A 11.81-g mass of manganese 
dioxide was added to 15.74 g of the resin solu- 
tion; after its homogenization by manual stir- 
ring the catalyst was added and stirred before it 
became solid. The obtained solid was reduced 
to small particles, out of which those measur- 
ing 300-400 tun were selected, washed and in- 
troduced into the PTFE tubing by suction. 

2.2. Determination of  phenothiazine derivatives 

Tablets 
Five tablets were powdered and a weighed 

portion, equivalent to one tablet was dissolved 
in methanol and any remaining residue was 

P 

I 

D R 

Fig. 2. The flow-injection manifold proposed for the deter- 
mination of different phenothiazine derivatives. S, sample; 
C, carrier;, Iv, injection valve; D, detector; W, waste; and 
R, recorder. 
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Table 1 
Selected chemical and FIA parameters obtained with the 
optimization experiments 

Parameter All drugs TRZ 

Sample volume (ixl) 612 612 
Carrier flow-rate (ml/min) 3.2 3.2 
Length of the column (cm) 170 120 
Distance reactor-flow cell (cm) 300 250 
Concentration of HCI (M) 1.0 0.5 
Wavelength" (nm) 500-526 634 

"Selected wavelengths (nm, drug) were: 514, DTZ; 512, 
PMZ; 516, PMT; 500, TFP; and 526, CPM. 

filtered. The clear solution was made up to 
100 ml with methanol. Aliquots of 10 ml of the 
methanolic solution were taken and evaporated 
to dryness. Solid residue was dissolved and 
diluted to 100 ml with bidistilled water. Cali- 
bration graphs were constructed from the re- 
sults obtained with standard solutions of the 
phenothiazine derivatives. 

Injections 
The content of the drug in vial injections was 

diluted and levelled with bidistilled water up to 
50 ml before introduction into the stream for 
analysis. 

3. Results and discussion 

Preliminary batch studies were designed to 
examine the reaction between the immobilized 
reagent with different N-substituted phenothi- 
azines in aqueous solutions. Different acidic 
media were tested. Spectra of aqueous solutions 
were obtained before and after the oxidative 
treatment; absorption spectra after oxidation 
are shown in Fig. 1. In further experiments 
oxidized forms of the drugs were measured 
spectrophotometrically at the corresponding 
wavelengths of maximum absorbance. Non-oxi- 
dized forms of the drugs were not absorbed at 
these wavelengths. 

Further preliminary tests were carried out 
with the aid of different flow assemblies to 
select the best manifold-configuration. The as- 
sembly in Fig. 2 was selected as the one pro- 
ducing the best compromise between the peak 
height and reproducibility of the transient sig- 
nals. In this assembly the aqueous drug solu- 
tion is injected into a pure distilled water 
stream which merges with the acidic solution 
stream. 

The influence of the acidic media was tested 
with the aid of the selected flow assembly and 
hydrochloride and sulfuric acids were selected 
for further studies. 

Different concentrations of HCI and H,SO4 
were tested (flow-rate of carrier and acidic so- 
lution 3.2 ml/min, column length 170 cm, injec- 
tor-detector length 270 cm and sample volume 
612 ~d). Hydrochloride acid was selected for 
further work in 1.0 M concentration, except the 
determination of thioridazine hydrochloride in 
which the selected concentration was 0.5 M. 

The influence of the temperature was studied 
by the introduction the bed-reactor into a wa- 
ter-bath; the influence of this parameter re- 
sulted in decreased outputs owing to the 
increase of the reaction rate; the complete reac- 
tion leads to the final oxidation products which 
are colorless. Room temperature was the suit- 
able choice. 

The optimization of FIA parameters was 
carried out by the univariate method for 10 ~tg/ 
ml of each phenothiazine derivatives in the 
order: column length (612 ~tl sample volume, 
3.2 ml/min flow-rate and 1.0 M HCI), sample 
volume (170cm column length, 3.2ml/min 
flow-rate and 1.0M HCI) and flow-rate 
(170cm column length, 612 t~l sample volume 
and 1.0 M HCI). The optimized response of the 
measuring system was the flow-injection peak 
height. The FIA parameter corresponding to 
the assembly selected as the best ones are given 
in Table 1. 

4. Analytical applications 

The calibration graphs were obtained by 
plotting peak-height (in mm) vs. phenothiazi- 
nes concentration (l~g/ml). The corresponding 
regression coefficients, detection limits (consid- 
ered as three times the background noise) and 
the linearity ranges for each tested drug are 
depicted in Table 2. The reproducibility (15 
replicates) calculated for chlorpromazine as 
%RSD, was (drug amount in I~g/ml and RSD 
as %): 10, 1.3; 20, 1.0; and 30, 0.5. Sample 
throughput (tested for 25 I~g/ml), 40 h -~, ex- 
cept for thioridazine hydrochloride which was 
48 h -1. 

The influence of foreign compounds that are 
commonly found in pharmaceutical formula- 
tions containing phenothiazines was investi- 
gated for chlorpromazine hydrochloride. 
Various concentrations of the possible interfer- 
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Table 2 
Analytical parameters on the determination of N-substituted phenothiazines 

Phenothiazine Calibration Correlation 
equations • coefficient b 

Detection 
limit 
6tg/ml) 

Diethazine maleate 1.154c + 1.462 0.9997 
Promazine hydrochloride 1.222c + 0.407 0.9999 
Promethazine hydrochloride 0.876c + 2.833 0.9979 
Trifluoperazine 0.563c + 0.707 0.9998 
Thioridazine hydrochloride 0.591c + 0.660 0.9994 
Chiorpromazine hydrochloride 1.170c + 0.081 0.9995 

0.7 
0.8 
1.2 
0.3 
l.l 
0.6 

a Linearity range for all drugs was 5-50 ~tg/ml. 
b The correlation coefficients were calculated using 10 different concentrations of each amalyte. 

Table 3 
Influence of foreign compounds on the chloropromazine 
determination 

Compound Concentration Relative error 
(pg/ml) (%) 

Ascorbic acid 0.1 5.0 
Citric acid 10.5 4.0 
Phenol 2230 2.3 
Formaldehyde 214 3.7 
Glucose 100 2.6 
Lactose 252 4.0 
NaCI 451 1.8 
CaCI  2 56 4.0 
NazSO 3 19 4.0 
Na2-EDTA 37 3.8 

Promazine, chlorpromazine and thioridazine 
were determined in Promazine injection, Fen- 
actil injection (Polfa, Jelenia G6ra, Poland) 
and Melleril tablets (Sandoz, Rueil-Malmaison, 
France), respectively. The relative error was 
calculated by comparing the results with the 
content obtained with the aid of  the proposed 
FIA assembly with the official gravimetric 
method [29] based on reaction with silico- 
tungstic acid or by the Bla~ek's method [30] 
based on absorption measurements of  phenoth- 
iazine derivatives at 254 nm in methanolic solu- 
tion. Obtained results and calculated relative 
errors are depicted in Table 4. 

ing substances were added to the solution con- 
taining 10 ~tg/ml, up to the amounts when the 
relative error (by comparison with pure chlor- 
promazine hydrochloride solutions, 10pg/ml) 
was about 5%. The results in terms of  concen- 
tration (Bg/ml) and relative error (%) are de- 
picted in Table 3. Phenol, formaldehyde, 
lactose and NaCI were tolerated in large 
amounts. Ascorbic acid and sodium sulfite in- 
terferred owing to their redox properties. 

5.  C o n c l u s i o n s  

The results show that the procedure based 
on physical entrapment of  the solid reagent 
(MnO2) by a polymeric resin is quite simple, 
fast, inexpensive, and can be alternative to 
procedures utilizing other strong oxidizing 
reagents. The proposed FIA system is suitable 
for the control analysis of  the phenothiazine 
derivatives in pharmaceutical preparations. 

Table 4 
Determination of phenothiazines in pharmaceutical formulations 

Formulation Source Drug Found (mg)" 

FIA Reference 
method method b 

E 
( ~  

Promazin (inj.) Poifa Promazine • HCI 221.5 4- 0.5 228.0 4- i.3 
Fenactil (inj.) P o l f a  Chiorpromazine • HCi 97.4 + 0.5 93.9 + 0.7 
Melleril (tab.) Sandoz Thioridazine • HCI 99.4 + 0.5 100.9 + 0.4 

3.1 
3,7 
1.5 

• Mean of  three determinations :i:SD. 
b Gravimetry according to Polish Pharmacopoeia [29] or Bla,~ek's method [30] (for thioridazine only). 
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Abstract 

A method for the determination of aniline was developed, based on the diazotization and coupling of the 
aromatic amine to form an azo compound capable of being determined by adsorptive stripping voltamme- 
try. A fast derivatization procedure was developed using l-naftol as the coupling agent. A detection limit of 
0.8 lag/l was obtained for aniline, using an accumulation time of 2 min. The method was applied in the 
determination of the amount of aniline in the colouring matter D&C Red No. 33, after a liquid-liquid 
extraction with chloroform, before and after submitting the colouring matter to a process of degradation, 
using accelerated light conditions in the presence of ascorbic acid. 

1. Introduction 

Adsorptive stripping voltammetry (AdSV) 
has been demonstrated to be a highly sensitive 
electroanalytical method for the determination 
of  a wide range of electroactive compounds [1]. 
The use of  derivatization reactions in analytical 
chemistry to improve the characteristics of  ana- 
lytes is widely reported. In the case of  AdSV 
using derivatization reactions prior to making 
determinations has extended the advantages of  
the technique to a range of  electroinactive or 
poorly adsorbed compounds and permits the 
differentiation of  the analyte from interferents 
by providing signals at different potentials 
from those of  unmodified molecules [2]. 

Aromatic amines are compounds that can be 
easily absorbed by the skin causing a system- 

* Corresponding author. 
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atic poisoning [3] and some of  them are recog- 
nized carcinogenic agents [4]. A method fre- 
quently employed for the determination of  
aromatic amines involves diazotization and 
coupling, with formation of  an intensely 
coloured azo compound, that can be detected 
spectrophotometrically [5]. In this work the 
same method of  derivatization was applied in 
the determination of  aniline, but an adsorptive 
stripping voltammetric method of  detection 
was used instead, that enables a much lower 
detection limit to be achieved. In fact, the 
compound formed by diazotization and cou- 
pling of  aniline, being structurally similar to 
azo colouring matters, is expected to be elec- 
troactive and to adsorb at the surface of a 
mercury electrode [6]. Using l-naftol as a 
convenient coupling agent, conditions were op- 
timized for the adsorptive stripping voltammet- 
tic determination of  the azo compound 

reserved 
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formed, with a limit of detection of 0.8 lag/1 
being obtained for the determination of aniline. 

The method was applied in the determ- 
ination of aniline in the colouring matter 
D&C Red No. 33, before and after submit- 
ting the colouring matter to a process of 
accelerated light degradation. The method in- 
eludes a liquid-liquid extraction of the arom- 
atic amine from the azo dye, using chloro- 
form, before the diazotization and coupling 
process. 

2. Experimental 

2. I. Instrumentation and conditions 

The adsorptive stripping voltammetric deter- 
mination was performed by differential-pulse 
voltammetry using a Metrohm system includ- 
ing a VA stand (E663), a VA scanner (E612), a 
VA detector (E611) and a VA controller 
(E608). This equipment was connected with a 
X-Y recorder (Houston 2000). 

A three electrode system was employed, with 
the multimode electrode of the VA stand in its 
HMDE configuration, a glassy carbon counter 
electrode and a silver/silver chloride (3 M KCI) 
reference electrode. 

In the voltammetric analysis, after bubbling 
N2 for 15 min to deoxygenate the solution, 
accumulation was performed with stirring 
(2000Hz) using a mercury drop area of 
0.52 mm 2. After a rest period of 10 s, a ca- 
thodic potential scan of 10mVs -I was ap- 
plied, with cathodic pulses of 50 mV every 
second. 

Measurements of pH were made using a pH 
537 microprocessor pH meter, with a combined 
pH-reference electrode, both from WTW (Ger- 
many). 

Light degradation studies were carried out in 
a specially constructed light box containing a 
500 W tungsten filament lamp (Philips FA0). 
To dissipate heat produced by the lamp, a fan 
was placed under the sample container. 

2.2. Reagents and solutions 

All chemicals were of analytical grade. 
Deionized and distilled water was used for the 
preparation of solutions. 

D&C Red No. 33 (Colour Index No. 17200) 
is the disodium salt of 8-amino-2-phenylazo-1- 
naftol-3,6-disulfonic acid; the colouring matter 

was obtained from HKohnstamm, New York 
and has a pure dye content of 85% (about 15% 
of sodium chloride and sodium sulfate are 
present to match the required colour strength). 

The diazotization solution was prepared 
daily by dissolution of 50 mg of sodium nitrite 
in 50 ml water. The coupling solution was pre- 
pared daily by dissolution of 50 mg of 1-naftol 
in 50 ml of 1 M sodium hydroxide. Stock stan- 
dard solutions of aniline (about 200 mg/l) were 
prepared weekly by weighing about 50 mg of 
aniline accurately, dissolving it in water and 
diluting to 250 ml. More dilute standards were 
prepared daily by convenient dilution with wa- 
ter. Solid ascorbic acid was directly added in 
the preparation of the solutions for the degra- 
dation studies. 

2.3. Diazotization and coupling of  aniline 

Solutions containing up to 100 lag of aniline 
were diluted to 10ml and acidified with sul- 
furic acid to a pH of 2.5. Then, 1 ml of 0.1% 
sodium nitrite was added and the mixture was 
allowed to react during 5 rain with stirring. 
Finally, 1 ml of l-naftol 0.1% in 1 M NaOH 
was added and the solution diluted with 0.2 M 
ammonium nitrate to 25 ml, obtaining a pH of 
about 9 ready for the subsequent voltammetric 
analysis. 

2.4. Extraction of  aniline from D&C 
Red No. 33 

About 50rag of colouring matter was 
weighed accurately and dissolved in 100 ml of a 
solution 0.01 M in NaOH and 1% in NaCI. 
The solution was transferred to a separation 
funnel and extracted three times with 20 ml of 
chloroform. The organic extracts were drained 
through a washed (25 ml of chloroform) glass 
wool pledget in the constriction of a funnel 
into the flask of a rotary evaporator. Sulfuric 
acid 0.002 M (10 ml) was added to the chloro- 
form extract, and the organic layer was com- 
pletely removed in the rotary evaporator, using 
reduced pressure and a temperature of 45 oC. 
The aqueous solution remaining in the evapo- 
rator was diluted to 50 ml with 0.002 M sulfu- 
ric acid and 10 ml aliquots were used in the 
diazotization and coupling procedures previ- 
ously described, preceding the voltammetric 
analysis. 
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2.5. Light degradation studies of  D&C 
Red No. 33 

In the light degradation box, 100 ml of 0.1% 
solutions of D&C Red No. 33, containing 
different amounts of ascorbic acid, were sub- 
mitted to intense light. The solutions were con- 
tained in small, screw capped, glass vials, held 
at a uniform close distance from the 500 W 
lamp. After the established degradation time, 
aniline was extracted, diazotized and coupled 
with 1-naftol, and the azo compound formed 
was determined by adsorptive stripping 
voltammetry, as previously described. 

3. Results and discussion 

3.1. Determination of  aniline 

The spectrophotometric determination of 
aniline, after diazotization and coupling, is 
commonly used in the analysis of primary aro- 
matic amines and has been extensively studied, 
with a large number of methods being pro- 
posed and recommended. In spite of the simi- 
larity of the methods, with slight differences 
concerning the nature of the coupling agent or 
some conditions of analysis, only occasionally 
efforts have been made to establish standard 
procedures, as is the case of Norwitz's work 
[5]. Taking into consideration this situation 
and the fact that we intend to use a voltammet- 
tic method of determination, instead of a spec- 
trophotometric one, it was decided to make a 
complete investigation of the method of deter- 
mination of aniline, including all the steps con- 
nected with the derivatization procedure. As 
the voltammetric response of the azo com- 
pound formed was used to measure the com- 
pleteness of the derivatization reaction of 
aniline, voltammetric variables had to be stud- 
ied before optimization of the reactions of dia- 
zotization and coupling was undertaken. 

3.2. Selection of  the coupling agent 

Besides some general conditions that must be 
fulfilled irrespective of the method of detection 
(stability of the coupling agent, fastness of the 
coupling reaction, stability of the azoic 
product), two more conditions are needed for a 
coupling agent used with adsorptive voltam- 
metric detection: not to interfere with the de- 
termination and to produce an azoic 

compound that adsorbs on the mercury elec- 
trode. The investigation started with H-acid 
(8-amino- 1-hydroxy-3,6-naphthalenedisulfonic 
acid), the coupling agent selected by Norwitz 
[5], but the compound was found to interfere 
slightly in the voltammetric determination, 
with a marked effect on the detection limit of 
the method. Two other coupling agents were 
tried, resorcinol and 1-naftol, both phenols, a 
group of compounds that is known to react 
quickly with diazotized aniline. Resorcinol 
could not be used because it formed an un- 
stable azo compound and resorcinol itself was 
oxidized, probably by atmospheric oxygen [7], 
giving a product that interfered in the voltam- 
metric determination. On the contrary, 1-naftol 
proved to be a suitable coupling agent, being 
stable in alkaline solution and forming a stable 
azo derivative that was adsorbed on mercury. 
The only drawback of l-natftol is its low solu- 
bility in water that forced the preparation of its 
solutions in 1 M sodium hydroxide. 

3.3. Selection of pH and accumulation potential 
for the voltammetric determination 

It was decided to use a pH value of 9 be- 
cause both voltammetric sensitivity and ad- 
sorption of derivatized aniline were higher at 
this pH. The effect of varying the potential of 
accumulation, necessarily more positive than 
the reduction potential of the compound, was 
negligible. So it was fixed at the more negative 
value allowed, 200 mV more positive than the 
reduction potential. It was decided to use an 
accumulation potential about 400mV more 
positive than the reduction potential of the 
compound. 

3.4. Amount of  coupling agent and sodium 
nitrite 

It was found that 1 mg of 1-naftol and 1 mg 
of sodium nitrite were sufficient for the quanti- 
tative diazotization and coupling of up to 
100 lag of aniline. This excess of diazotization 
and coupling agents ensures that the reaction is 
sufficiently quantitative and fast. 

3.5. Selection of  the coupling conditions 

The coupling reaction is considered before 
the diazotization reaction because it does not 
impose many restrictions. In fact the only po- 
tential problem is the decomposition of the 
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diazotized aniline before coupling, and this 
does not happen as the coupling reaction is 
very fast if the pH of  the solution is between 9 
and 13. For  simplicity, a pH of  9 (ammoniacal 
buffer) was used for coupling, the same that is 
used in the subsequent voltammetric analysis. 
The elimination of  excess nitrite prior to the 
coupling reaction can be obtained, for exam- 
ple, by addition of  sulfamic acid, but the need 
for this elimination is still controversial [5]. In 
our work it was not undertaken because it was 
found that the presence of  nitrite had no influ- 
ence on the results. 

3.6. Selection o f  the diazotization conditions 

In the preparative chemistry of  azo com- 
pounds it is recommended that diazotization 
takes place in an ice bath. This low tempera- 
ture is used to minimize the decomposition of  
the diazonium ion before the coupling reaction. 
In our case there was no need of  such a precau- 
tion, which made the method simpler. In fact, 
as can be seen in Fig. 1, the same amount  of  
derivatized aniline was formed in an ice bath 
and at room temperature, probably because the 
diazotized aniline is quite stable and the cou- 
pling reaction is fast. The use of  room temper- 
ature is even better as it is possible to use a 
shorter diazotization time. 

Another important variable in diazotization 
is pH. Acid conditions are required, but there 
is not a simple dependence of  diazotization rate 
on pH [8,9]. Results obtained using solutions 
with different concentrations of  sulfuric acid 
show that diazotization rate increases with de- 
creasing acidity (Table 1). A sulfuric acid con- 
centration between 10 -3 and 10 -2 M proved to 
be a good choice. 

Using the method of  determination of  ani- 
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Table i 
Diazotization of aniline (%) 

Diazotization H2SO, concentration 
time 

I M  0 . 2 M  0 . 1 M  0 . 0 2 M  0 . 0 0 2 M  

1 rain 1 ! 20 25 79 100 
5 rain - -  - -  69 100 100 

line just optimized, and described in the Exper- 
imental section, a calibration curve for aniline 
was obtained. A detection limit less than 1 ppb 
can be obtained if adsorptive accumulation is 
used (Fig. 2). Of  course, for higher concentra- 
tions of  aniline the saturation of  the mercury 
electrode must be taken into consideration. For  
instance, with an accumulation time of  2 rain 
the calibration curve is linear only if the con- 
centration of  aniline does not exceed 20 ppb. 
The proposed method has a detection limit 
about 50 times lower than the spectrophoto- 
metric method, if an accumulation time of  
2 rain is used. 

3.7. Determination o f  aniline in D&C 
Red No. 33 

One of  the applications of  some primary 
aromatic amines is in the production of  syn- 
thetic colouring matters, using the diazotiza- 
tion/coupling procedure just mentioned. As 
azoic colouring matters are used in the 
colouration of  foods, drugs and cosmetics, it is 
important to have methods to verify if the 
amine used in the production of  a colouring 
matter was completely removed after synthesis. 
Aniline is the primary aromatic amine used in 
the synthesis of  the colouring matter D&C Red 
No. 33 (Fig. 3). 

300. 
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I 160. 
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t _ • ] 

Imlm~ 

0 6 10 16 ~0 

1'line In m (mkl.) 

Fig. I. Effect of  temperature  on  the rate o f  diazotization of  
100 lag of derivatised aniline. Analysis by AdSV: 1 rain of 
accumulation; aniline concentration = 80 ppb; supporting 
electrolyte, 0.1 M ammonia buffer; pH 10. Diazotization in 
0.02 M sulphuric acid. 
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Fig. 2. AdSV calibration curves for derivatized aniline, 
using different accumulation times. Acc. poten- 
tial : - 240 mV (vs. AgCI/Ag, KCI 3 M); supporting elec- 
trolyte, 0.1 M ammonia buffer; pH 10. Aec. time (rain): • 
0; 112. 
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(1) ~ N.NO~ 

N2* ÷ I] -] . l  

NaO3S ~ ~ ~ ~ SO~a 

R-Salt 

N a O ~  ~ ~ 

D & ~  Red n'33 

Fig. 3. Synthesis of the colouring matter D&C Red No, 33: (I) diazotization, (2) coupling. 

so~a 

Of course, if the usual method of analysis of 
amines is employed, involving their conversion 
into azo compounds, the colouring matter it- 
self, structurally similar to the derivatized 
amine, will interfere in the determination. 
Thus, an intermediate step is needed for the 
separation of the amine from the colouring 
matter. The spectrophotometric determination 
of aniline (and other primary aromatic amines) 
in D&C Red No. 33 was reported by Bailey 
[10], based on the extraction of the amines 
from an aqueous solution of the colouring 
matter into chloroform. In our laboratory we 
have made a similar determination of aniline, 
using the adsorptive stripping voltammetric 
method in the detection step and the results are 
in good agreement with those reported in Bai- 
ley's work. The method of standard additions 
was used, with standards of aniline being 
added to the samples before the diazotization 
and coupling reactions (Fig. 4). Using stan- 
dards alone, the same result was obtained with 
and without extraction, proving that extraction 
was complete. For a set of three replicates, the 
amount of aniline found in the colouring mat- 
ter D&C Red No. 33 was 17+ 1 ppm. The 
amount of aniline found in a commercial sam- 
ple of D&C Red No. 33 is low considering the 
fact that this compound is used as an interme- 
diate in the preparation of this colouring mat- 
ter. As referred to by Bailey [10], this result 
suggests that the D&C Red No. 33 is thor- 
oughly purified by the manufacturer before its 
commercialization, which is expected owing to 
the applications of this colouring matter and 
the potential health hazards associated with the 
aniline. 

3.8. Determination of  aniline formed in the 
degradation of  D&C Red No. 33 solutions 

The method was also applied in the determi- 
nation of aniline formed in studies of degrada- 
tion of 0.1% solutions of D&C Red No. 33. In 
fact, besides being intermediates in the synthe- 
sis, the presence of amines in colouring matters 

4hA 

Z 

200mV 

- 24OmV 

Fig. 4, AdSV determination of aniline in the colouring 
matter D&C Red No. 33. using the method of standard 
additions. Accumulation ffi 2rain. Aniline added (ppb) 
from bottom to top: 0, 0.8, 1.6, 3.2, 4.8. 
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Fig. 5. Effect of the amount of ascorbic acid and of 
degradation time on the formation of aniline from D&C 
Red No. 33. Supporting electrolyte 0.1 M phosphate 
buffer, pH 7. Amount of ascorbic acid (%): • 0; • 0.02; 
• 0.2; • 2. 

can have  a different origin, if  degrada t ion  o f  
the colouffng mat te rs  occurs by reductive split- 
ting o f  the azo g roup  [11]. Al though  solutions 
o f  D & C  Red  No.  33 submi t ted  to intense light 
condi t ions to accelerate degrada t ion  were 
found  to be quite stable, in the presence o f  the 
an t ioxidant  ascorbic  acid the colour ing ma t t e r  
was degraded to produce  aniline, to an extent 
increasing with the a m o u n t  o f  ascorbic  acid 
and  with the degrada t ion  t ime (Fig. 5). It  was 
found  that  the ma in  reason for  degrada t ion  is 
the presence o f  ascorbic acid, as the results 
ob ta ined  with the use o f  light i r radiat ion are 
not  very different f rom those ob ta ined  in the 
da rk  (Table  2). Some pre l iminary  studies indi- 
cate tha t  the influence of  p H  on degrada t ion  is 
not  very impor tan t ,  as similar values for  degra-  
da t ion  were ob ta ined  with p H  2 and  7. 

Table 2 
Degradation of D&C Red No. 33 in the presence of 0.2% 
ascorbic acid, at pH 2 (ttg of aniline found/g of colouring 
matter).  

Degradation times (days) 

0" 0.2 I 2 10 

In the dark 17 198 645 - -  5159 
Light irradiation 17 101 888 1332 

a Without addition of as¢orbic acid. 
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Abstract 

The versatility of flow injection as a procedure for enhancing the performance of atomic spectrometry is 
demonstrated by the on-line separation and preconcentration of analyte ions of interest for methods 
employing atomic spectrometric measurements. In this paper, a sensitive method for the determination of 
palladium by flame atomic absorption spectrometry associated on-line with the flow injection technique has 
been developed. A flow system comprising a micro-column packed with activated carbon fibre was used for 
the concentration of palladium. In order to further enhance the performance of the analysis a new manifold 
with an additional column has been designed to increase the sensitivity by doubling the analytical signals. 
The method is sensitive and easily operating with a sampling rate of 15-20/h. The detection limit of this 
method is 0.3 ng/ml in standard solution and the precision is 3.9% relative standard deviation at 50 ng/ml. 
Recoveries of palladium in spiked solutions are 103-107%. 

I. Introduction 

Palladium is an element of medium sensitiv- 
ity for atomic absorption spectrometry (AAS) 
and inductively coupled plasma-atomic emis- 
sion spectrometry (ICP-AES). Enrichment of  
the element is often needed prior to determina- 
tion. Palladium is often determined together 
with Ru, Rh, Pt, Os and Ir in samples for 
platinum-group element analysis. AAS deter- 
minations have been applied to the analysis of 
platinum group elements (PGEs) by the fire 
assay method [1-3] in early works. The detec- 
tion limits reported were 0.06 ppm (20 g sam- 
ple) [1] and 0.08ppm [3]. Hoashi et al. [4] 
described a method for the determination of 
Pd, Pt and Rh in iron meteorites by procedures 
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0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights 
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involving extraction into organic solvents and 
subsequent analysis of the extracts by graphite 
furnace AAS. The reported detection limit was 
0.01 lag/g (0.1-0.5g sample). Since its ap- 
pearence in 1980 [5], inductively coupled 
plasma-mass spectrometry(ICP-MS) has be- 
come one of the most sensitive techniques for 
the determination of  the PGEs. Methods 
demonstrating the application of  ICP-MS to 
the determination of these precious metals with 
and without fire assay preconcentration have 
been published [6-8]. However, all these proce- 
dures require complex chemical manipulation 
of the samples and the analysis of sample 
solutions. Totland et al. [9] reported a method 
for direct determination of  the PGEs in solid 
samples where the PGEs are directly deter- 
mined by slurry nebulization ICP-MS. Excel- 
lent data of limits of quantitative analysis 

reserved 
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Fig. l. Manifold using single column for FI preconcentration-flame atomic absorption spectrometry. V, rotary injection 
valve; PA, PB, peristaltic pump; COL, preconcentration column packed with ACF; AAS, atomic absorption spectrometer; 
E, I% thiourea solution in 1 M HCI; S, sample solution (pH 3); W, waste; 1, Perspex jacket; 2, seal ring; 3, cavity; a, 
preconcentration position; b, elution position; c, diagram of the construction of the preconcentration column. 

(0.04-0.2 ~tg/g) for the method were reported 
and the analytical reproducibility was in the 
range 2-30% RSD. The detection limit for 
palladium was 0.17 ng/ml in HCI blank. How- 
ever, these procedures require expensive instru- 
ments not common in conventional 
laboratories. 

The objective of this work is to develop a 
method utilizing the combination of the flow 
injection preconcentration technique and 
atomic absorption spectrometry for the deter- 
mination of Pd at a low concentration level. We 
used a flow system similar to that described by 
Olsen et al. [10]. The preconcentration column 
was packed with activated carbon fibre (ACF) 
to retain Pd and eluted by thiourea. Chemical 
conditions and manifold parameters were inves- 
tigated in detail and the potential of ACF as a 
preconcentrator was demonstrated. In order to 
increase the concentration factor, we have de- 
signed a so-called double column manifold, 
which will be discussed in detail in the manifold 
section, to double the concentration of Pd, and 
thus double the analytical signal. With this 
manifold scheme, up to 145 times preconcentra- 
tion of Pd with a sample throughput of 15-20/h 
can be achieved. It is apparent that the present 
FIA-FAAS system with online preconcentra- 
tion might thus challenge the detection limits 
for graphite furnace AAS I11] and ICP-MS [12]. 

2. Experimental 

2.1. Apparatus and manifoM 

The flow injection units used were an IFIS-A 
intelligent flow injection sampler comprising an 

eight-channel rotary injection valve and two 
three-channel peristaltic pumps (Xian Spring 
Institute, China) for the majority of experi- 
ments and a FIA-2400 flow injection analyser 
(Xintong Scientific Instrument Corp., China) 
for manual operation. All experiments were 
conducted with a WFX-1A atomic absorption 
spectrometer (Beijing Second Optical Instru- 
ment Factory, China) and a single pen recorder 
(PM 8521, Philips, Holland) for measuring and 
registering the absorption signals. A palladium 
hollow cathode lamp with an operating current 
of 6 mA was used. The sensitive Pd 247.64 nm 
line and a narrow spectral bandpass of 0.2 nm 
were adopted. A fuel-lean stoichiometric air- 
acetylene flame was employed for the atomiza- 
tion of palladium. 

The manifold comprising a single column for 
the preconcentration of palladium is shown in 
Fig. 1. The two positions of the valve rotor 
(the channels are arranged in a circular pat- 
tern) refer to sampling S and elution E. The 
preconcentration process proceeds when the 
valve is in position 'a' and the elution process 
starts by back flushing with eluent stream E 
when the valve is switched to position 'b'. The 
preconcentration column with an inner volume 
of 180ttl (3ram i.d. x25mm) was made of 
Perspex and was demountable for packing the 
activated carbon fibre. 

The manifold scheme for the double column 
system is shown in Fig. 2. Note that the double 
column system differs in principle from the 
existing dual column system described in the 
literature [13,14] in that : (i) the two columns 
are in parallel in the preconcentration mode 
and the columns are connected in series in the 
elution mode; (ii) the double column system 
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Fig. 2. Manifold scheme of double column system for FI preconcentration-atomic absorption preconeentration. V, rotary 
injection valve; PA, PB, peristaltic pump; COLI, COL2, preconcentration column packed with ACF; AAS, atomic 
absorption spectrometer; E, elution solution; S, sample solution; W, waste; a, preconeentration position; b, elution 
position; c, diagram of the principle of double column system. 

doubles the analytical signal without doubling 
the preconcentration time, and thus the con- 
centration efficiency (CE) can be increased; and 
(iii) the double column system can easily be 
reduced to a single column system simply by 
sampling water instead of sample solutions in 
the COL I channels. 

2.2. Reagents and procedures 

All reagents were of analytical reagent grade. 
Water from subboiling distillation was used 
throughout. 

A Pd standard solution of 1000 pg/ml was 
prepared from palladium chloride and was 
made 2% in hydrochoric acid. This solution may 
be further diluted to give a series of calibration 
standards. The elution solution was prepared by 
dissolving 1 g thiourea in 100 ml water and the 
solution was made 1 M in hydrochloric acid. the 
buffer solution (pH 3.0) was prepared according 
to Clark and Lubs [15]: 50 ml 0.2 M KHphtha- 
late + 20.40 ml 0.2 M HCI, diluted to 200 ml. 
The activated carbon fibre (High Polymer Insti- 
tute, Zhongshan University, China) was treated 
with dilute nitric acid and thouroughly washed 
with water prior to use. 

Most experiments were carded out with the 
IFIS-A intelligent flow injection sampler. The 
program and time cycle of operation are shown 
in Tables 1 and 2. 

solution considerably affected the retention of 
the metal. Experimental results indicated that 
the best pH value for the retention of the 
metal was 3.0. Sample solutions should ap- 
proximately be adjusted to slightly acidic with 
dilute hydrochloric acid or sodium hydrox- 
ide solution and the solution finally made ex- 
actly pH 3 with KHphthalate buffer solution 
prior to sampling. Nitric acid was not preferred 
owing to the suppression effect on the absorp- 
tion of palladium onto the activated carbon 
fibre. 

Concentration and acidity of thwurea solution 
The absorption signal increased with increas- 

ing thiourea concentration and remained un- 
changed when the concentration of thiourea 
exceeded 1.5%. In order to shorten the time to 
wash thiourea out of the column and manifold 
tubing for the next sample, a compromise 
thiourea concentration of 1% was used. Al- 
though a 10% loss of absorption signal resulted 
from this concentration, the wash time could 
be greatly reduced. The thiourea solution was 

Table i 
Manifold program, both for the single and double column 
systems 

3. Results and discussion 

3.1. Chemical conditions 

Acidity of the sample solution 
Palladium can be retained onto ACF in 

slightly acidic solution and the acidity of the 

Step 

l 2 3 4 

Time (s) 40 2 180 20 
Pump A stop stop stop go 
Pump B go stop go stop 
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Table 2 
Time cycle of operation 

Time (s) Function 

223-242 PA and PB stop. Hint for replacing water with 
0-40 PA stops, PB goes, V turns to position 'a'. 

Wash the column with water. 
41-42 PA and PB stop. Hint for replacing water with 

sample solution. 
43-222 PA stops, PB goes. Duration of sampling. 
223-242 PA goes, PB stops, V turns to position 'b'. 

Backflush with thiourea, the eluent is propelled 
into the AAS. 

made 1 M in hydrochloric acid to achieve max- 
imum sensitivity. Again, nitric acid was not 
preferred. 

Interferences 
Elements other than palladium of the plat- 

inum group, as well as cadmium, copper, and 
lanthanum were tested for interference effects. 
The platinum group elements at concentration 
levels listed in Table 3 did not interfere in the 
determination of 50 ng/ml of Pd. The three 
other elements showed no interference effects. 
Alkali and alkaline earth elements showed no 
affinity with ACF and did not interfere with 
the determination of palladium. 

3.2. Manifold parameters 

0 . 4  ¸ - 

0.3 

[ 
"~0.2 

0 . 1 -  

I I I I I I 
°l 1 2 3 4 s 6 

Sampling (ml/min) 

Fig. 3. Effect of the flow rate for sampling on the absorp- 
tion sensitivity. Pd=50ng/ml  (pH 3), sampling 
time = 2 rain. 

high concentration efficiency (a CE value up to 
38 can be achieved) can be obtained by this 
method, longer sampling time is allowable and 
a sampling time of 3 min was used for investi- 
gation of  analytical performance and for real 
sample analysis throughout unless otherwise 
stated. 

3.3. Calibration graphs and analytical 
performance 

Manifold parameters were optimized with 
respect to flow rates and sampling time. The 
effects of  these parameters on the absorption 
sensitivity are shown in Figs. 3-5.  The selected 
flow rates can be summarized as 5.2 ml/min for 
sampling and 4.1 ml/min for elution. It can be 
seen from Fig. 5 that the required concentra- 
tion factor depends on the sampling time. Since 

Table 3 
Effects of coexisting ions (me) 

Ion Added Concentration ratio Recovery 
(lag/ml) (me/Pd) (%) 

0 0 0 100 
Ag 2.5 50 100 
Au 5 100 100 
Pt 3.2 64 103 
Cd 2.5 50 97 
Cu 5 I00 100 
Lit 2.5 50 100 

Good linearity of  the calibration graph of 
palladium was obtained in the range 0-30 ng/ 

0.5 

0.4 

o.3 

0.2 

0.1 

I I I J I 
1 2 3 4 5 
Preconcentration time (rain) 

Fig. 4. Effect of sampling time on the absorption sensitiv- 
ity. Pd 50 ng/ml, sampling flow rate •ffi 5.2 ml/min. 
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Fig. 5. Effect o f  the flow rate for elution on the absorption 
sensitivity. Pd = 200 ng/ml, sampling flow rate = 5.2 ml/ 
rain, sampling time = 3 min. 

ml. The regression equation for calibration is 
y=0.014x+0.0043 with a correlation co- 
efficient of 0.998. Sensitivities, detection limits 
and precision for direct nebulization and for 
sampling with preconcentration using single 
and double systems are listed in Table 4 for 
comparison. The sensitivities listed are referred 
to slopes of the calibration curves and the 
detection limits are calculated based on 3a. 

4. Real sample analysis 

Three geological samples were analysed for 
palladium with the suggested procedure to in- 
vestigate the accuracy of the proposed method. 
Sample I (standard reference rock sample 

GSO-Au-2 containing 52.5 ng/g of Au) and 
sample II(Yangxin copper ore containing 
200 ng/g of Au and 6500 ng/g of silver) were 
used as blank ores and Pd was spiked. Sample 
III and the analytical result of palladium was 
provided by the Hubei Geological Bureau. 

4.1. Procedure 

Calibration series 
Palladium (0, 0.5, 1.0, 1.5, 2.0, 2.5 lag) was 

pipetted into six 25 ml colorimetric tubes, re- 
spectively, and made up to about 10 ml with 
water, adjusted to approximately pH 3 with pH 
test paper. KHphthalate buffer solution (2 ml) 
was added and diluted to the mark with water. 

Sample preparation 
Rock sample (0.1000 g) was weighed into a 

PTFE crucible, wetted with water, 10ml of 
hydrofluoric acid added, heated and evapo- 
rated to dryness. Aqua regia (15 ml) was added 
and it was heated gently to dissolve the 
residues and evaporate to near dryness. Hy- 
drochloric acid (2 ml) was added to eliminate 
nitric acid. Then, a few drops of (1 + 1) hy- 
drochloric acid added and the wall of the 
crucible rinsed with hot water and transferred 
to a 100 ml volumetric flask and made up to 
the mark with water. The resulting solution 
(1 ml) was pipetted to a 25 ml colorimetric tube 
and subsequently treated the same as the stan- 
dard series. The analytical data obtained using 
double column system are listed in Table 5. It 
can be seen that the analytical results of sample 
III was in good agreement with the reference 
value and the recoveries of Pd in all samples 
were satisfactory. 

Table 4 
Comparison of  analytical performance 

Mode o f  
sampling 

Sensitivity 
(A n g -  t ml - 1 ) 

Detection Precision Concentration 
limit (RSD%) factor 
(ng/ml) (CF) 

Direct 
nebulization 

With preconcentration 
(single column) 

With preconcentration 
(double column) 

9.6 x 10 -5  

6.6 x 10 -3 

1.4 × 10 -2 

46 

0.8 

0.3 

2.3 
(I000 ng/ml) 
n=ll 

3.5 
(I00 ng/ml) 
n=8 

3.9 
(50 ng/ml) 
n=8 

69 

145 
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Table 5 
Analytical results 

Sample Found Reference Spiked Recovery 
(~g/g) (~g/g) (~g) (%) 

I 0 - -  1 107 
II 0 - -  1 107 

IlI 580 530 2 103 

5. Conclusion 

Flow injection solid phase extraction is a 
potentially important technique in trace and/or 
ultra-trace analysis. Through optimizing the 
wash stage, sample loading rate and manifold 
design, high CE values are achievable. Data 
demonstrated in this paper are very encourag- 
ing. The main features of the suggested flow 
system are (i) that it can easily double the 
analytical signal and (ii) the system is semi-au- 
tomated with only one manual step of feeding 
samples. 
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Abstract 

A new commercial system consisting of a flow injection analysis system for hydride generation coupled with 
a transversely heated graphite atomizer-atomic absorption spectrometer for the determination of lead is 
investigated in detail. The hydride generation is optimized by using an ammonium peroxodisulphate-hy- 
drochloric acid system as oxidant and sodium borohydride as reducing reagent. The addition of sodium cumol 
sulphonate as surface active substance shows advantages considering efficient plumbane production. The 
hydride trapping and atomization in a graphite electrothermal atomizer is also optimized. The characteristic 
concentration was 0.74 I~g/1, the detection limit was 0.70 I~g/l for 500 ltl sample volumes. The relative operation 
standard deviation of this method was smaller than 2%. Further examinations demonstrate the influence of 
several heavy metals on the determination of lead. Finally, the measurement of standard reference materials 
shows the efficiency of the method in combination with decomposition with aqua regia solutions. 

1. Introduction 

Since 1975 the determination of lead using 
hydride techniques has been of great interest 
and research in trace metal analysis. Plumbane 
production and following detection investi- 
gated for analytical purposes was first de- 
scribed by Thompson and Thomerson [1]. 
Further applications of this analytical problem 
have been published with a full range of gener- 
ation and detection methods [2-13]. Difficulties 
arose from two facts: the oxidation of lead (lI) 
to lead (IV) followed by plumbane generation 
and its stability [14,15]. 

Oxidants like potassium dichromate [3,16], 
ammonium cerium nitrate [9], potassium per- 
manganate/manganese sulphate [5] or hydro- 
gen peroxide [2,6] made the production 
possible, but the use of dichromate seemed to 

* Corresponding author. 

0039-9140/95/$09.50 C 1995 Elsevier Science B.V. All rights 
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be problematic owing to the health hazard and 
environmental relevance. However, hydrogen 
peroxide as a substitute showed less sensitivity. 
Similar results were only obtained with ammo- 
nium peroxidisulphate [4,8,12]. 

Another relevant problem is the efficient at- 
omization of lead. Obviously, the almost exclu- 
sively used quartz tube is not well suited to 
obtain satisfactory sensitivity, e.g. detection 
limits of 30 ~tg/1 for lead [13]. However, the 
enrichment and atomization of gaseous prod- 
ucts from hydride-forming elements in a 
graphite furnace has been well known for some 
time [16-22]. The first use of this technique 
was reported by Lee [23]. The in situ trapping 
technique needs the graphite furnace both for 
hydride trapping and for the atomization. The 
hydrides purged from the gas-liquid separator 
decompose in the preheated graphite furnace 
(ca. 300-600 °C) and are then trapped on the 
graphite surface. The trapped products are 

reserved 
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then atomized normally at 1600-2000 °C. This 
technique is superior to quartz tube atomiza- 
tion. It should be preferred because of its 
greater sensitivity and its effective elimination 
of possible influences of hydride generation 
kinetics. The lastest developments of Perkin- 
Elmer make it possible to accomplish this pro- 
cess for the first time in a routine way [24]. 

With the use of a continuous flow or flow 
injection system, the sensitivity for the determi- 
nation of lead could be increased and interfer- 
ences be minimized. The combination of flow 
injection hydride generation and graphite fur- 
nace seems to be advantageous for the detec- 
tion limits owing to continuous hydride 
enrichment in the furnace without any loss of 
reproducibility. However, inconsistent data are 
given in the literature with regard to interfer- 
ences on the determination, e.g. the influence of 
nickel [7,10,11]. Certainly, different observa- 
tions are dependent on the parameters used. 
Generally, tolerable concentrations of interfer- 
ing metallic ions in flow injection procedures 
are often reported to be one or two orders of 
magnitude higher than in batch systems [25]. 

The use of surface active substances such as 
sodium cumol sulphonate or Triton X-100 [26] 
increases the sensitivity with great effect. Such 
miceUaric systems influence different analytical 
systems and have been used in diverse applica- 
tions [26,27]. The maintenance of more effec- 
tive hydride formation described for lead and 
arsenic using several substrates [12,28] was 
confirmed for lead by the application of several 
surface active substances in this study. 

The technique is applied for the determina- 
tion of lead in several real samples decomposed 
with aqua regia extraction. It demonstrates the 
suitability and the efficiency of the technique 
by analysing standard reference materials with 
different organic and inorganic matrices. The 
results are compared with results obtained by 
another graphite furnace routine analysis sys- 
tem (ZL 4100 from Perkin-Elmer) and a special 
new arrangement with a graphite furnace (fre- 
quency modulated simultaneous AAS) devel- 
oped by Cammann et al. [29]. 

This paper reports the optimization proce- 
dure for the hydride generation of lead as a 
simple and fast method for its determination 
using the continuous flow system hydride gen- 
eration atomic absorption spectrometry with 
enrichment and atomization in a graphite fur- 
n a c e .  

2. Experimental 

2. I. Instrumentation 

A Perkin-Elmer Model 4100 ZL atomic ab- 
sorption spectrometer was used in combination 
with the FIAS 200. The available background 
correction with longitudinal Zeeman effect was 
not required for this application. For the hy- 
dride trapping and atomization in the graphite 
furnace a special application software from 
Perkin-Elmer was used (software version 7.21). 
The hydride generator was coupled via a 
Teflon tube to the graphite furnace. A quartz 
tip was fixed to a pipet arm inside the graphite 
furnace during the enrichment time. Before 
atomizing, the pipet arm was moved outside 
this oven. 

The flow injection system scheme is de- 
scribed in Fig. 1. Three tubes with reagents for 
the hydride generation are connected to the 
chemifold in which plumbane is formed. An 
inert gas stream transports the hydride prod- 
ucts to the graphite furnace. The parameter for 
the hydride generation, trapping and atomiza- 
tion are summarized in Table 1. The program 
for the enrichment step is presented in Table 2. 
Because of large amounts of reagents, two 
pump tubes instead of the normal one are used 
as waste tubes to prevent an overflow of the 
gas-liquid separator. 

For the assessment of the results obtained, a 
new method in atomic absorption spectrometry 
was used and it is described in the following. In 
frequency modulated simultaneous AAS 
(FremsAAS) [29] the light is provided with 
additional information by modulation of the 
light sources with different frequencies (300- 
700 Hz). By using interference filters the reso- 
nance lines are separated from other emission. 
Lock-in amplifiers selectively amplify the mod- 
ulated signal of light source in a DC signal. 

2.2. Gases and substances 

Argon (99.996%); (Sauerstoffwerk Westfalen 
AG, Mfinster). As(III)-, Bi(III)-, Mn(II)-stan- 
dard: 0.100 g (all Fixanal; Riedel de Hafin AG, 
Seelze). Sb(III)-, Cr(VI)-standard: 1.000 g (Fix- 
anal). Se(IV)-, Ti(IV)-, Cr(III)-, V(V)-, As(V)-, 
Sn(IV)-, Pb(II)-, Hg(II)-, Cd(II)-, Cu(II)-, 
Ni(II)- standard: 1.000 g (all Titrisol; E. Merck, 
Darmstadt). Fe(III)-, Zn(II)-, Co(II)-standard 
solution: lg/l (all E. Merck). Sodium borohy- 
dride p.a., sodium hydroxide p.a., sodium per- 
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Sample 

FIA-Valve 

(NH4)2S20 , 
NaBH 4 

Waste 

Argon 

I ll~luid~separat°r , , ~ 

1 t Graphite furnace 

Sample 

Waste 

Fig. 1. Schematic diagram of the flow injection system for hydride generation coupled with a transversely heated graphite 
atomizer. 

oxodisulphate p.a., hydrochloric acid 30% sup- 
rapure, nitric acid 65% suprapure, hydrochloric 
acid conc. p.a. (all E. Merck). Triton X-100 
(TX-100) (E. Merck), tetrabutylammonium 
hydrogen sulphate (Fluka AG, CH-Buchs), 
Sodium cumol sulphonate (Hills AG, Mad). 

2.3. Certified substances 

Estuarine sediment CRM 277, aquatic moss 
(Platihypnidium ripariodes) BCR 61, rye grass 
CRM 281 [all Commission of the European 
Communities, Community Bureau of Refer- 
ence (BCR), Brussels]; pine needles SRM 1575 
(U.S. Department of Commerce, National In- 
stitute of Standards and Technology Gaithers- 
burg, MD, U.S.A.). 

2.4. Optimization of the hydride generation and 
atomization technique 

Several parameters were optimized to reach 
highest sensitivity for the lead determination. 
Erber et al. [30] optimized some parameters by 
using this technique for the sensitive detection 
of ionic organolead compounds. Because of a 
large difference between the hydride generation 
of organolead compounds and lead itself, 
which is a result of the enormous difference in 
stabilities of the hydride products, optimization 
of the parameters, especially for inorganic lead, 
was necessary to achieve good results. The 
parameters having influence on the sensitivity 
of the formation of lead hydride are sodium 

borohydride as reducing reagent, the oxidiza- 
tion agent ammonium peroxodisulphate, the 
type and concentration of the acid and the 
sodium cumol sulphonate (chemical), as well as 
the flow of the inertia gas and the enrichment 
temperature and the atomization temperature 
(apparational). The optimization procedures 
were carried out by measuring a solution of 
50 pg/l lead. Because apparational parameters 
and chemical parameters are mostly indepen- 
dent from each other, the first mentioned are 
optimized first. 

Inert gas flow 
Argon as an inert gas transports the hydride 

products from the gas-liquid separator to the 
graphite furnace and so the influence of its flow 
rate on the signal intensity was investigated. 
The results are presented in Fig. 2. The opti- 
mum argon flow rate was 125 ml/min as op- 
posed to the optimum flow rate by the 
generation of organolead hydride products 
[30]. 

Enrichment and atomization temperature 
The enrichment temperature, as well as the 

atomization temperature, is, in combination 
with the type of graphite furnace, a major 
parameter for the sensitivity of a method. Sev- 
eral investigations into the enrichment temper- 
ature and the theoretical foundations about the 
sorption and atomization are described [19,28]. 

The optimum high enrichment temperature 
of 600 °C we found in concordance with Aroza 
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Table 1 
Standard operating conditions 
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Spectrometer 
Lamp 
Wavelength 
Slit 
Integration time 
Measurement type 
BOC time 

FIAS System 
Pump speed 
Pump tubing 

Pump I 
Sample 
Waste 

Pump 2 
Carder 
Reducing agents 
Oxidants 

Waste 
Carder gas flow 
Sample loop 

Reagents 
Carder solution 
Reducing agents 
Oxidants 

Furnace 
Trapping temperature 
Atomization temperature 
Temperature program 

EDL (440 mA) 
283.3 nm 
0.7 nm 
5s 
peak height 
2s 

see Table 2 

1.52 mm (i.d.) 
3,18 mm 

i ,52 mm 
1.14mm 
1.14 mm 
3.18 mm 
100 ml/min 
500 ;tl 

0.1% HCI + 0.15% Na cumol sulphonate 
0.5% NaBH4 in 0.05% NaOH 
5% (NH4)2S208 

450 °c 
1800 °C 
see Table 3 

et al. [8] seems to favour a normal thermic 
decomposition to the element and rules out 
simple physisorption of  the hydride or its de- 
composition product [19]. The determination 
of  the enrichment temperature, i.e. the decom- 
position of  the lead hydride, was carried out 
using an atomization temperature of  1600 °C. 
A steady increase of  sensitivity was found (Fig. 
3). Temperatures of  more than 600 °C seem 
inappropriate in order to avoid unnecessary 
strain on the pipetting quartz tip. It will gradu- 
ally be damaged. For  routine analysis, an en- 
richment temperature of  450 °C was sufficient. 

Other authors point out that a zirconium- or 
palladium-coated graphite tube show a more 
effective adsorption for hydrides in general and 
especially for lead hydride [11,20,25,28]. This 
allowed lower enrichment temperatures to be 
used. The reason for this seems to be a cata- 
lytic dissociation on zirconium carbide or pal- 
ladium rather than a thermal decomposition 
[11,19]. 

Since we could not detect significant differ- 
ences at the temperatures we used, we did not 
modify graphite tubes with zirconium or palla- 
dium solutions. The graphite tubes for the 

Perkin-Elmer 4100 ZL obviously have a surface 
that is well suited for the decomposition of  lead 
hydrides. But the decisive reason for not modi- 
fying the graphite tube was the instability of  
plumbane. At higher temperatures it decom- 
poses spontaneously, in contrast to the rela- 
tively stable hydrides, e.g. of arsenic or 
antimony. No catalytic process is needed for 
the decomposition of  plumbane. By using a 
modifier for signals with decreased peaks 
heights, large peak areas were obtained. 

The surface of  the graphite tube is also a 
significant parameter for the atomization tem- 
perature [28]. Modifying the graphite tube after 
enriching the hydrides with palladium or zirco- 
nium also influences the atomization of  lead 
[31]. The modification seems impractical in this 
case for routine applications because the en- 
richment technique has no programmable step 
and no device for automatic pipetting of  a 
modifier. We settled for a tube treatment after 
hydride enrichment, and we experienced no 
loss of  reproducibility or sensitivity. We deter- 
mined an atomization temperature of  1800 °C 
and an enrichment temperature of  450 °C to be 
satisfactory (Table 3). 
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Table 2 
FIAS-program for the enrichment step 

931 

Step number Time Pump speed Pump speed Valve position 
(s) no. 1 (U/min) no. 2 (U/min) 

Prefill I 0 100 0 fill 
1 I 0 100 80 flU 
2 8 0 0 inject 
3 20 120 70 inject 
4 8 0 0 inject 
5 5 120 0 fill 

Tube life-time 
The total measurements here were carried 

out with two graphite tubes. Consequently, the 
life-time of one graphite tube was greater than 
4000 firings. It showed no dependence on the 
sample matrix in contrast to the conventional 
graphite furnace technique, where the life-time 
of the tube directly depends on the matrix. The 
tube gets broken because of the normal wear- 
ing process. 

The chemical parameters were optimized 
with the physical parameters listed in Table 1. 

Acid 
For the determination of lead it is very im- 

portant, besides finding the optimum concen- 
tration, to choose the right type of acid. This 
has already been described in the literature for 
other hydride-forming elements [32,33]. Hy- 
drochloric acid again proved to be the most 
appropriate acid. Nitric acid or weak acids 
such as acetic acid did not produce as good a 
sensitivity as hydrochloric acid (Fig. 4). Even 
tartaric acid, which has been used until now 
[13], did not reproduce the sensitivity of hy- 
drochloric acid in combination with the oxida- 
tion agents used here. 

We found a direct correlation between the 

07. 

0 6 ,  

0 5 '  

i 0 4  

02 

01 

O0 

/ 
G 5'o ,Go ,~o 2GO 

Argon flow [mUmin] 

Fig. 2. Influence of the argon flow rate on the signal 
intensity. 
TAL 4~-7-.E 

maximum sensitivity and the pH of the acid. 
This can be explained by the fact, that the 
oxidation power of ammonium peroxodisul- 
phate depends directly on the concentration of 
H ÷. We found a pH of ca. 1.7 to be the 
optimum with the three acids we used. Even 
small variations of the optimum pH showed a 
drastic decrease in sensitivity. Therefore, it is 
important to adjust the pH to the optimum 
value by treating the samples with ammonia or 
sodium hydroxide when preparing the samples. 

Sodium borohydride reductant 
Sodium borohydride is still considered to be 

the best reductant for AAS. The signal inten- 
sity steadily increased with an increasing con- 
centration of NaBH4 (Fig. 5). The limiting 
factor though is the fact, that concentrations of 
more than 1% (w/v) NaBH4 lead to so much 
foaming that parts of the liquid in the gas-liq- 
uid separator will be transferred into the Teflon 
tube and the graphite oven. On addition of an 
anti-foaming agent the plumbane generation 
efficiency is increased very little with higher 
concentrations of NaBH4. However, this effect 
influences the signal intensity less than the 
effect caused by the use of surface active sub- 
stances, which tend to foam in the reactor (see 

0.,50 - 

i .40. t / i / ' {  ~- - - - -~  

0.35 - 

030. , . , • , . , . , • , . , / 

2oo 250 3oo 3~0 4oo 450 soo 5so 000 

Enn(:hment temperature ['C] 

Fig. 3. Signal intensity by increasing enrichment tempera- 
ture. 
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Table 3 
Temperature program for the graphite furnace r o u t i n e  

Step Temperature Ramp Hold Gasflow 
(*C) (s) (s) (ml/min) 

Enrichment 450 
Pre-treatment 450 1 20 250 
Atomization 1800 0 5 0 read 
Glow out 2300 1 2 250 

Effect of surface active substances). To achieve 
good results, a concentration of 0.5% (w/v) was 
quite sufficient for the hydride generation. The 
lead content in the NaBH4 is no problem, as 
expected, the plot show a linear increase (Fig. 
5). 

Ammonium peroxodisulphate oxidant 
A successful determination of lead requires 

that, prior to reduction, all lead must be oxi- 
dized to Pb(IV) by some oxidant, because only 
Pb(IV) forms sufficiently stable hydrides 
[15,34]. Several oxidants, such as potassium 
permanganate, potassium dichromate and hy- 
drogen peroxide, have been more or less suc- 
cessfully tried out. As other authors found, 
ammonium peroxodisulphate proved to be the 
optimum oxidant for oxidizing lead(II) ions 
[4,8,12]. When using a FIA system, it is neces- 
sary to follow the proper sequence when 
adding the various substances (see Fig. 1). An 
increase of ammonium peroxodisulphate show 
a similar linear increase in sensitivity in Fig. 6, 
as well as NaBH4. 

In order to save material, all the following 
determinations have been carried out with a 
concentration of 5% (w/v) and not with the 
concentration for maximum sensitivity. This 
also leads to much less foaming owing to 
higher concentrations in some samples. 

1 . 2 .  

0 . 8 ,  

~ 0 6  • 

- / 
~ 0 4 -  

0 . 2 "  

o.oi 
0'.o - " o:2 o:, o'6 o'6 

Cor, centra t?n Of sodium borohyclnde [%[ 

Fig, 5. Dependence between signal intensity and reducing 
reagent. 

Effect of surface active substances 
Surfactant organized substances or orga- 

nized molecular assemblies have an enormous 
influence on the chemical equilibrium, reaction 
rates and other important chemical features 
owing to their capacity to create a special 
microenvironment for reactions at a molecular 
level [26]. It was shown, that surfactant orga- 
nized substances greatly support the formation 
of hydrides [12,28]. In this work the addition of 
three types of this organized media were inves- 
tigated to study the effect on plumbane genera- 
tion. Sodium cumol sulphonate (SCS), Triton 
100 and tetrabutylammonium hydrogensul- 
phate (TBHS) were tested. The effect of those 
substances on plumbane formation is shown in 
Fig. 7. It can be seen that the absorption signal 
increased with increasing surfactant substances 
concentration until a plateau was reached. 
Those substances have been added to the car- 
der. Though higher signals can be achieved by 
adding the substances directly to the sample 
solution, the sample preparation will be much 
easier when the required substances are com- 
bined in the FIA system. Especially as the 
signal gain is only 20-30%. 

0 . a -  

.•. I ~ . - -  Hydrochloric Icid 
"' l • Nitric 6dd 

--: "". . . . . .  [ ~ Ace~ ,c id  
0 

~ 0 . 4  

j : 

0 . 0  • i' . . • i • i - i • i • 
010 " 012 o.4 o.6 o.s ~.0 1.2 1.4 1'.6 

Acid c o n c e n ~ n  [%1 

Fig. 4. Influence of different acids on the signal intensity. 
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Fig. 6. Signal intensity by increasing the oxidant. 
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Fig. 7. Effect o f  surface active substances on the lead 
determination. 

The maximum concentration was also lim- 
ited by foaming in the gas-liquid separator, 
which drives some of the liquid into the Teflon 
tube or the graphite furnace. The additional 
membrane for this separator, manufactured by 
Perkin-Elmer somewhat reduces this effect, and 
can increase the signal by a factor of 1.3 to two 
as other authors also found [12]. The signal 
mainly depends on the degree of foaming in the 
sample solution. Sodium cumol sulphonate 
showed the best results, because it barely 
foamed even in large concentrations. Real sam- 
ples could be determined best when using SCS, 
because SCS could buffer varying pH values in 
the sample solutions. 

Sample preparation 
The standard reference materials were first 

dried as described in the BCR information 
reports about the certification details. After 
drying the reference materials were digested 
with aqua regia according to DIN 38414-$7 
[35]. For the sample aquatic moss CRM 061, 
an aqua regia disintegration with reverse acid 
ratio (invers aqua regia) was accomplished be- 
cause of its better decomposition [36]. These 
solutions are not filtered but after filling into 
graduated flasks were decanted into 
polyethylene bottles. These solutions were di- 
luted to demand with suprapure water and 
neutralized with ammonia to pH ca. 2, (pH 
paper accuracy is sufficient). 

Interferences from other heavy metals 
The interfering effect of some metals for the 

determination of lead were investigated (Table 
4). The listed elements are normally the main 
metal components in real samples after aqua 
regia extraction. 

Every determination using hydride tech- 
niques have so far shown interferences that 
influence the determination to various degrees 
[32,37,38]. Two mechanisms of interference are 
generally possible. First the formation of the 
hydride is inhibited in the presence of transi- 
tion metals and second, other hydride-forming 
substances as well as other gaseous substances 
interfere with the determination itself [26]. The 
interference through transition metals are influ- 
enced by the parameters concentration and 
type of acid, type of reductant and the contact 
time between the sample solution and the re- 
ductant during the hydride formation. The in- 
terferences in flow injection analysis tend to be 
one or two orders of magnitude lower than in 
batch systems because the normally slow inter- 
feting reactions are often suppressed by using 
short reaction coil lengths. Another aspect is 
the high flow rate of the sample and reagent 
through the reaction coil and the gas-liquid 
separator. Because of the high flow rate the 
possibility of accumulating reduced metals or 
metal borides therein is very small. Such de- 
posits are often considered to be important 
sources of interferences in hydride generation 
[25]. Also, the small sample volumes introduces 
smaller absolute amount of interferent into the 
hydride generation system. This is important 
because the absolute amount of interferent has 
often been shown to be more important than 
its relative concentration. 

Table 4 
Interferences 
lead 

of  some heavy metals on the determination of  

Interferent Relation Recovery (%) 

Mn(ll) I:I00 
Mn(VII) 1:50 
Cu I:I00 
Zn I:I000 
Cd 1:500 
Co I:IO0 
V(V) !:100 
Hg i :250 
As(Ill) 1:100 
As(V) 1:100 
Sb(V) 1:100 
Fe !:1000 
Sn 1:100 
Bi 1:100 
Ni 1:100 
Ti i :250 
Se 1:100 
Cr(llI) !:i00 
Cr(Vl) 1:50 

no influence 
positive interference (+  20%) 
no influence 
no influence 
no influence 
no influence 
no influence 
positive interference ( + 20%) 
no influence 
no influence 
no influence 
no influence 
no influence 
no influence 
no influence 
no influence 
negative interference (-70%) 
no influence 
positive interference (+ 100/o) 
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Table 5 
Fundamental calibration and characteristical data 

Linear Quadratic 
regression regression 
(0-50 ~g/l) (0-20o lag/i) 

Slope a (abs. *l/p.g) 
Intercept b (abs.) 
Quadratic coefficient c (abs. *12/lag 2) 
Coefficient of regression 
Residual standard deviation sy (abs.) 
Operation standard deviation S~o (lag/l) 
Relative operation standard deviation Vxo (%) 
Mean value x (lag/I) 
Mean value y (abs.) 
Sensitivity E (abs. *l/lag) 
Number of measurement (N) 

5.97E-3 2.32E-2 
3.03E-2 6.85E-3 
- -  - 1.48E-5 
0.9998 0.9994 
1.97E-3 5.71E-3 
0.33 1.10 
1.56 1.97 
21.14 56.05 
0.157 0.307 
- -  5.18E-3 
14 20 

Those hydrides produced as a by-product 
mainly interfere in the atomization phase 
(when using a quartz cell) but, since there is no 
direct atomization in the graphite tube, there 
should be no further interference [26]. Because 
Table 4 shows a strong signal depression for 
selenium it is possible that hydride forming 
substances may already interfere during the 
reduction in the reactor. Transition metals, as 
oxidants, and mercury induce/introduce a posi- 
tive interference because, in the case of dichro- 
mate and permanganate, they increase the 
mobility of lead through their oxidation power 
in the reaction. 

Therefore, interferences for the determina- 
tion of lead with this method should be ex- 
pected, but they can be minimized with the 
parameters mentioned above. Only selenium 
causes significant interference. But selenium 
seems to interfere with every hydride technique 
[3,26,32]. 

3. Results and discussion 

The calibration shows a linear range in the 
concentration range up to ca. 50 ~tg/1 lead and 
then changes into a typical second order func- 
tion. The absolute sensitivity, the characteristic 
mass, defined as the amount of lead required to 
give I% absorption (peak height A = 0.0044) is 
368 pg. The characteristic mass of lead re- 
ported in the literature was 10 pg for GF-AAS 
[39]. The large difference between the charac- 
teristic masses can be explained with the ineffi- 
cient generation of plumbane by the hydride 
generation technique. For comparing with the 
graphite furnace technique the characteristic 

concentration is decisive and not the character- 
istic mass, because the concentration criterion 
is dependent on the available volume. Because 
the large sample volumes in the enrichment 
technique the poor yield of hydride products 
can be compensated for. The resulting charac- 
teristic concentration was 0.74 ~tg/l for a 500 ~tl 
sample volume. The characteristic concentra- 
tion reported for GF-AAS was 0.2 ~tg/l for a 
50 ~tl sample volume [39]. By using a greater 
sample volume or the continuous mode, lower 
characteristic concentrations in the same range 
or less like GF-AAS are obtainable by the 
hydride generation technique. The detection 
limit, defined as the amount of lead required to 
give an absorbance equal to three-fold stan- 
dard deviation of the blank absorbance [40], 
was 0.70 ~tg/l for a 500 ~tL sample volume. For 
GF-AAS the detection limit is 0.1 ~tg/l for a 
50 ~tl sample volume. The characteristic data of 
the method computed by formulas taken from 
Funk et al. [41] are presented in Table 5. 

In order to compare GF-AAS hydride gener- 
ation with other AAS methods, we determined 
the lead contents of some standard reference 
material samples. The reliability of the method 
was tested by measuring the content of lead in 
several real samples. Organic and inorganic 
materials with different matrices were decom- 
posed with aqua regia and measured with the 
described method. The parameter for weight- 
in-quantities, dry processes of the samples, the 
decomposition method (aqua regia or invers 
aqua regia) and the results found with the 
described technique are presented in Table 6. 
The results obtained by this method were com- 
pared with those obtained by graphite furnace 
absorption spectrometry and the new multi 
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Table 6 
Results and recoveries by the determination of lead with the flow injection analysis system-hydride generation-graphite 
furnace atomic absorption spectrometry (F IAS-HG-GFAAS)  

Reference material Weight Dry process Decomposition Mean value Certification Recovery (%) 
(g) method (~g/g) (}~g/g) 

Pine needles SRM 1575 2.3 2 hr, 85 °C aqua regia 13.7 + 1.2 10.8 ± 0.5 127 
Rye gras CRM 281 3.3 2 hr, 105 °C aqua regia 3.43 + 0.33 2.38 ± 0.11 144 
Aquatic moss CRM 061 3.0 24 hr, P2Os aqua regia inv. 61.1 ± 2.8 64.4 + 3.5 95 
Estuarine sediment CRM 277 3.0 1 hr, 105 °C aqua regia 155.8 ± 5.6 135.8 _+ 3.3 107 

Table 7 
Comparison of the recovery of lead by different measurement systems 

Reference material Pine needles SRM 1575 Rye gras CRM 281 Aquatic moss CRM 061 Estuarine sediment CRM 277 
(}~g/g) (~tg/g) (~.g/g) (l~g/g) 

FIAS-HG-GFAAS 13.7 _+ 1.2 3.43 +_ 0.33 61.1 4- 2.8 155.8 4- 5.6 
ZL 4100 ll.3 +_ 1.2 3.4 4- 1.0 57.1 4- 2.2 150.4 4- 3.4 
FremsAAS 12.0 4- 1.0 4.6 + 0.8 61.0 + 4.2 - -  
Certification 10.8 4- 0.5 2.38 + 0.11 64.4 _+ 3.5 145.8 + 3.3 

F IAS-HG-GFAAS:  flow injection analysis system-hydride generation-graphite furnace AA spectrometer, ZL 4100: 
GFAAS with longitudinal Zeeman background correction; FremsAAS: frequency modulated simultaneous GFAAS with 
deuterium background correction. 

element-GFAAS. Satisfactory results with very 
good agreement by all three methods were 
observed. The accuracy of the results are also in 
accordance with the certification (Table 7). 

4. Conclusion 

This vapor generation and enrichment 
method offers many advantages with respect to 
simplicity and speed and substantially improved 
sensitivity. Additionally, it was observed that 
this technique is mostly free from interferences. 
The detection limit in the flow injection system 
was 0.70 ~tl for a 500 ~tl-sample loop. By enrich- 
ment of greater sample volumes with a continu- 
ous flow step, the sensitivity increases by more 
than a factor of 10. Naturally, because of the 
different stabilities of the hydride products of 
organolead compounds and lead itself, the 
method is more sensitive for organolead com- 
pounds. The method works well for organolead 
compounds, and also works satisfactorily for 
the inorganic compound. 

Because the detection limit reached by this 
method is higher than that provided by the 
conventional graphite furnace, application in a 
continuous mode is paramount. In biological 
materials, where the content of lead is very 

small, the enrichment step in continuous mode 
allowed the detection of lead in the pg/g range. 
In this study a continuous mode was unneces- 
sary to obtain good results because of the great 
weight-in-quantities. 

This method in flow injection mode is simple 
to carry out and can be conveniently used for 
the analysis of large numbers of samples on a 
routine basis. Accurate results can be obtained 
if the concentration levels of the interfering 
metals are less than the lead concentration. 
This is safely possible for materials like fly 
ashes or sediments. Significant interference 
effects have been encountered when analysing 
biological materials. By using the standard ad- 
dition method, most problems can be elimi- 
nated, only the sensitivity of the lead signal 
decreased. 

The measurements of standard reference ma- 
terials have shown accurate results according 
to the certification of these materials. No prob- 
lems were found using the standard addition 
method if the evaluation of the signals are 
carried out by measuring peak area instead of 
peak height. 

Using suffactant substances the sensitivity of 
lead determination increases and positive influ- 
ences by the suppression of some interferences 
have been observed. 
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Abstract 

A method for the simultaneous determination of sulphide and sulphite is described, which involves 
continuous H2S and SO z generation, preconcentration in a liquid nitrogen trap and measurement of the 
molecular absorption spectra of volatiles in the gas phase in 190-220 nm range. Under the recommended 
conditions (sample flow: 50 ml/min and concentrated sulphuric acid flow: 12 ml/min; generation time: 4 min) 
linear response ranges from 0.05 l~g/mi for S 2- and 0.20 ~tg/ml for SO 2- are obtained with detection limits 
of 0.05 and 0.20 ~g/ml respectively. Synthetic mixtures of the two components have been solved and a 
comparative study of different calculation methods has been made. In conclusion, multiwavelength methods 
offer better precision and accuracy. 

1. Introduction 

Classical approaches to the simultaneous de- 
termination of sulphur anions, i.e. titration [1], 
spectrophotometry [2,3] or polarography, typi- 
cally involve differential assays, reaction of the 
sample with iodine, bromine compounds of 
many others [4,5] under different conditions. In 
many cases, the need for extensive manipula- 
tion of samples, subtraction of large numbers 
from each other, and substantial time invest- 
ment per sample limit their applications. Au- 
tomatized or semi-automatized methods offer 
opportunities to approach the problem. 
Burguera and Burguera [6] have attempted the 
simultaneous determination of several sulphur 
anions using a relatively uncommon technique, 
molecular emission cavity analysis (MECA); 
Hauge [7] and Sonne [8] have described a com- 
plicated simultaneous photometric flow injec- 
tion determination of sulphide, polysulphide, 

* Corresponding author. 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights 
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thiosulphate, sulphite and sulphate based on 
different chemical reactivities, differing pKas 
and volatilities of the various sulphur-contain- 
ing acids, and kinetic differences. 

Many papers about several sulphur-con- 
taining anions determination are based on 
chromatographic separation and later determi- 
nation. So Story [9] has indeed demonstrated 
the successful determination of a large number 
of sulphur anions with postcolumn reaction 
detection. Other authors that use chromato- 
graphic separation are Shpigun et al. [10] for 
determining sulphide, sulphite, sulphate and 
thiosulphate, or Steudel et al. [1 l] for sulphide, 
sulphite, thiosulphae and polysulphide. 

Although previous methods offer good re- 
sults, they all show different problems; for ex- 
ample, instrumental complexity (as MECA), 
sensitivity (as Sonne's method) or the excessive 
manipulation of samples (as methods with 
post-column deviation). Furthermore, the 
methods described are in fact sequential, not 
simultaneous, which leads to more complex 

reserved 
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procedures. The introduction of diode-array 
detection systems in UV-visible spectrophoto- 
meters allows new developments in GPMAS 
(Gas Phase Molecular Absorption Spectrome- 
try) by Sanz et al. for single [12-15] and multi- 
component simultaneous determinations 
[16-18]. The first papers on this technique were 
published by Cresser and Syty, independently. 
Both of them used a mono-channel detection 
system (an atomic absorption spectrometer 
with hollow cathode or deuterium lamps as 
radiation sources) so they were not able to 
perform simultaneous determination; Syty re- 
ported only single sulphide (by H2 S generation) 
[19] or sulphite (by SOz generation) [20] deter- 
mination. 

From this period on, few works have been 
published on sulphite or sulphide [21] single 
determination of GPMAS. Simultaneous deter- 
mination has only recently been proposed by 
Jin et al [22]. Using a similar approach to Syty, 
they perform simultaneous determination by 
measuring sequentially from two different radi- 
ation sources (magnesium and tellurium hollow 
cathode lamps) emitting at 202.6 and 214.3 nm; 
these wavelengths are far from the maximum 
molecular absorption of SO: and H2S (198 and 
196 nm, respectively) and two problems could 
arise: low sensitivity (which can be avoided by 
using a more expensive long path cell) and low 
precision (reproducibility values are not indi- 
cated by the authors). In addition, owing to the 
high overlap of the molecular absorption spec- 
tra of both volatiles, the use of the two-wave- 
length method for simultaneous determination 
is prone to inaccuracy. 

In this paper generation of sulphur volatiles 
in a continuous mode, coupled to a retention in 
liquid nitrogen, permits the use of GPMAS 
with diode-array detection for the simultaneous 
determination of sulphide and sulphite at low 
concentration levels. Different mathematical 
data treatments for binary determinations of 
these compounds have been compared; the 
multiwavelength method give more accuracy 
and precision than the two wavelength meth- 
ods. 

2.  Experimental 

2.1. Apparatus 

All measurements were performed using a 
Hewlett-Packard model HP 8451A diode-array 

spectrophotometer furnished with a quartz 
flow cell of 1 cm path length (Hellma 174 QS) 
and equipped with a Keyboard HP98155A 
(Hewlett-Packard), a floppy disk drive for bulk 
data storage (Hewlett-Packard HP9121) and a 
graphics plotter (HP7475A). For mathematical 
treatment a Hewlett-Packard Vectra micropro- 
cessor with Eureka ® software was used. Mas- 
terflex models 7518-10 and 7016-20 peristaltic 
pumps (Cole Parmer Instrument Co. Chicago, 
Illinois 60648), were employed throughout. 

2.2. Reagents 

All reagents used were of analytical-grade 
quality. Doubly distilled water was used. 

Standard sulphide solution was prepared by 
dissolving Na2S" 9H20 (0.75 g) in 100 ml wa- 
ter, and then titration with ferricyanide. This 
and working standard solutions (perpared by 
serial dilution of the stock solution), were pre- 
pared daily. 

Standard sulphite solution was prepared by 
dissolving Na2SO3 • 7H20 in a 5% glycerin wa- 
ter solution as stabilizer. Working standards 
were prepared by serial dilution of the stock 
solution, immediately before use 

Concentrated perchloric (70%, 1.67g/ml) 
and sulphuric (96%, 1.84 g/ml) acids were also 
used. 

2.3. System description. Procedure 

Volatiles generation and cold trap systems 
are shown in Fig. 1. Two peristaltic pumps 
were used for mixing analytes solution (50 ml/ 
min) and concentrated sulphuric acid (12 ml/ 
min). H2S and SO2 generated into the mixing 
coil (in which an additional 600 ml/min nitro- 
gen gas-auxiliary carrier flow, AF, was flowing) 
were separated in a first gas-liquid separator 
where there was a nitrogen flow (transport 
flow, TF, 100 ml/min) and the remaining liquid 
phase reached a second gas-liquid separator. 
The volatiles were swept through a water trap 
(a flask full of Raschig rings and immersed in 
an ice and salt bath at -10*C)  and were 
finally condensed in the U-tube immersed in 
liquid nitrogen which contained a small quan- 
tity of glass spheres (2 mm diameter). The 
Raschig rings and the small glass spheres were 
both silanized. 

After generation and trapping of volatile 
compounds for 4 min, the U-tube was closed, 
removed from the liquid nitrogen and left at 
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Fig. 1. Schematic diagram of the system (see explanation in the text). 

room temperature. After 10 min the volatiles 
were transported to the continuous flow cell, 
placed in the spectrophotometer, with a nitro- 
gen flow (measuring flow, MF) of 2000 ml/min. 

To measure the transient signal, the spec- 
trophotometer was programmed with a BASIC 
program that permitted us to obtain and store 
molecular absorption spectra in the 190- 
250 nm range, with a time interval of 0.2 s. All 
determinations of mixtures and standards were 
made at least in triplicate. 

To determine S 2- and SO 2- contents in a 
mixture, the maximum absorbance values for 
every wavelength between 190 and 220 nm 
were obtained (the spectral bandwidth of the 
spectrophotometer was 2 nm, so 16 absorbance 
values were used). 

3. Results and discussion 

3.1. Optimization of parameters 

Generation and preconcentration of volatiles 
were performed using a system which is based 
on another described in a previous paper [18]. 
This system had been used for hydride genera- 
tion so many parameters had to be reoptimized 
because the nature of the compounds to be 
generated is quite different. 

Although other mixers have been employed, 
the results obtained using that shown in Fig. 1 
were the best. With respect to the glass reaction 
coil, different lengths were studied (3, 10 and 
40 cm), and almost no influence on the ab- 
sorbance or signal shape was observed, so a 

reaction coil length of 3 cm (the minimum pos- 
sible) was chosen. Using 40 cm instead of 3 cm 
gives a slight decrease in absorbance (about 
10%) observed. 

In most manifolds used in continuous flow 
determinations involving a gas-liquid separa- 
tion process, a single gas-liquid separation 
step is used. In this work we observed that two 
serial gas-liquid separators produce signal in- 
creases of 35% compared to the use of only one 
separator. This increase is explained if one 
considers that the temperature of the solution 
to be separated is higher than ambient (owing 
to the heat liberated during the mix of aqueous 
analyte solution and concentrated sulphuric 
acid) so the separation process continues in the 
second gas-liquid separator; in addition, the 
shape of this second gas-liquid separator fa- 
vours the process further. 

Nitrogen TF is one of the parameters which 
most affects the analytical signal. As has been 
described for hydride generation [18], the TF 
must be the lowest possible to obtain the max- 
imum retention yield in the liquid nitrogen 
trap. This is logical considering that the larger 
the flow, the less the residence time of the 
volatiles in the trap. However, when we em- 
ployed low flows (as hydride) for sulphur 
volatiles, a retention of the nitrogen in the 
cryogenic trap was observed; when the trap 
was later brought to room temperature, the 
nitrogen suddenly escaped from the valve and 
allowed the volatiles to escape. In order to 
avoid this problem, three alternatives were 
tested. 
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Table i 
Variation of SO2 signal 
flow ffi 1200 ml/min) 

with AF/TF ratio (total 

AF TF AF/TF Signal 
(ml/min) (ml/min) (ml/min) 

I I00 I00 I I 0.036 
1030 170 6 0.040 
600 600 I 0.030 
I00 1 I00 O. I 0.025 

AF = Auxiliary flow, TF = transport flow. 

(a) Changing the cryogenic trap to another 
at a higher temperature, so that nitrogen gas 
could not be held. A liquid nitrogen-ethanol 
bath (ca. -117 °C) was used, but a large de- 
crease in absorbance values was observed 
which indicated a low retention yield for sul- 
phur volatiles. 

(b) Addition to the analyte solution of a 
substance capable of forming a gas in an acidic 
environment; this gas could act as an internal 
carrier gas [21]. NaBH4 can not be used be- 
cause it is a reducing agent and would trans- 
form sulphite into sulphide. Low carbonate 
concentrations were employed, but CO2 causes 
the same problem as nitrogen. 

(c) Increasing the nitrogen flow. To do this 
an AF was bubbled through the reaction coil 
(between mixer and first gas-liquid separator). 
This alternative gives successful results. 

Nitrogen TF and AF were studied in a wide 
range of possible flow-rate combinations. H2S 
and SO2 were optimized separately. Table 1 
shows SO2 absorbance for different AF/TF 
ratios (maintaining a total flow of 1200 ml/ 
min). The optimum value was for a ratio equal 
to 6. Table 2 shows the SO2 absorbance varia- 
tion with total flow (maintaining an AF/TF of 
6). The best results were obtained using 700 ml/ 
rain total flow. A total flow of nitrogen of less 
than 400 ml/min produced the retention of N2 
in the cryogenic trap. Contrary to what hal> 
pened with SO2 absorbance, the H2S optimiza- 

Table 2 
Variation of SO 2 signal with total flow (AF/TF ratio ffi 6) 

AF TF Total flow Signal 
(ml/min) (mi/min) (ml/min) 

1800 300 2100 0.027 
1030 170 1200 0.040 
600 100 700 0.063 
430 70 500 0.044 

AF = Auxiliary flow, TF = transport flow. 
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Fig. 2. Variation of absorbance with revolatilization time. 

tion showed the best results using a total flow 
of 2000 ml/min. Finally, 700 ml/min total flow 
(AF -- 600 ml/min and TF = 100 ml/min) was 
used because sulphite sensitivity was poorer 
than sulphide. With respect to the nitrogen 
MS, 2000 ml/min was found to be the optimum 
for different reasons, as discussed previously 
[18]. 

An exhaustive study was also performed of 
the time necessary for volatiles revolatilization 
at room temperature from the nitrogen trap; 
Fig. 2 shows peak height variation with this 
time (from 0 to 15 rain). Other assays were 
performed by heating the U-tube after this 
time, but no improvements in the analytical 
signal were observed. 

Sulphuric and perchloric acids at various 
concentrations were used both to achieve opti- 
mum acidity of the medium and to obtain 
quantitative generation of H2S and SO2. These 
acids were selected because they are used for 
batch generation of H2S and SO2, respectively. 
A first comparison for both acids in a 50% 
(v/v) solution, indicated better results by using 
50% H2SO4; the reason was, perhaps, the high 
temperature of the acid solution that favours 
the volatilization of H2S and SO2. In a second 
series of assays, the absorbance values obtained 
using different concentrations of sulphuric acid 
indicated that concentrated acid gives much 
higher results than any other acid concentra- 
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Table 3 
Optimization of analyte flow/acid flow ratio 

Analyte flow Acid flow H2S SO2 Analyte/acid 
(ml/min) (ml/min) signal signal 

50 2 0.022 0.027 24:1 
50 6 0.021 0.035 8:1 
50 12 0.023 0.048 4:1 

Table 5 
Results obtained for simultaneous determination of sul- 
phide and suiphite by MLRA and MLRA-TA 

Mixtures" MLRA MLRA-TA 

tion, which confirms the positive heating effect 
obtained with this acid. 

Another optimized chemical parameter was 
the acid flow/analytes flow ratio. Ratios rang- 
ing from 24:1 and 4:1 did not produce varia- 
tions in absorbance for H2S, whereas the best 
results for SO2 appeared when a 4:1 ratio or 
lower is used (Table 3). On the other hand, 
maintaining the 4:1 ratio and decreasing flow 
(acid flow = 3 ml/min and analyte 
flow = 12 ml/min, for example) gave a slight 
enhancement in signal (about 15%) but the 
analysis time increased. 

The best conditions for the simultaneous de- 
termination of sulphide and sulphite by GP- 
MAS are given in Table 4. 

3.2. Analytical characteristics 

Under the compromise conditions found for 
S:- and SOl-,  individual calibration studies 
were performed by measuring the absorbance 
at the corresponding wavelengths of maximum 
absorbance (196 and 198nm for S 2- and 
SO~-, respectively). The equations of the cali- 
bration graphs obtained by the method of least 
squares were: 

Y= 1.46 x 10 -3 + 5.03 x 10-2[S : - ]  

r = 0.998 

Y= 1.65 x 10-3+ 1.57 x 10-2[SO~ -] 

r = 0.998 

A linear response from 0.05 lag/ml to at least 

Table 4 
Optimum conditions for simultaneous determination of 
sulphide and sulphite 

Analytes solution 50 ml/min 
H 2 S O t  12 mi/min 
N 2 Auxiliary flow 600 ml/min 
N2 Transport flow 100 ml/min 
N2 Measurement flow 2000 ml/min 
Generation time 4 min 
Revolatilization time 10 min 

Mixture 1 [S 2-]-~ 0.50 0.43 0.43 0 . 5 1  0.52 
[SO~-] = 2,0 1.7 1.8 1.7 1.5 

Mixture 2 [S 2-] = 0.50 0.62 1.2 0.62 0.78 
[SO~-] = 15.0 15.7 15.5 16.0 15.1 

Mixture 3 [S 2-] = 1.5 1.7 1.6 1.4 1.5 
[SO~- ] = 3.0 2.6 2.7 2.3 2.5 

"Concentrations in Izg/ml. 

5 lag/ml for sulphide and from 0.2 lag/ml to at 
least 20 lag/ml for sulphite was obtained; repro- 
ducibility values (expressed as RSD) were 2.9% 
(for 0.2~tg/mlS 2-) and 3.1% (for 0.81~g/ 
ml SO~-). Detection limits calculated from a 
signal three times the height of the background 
of the blank measurement were 0.05 lag/ml for 
sulphide and 0.2 ~tg/ml for sulphite. 

In conclusion, the sensitivity of this method 
(expressed as specific absorptivity, in 
ml lag - t c m  -~) is 10 times higher than we ob- 
tained by batch model [21]. With regards to the 
results obtained by other authors, it is very 
difficult to make comparisons; as we have used 
a 1 cm optical path length cell while other 
authors have used larger cells (normally, 15 cm 
optical path length). Using specific absorptivity 
as the comparison parameter, the values ob- 
tained by this method are about 15 times 
higher than obtained by other authors [2211 

3.3. Simultaneous determination 

In this work several mathematical proce- 
dures for the resolution of three synthetic sam- 
ples of sulphite and sulphide have been tested, 
involving different versions of the two-wave- 
length method and multiwavelength methods. 

3.4. Two-wavelength methods 

In these methods, absorbance is measured at 
two appropriate wavelengths; the concentra- 
tions of both components were determined by 
resolving the following equations system: 

Abe _ ~ S u l p h i d e  r ~ 2 - 1  ~ _  ~ S u l p h i t e  f ~ f 3 t 2  - -  1 A ~ o b l a k  
v..~ ~.1 ,.6 21  * t~.~ j - r - t 4  ~.1 * ~ J " J  ~-Lt.*o ( ) - -  ( )' ( ) '  t 3 J - -  ( , t l )  

A I . . ~  _ ~ S u l p h i d e  r e 2  - 1 _t_ ~ S u l p h i t e  r ~ r ~ 2  - 1 A h o b l l t k  
v o ( . Q )  - -  i . ,  ( 2 2 ) "  t o j "-r- u ( 2 2 ) *  t o ~ ' 3  J - -  r x ~ J a ( 2 2 )  

(1) 

where Abs¢~l~ and Absta2) are the absorbance 
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Table 6 
Results obtained for simultaneous determination of sulphide and sulphite by CMM 

Range Mixture 1 Mixture 2 
(nm) 

[s2-I [so]-I IS 2-1 [sol-] 
0.50 {tg/ml 2.0 lag/ml 0.50 {~g/rnl 15.0 lag/ml 

Mixture 3 

IS 2- ] [ s~- ]  
!.5 {ag/ml 3.0 {ag/ml 

190-220 0.42 1.8 0.43 17.8 1.4 3.5 
190-210 0.51 1.5 0.42 18.0 1.3 3.7 
190-214 0.50 1.6 0.40 18.2 1.4 3.5 
190-216 0.44 1.8 0.39 17.7 1.4 3.5 
198-208 0.26 2.1 0.21 18.3 1.3 3.6 
198-210 0.05 2.3 0,25 18.0 1.3 3.6 
198-212 0.05 2.5 0.17 17.6 1.2 3.7 
198-214 0.05 2.5 0,05 19.3 1.2 3.6 
198 -216 0.05 2.6 0,05 19.0 1.2 3.7 
204-220 0.07 2.5 0.13 18.8 1.3 3.5 
198-220 0.05 2,6 0.10 18.6 1.6 2.7 
210-220 0.51 1.6 0.93 17.3 2.1 1.7 
212-220 0.53 1.6 0.80 16.8 1.9 2.5 

of the mixture at each of the two wavelengths; 
a Sulphite ~, Sulphide ~ Sulphite Sulphit¢ _ Sulphide t~l) , -(~1) , -(,~) , a t e )  , utz~ are 
the specific absorptivity (slope of calibration 
graph) of the individual compounds at the 
wavelength specified. The selection of 2~ and 22 
were performed on the basis of two analytical 
parameters as follows. 

(i) Optimum sensitivity. This is the more 
used criteria for wavelength selection and cor- 
responds to the maximum absorbance value of 
each of the two volatiles, i.e. 196 and 198 urn. 

(ii) Optimum precision. The two wave- 
lengths were calculated by applying a proce- 
dure described by DiTusa et al. [23], resulting 
in 196 and 212 nm for this case. 

By using both methods, the results were very 
unsatisfactory (negative concentration values 
were obtained in some cases), so new alterna- 
tives were tested. 

(i) Wavelength average. In this method each 
of the absorbance values is obtained as the 
average of the absorbance at three close wave- 
lengths; firstly, the average at 192, 196 and 
200 nm and secondly the average at 194, 198 
and 202 nm. By this method the wavelength 
inaccuracy of the spectrophotometer is par- 
tially avoided. 

(ii) Time average. As has been indicated 
above, we obtained a sequence of 50 spectra in 
each measurement and we used the maximum 
absorbance spectrum for obtaining the ab- 
sorbance values at the selected wavelength. In 
many cases the maximum absorbance values 
spectrum appears close to other spectra of a 
similar area. This method, therefore, uses the 

average absorbance values at similar times 
(taking the two spectra before the maximum 
and the two after the maximum), in order to 
correct the time inaccuracy. 

(iii) Wavelength and time averages. This 
method is a combination of the previous two. 

The results obtained using these alternatives 
were unsatisfactory too, so multiwavelength 
methods were applied. 

3.5. Multiwavelength methods 

In this method absorbance values obtained 
in a wavelength range is employed. Blanco et 
al. [24] demonstrated that the best results in the 
resolution of mixtures of species with over- 
lapped spectra are obtained when the widest 
possible wavelength range is used. Such a range 
was 190-220 nm throughout this work. Two 
different methods has been tested: 

(i) Multiwavelength Linear Regression 
Analysis (MLRA), proposed by Blanco et al. 
[25]. Table 5 shows the results obtained. Con- 
centrations found agreed reasonably with 
known values. This method was also applied 
after performing a time average of absorbance 
values, but no better results were observed. 

(ii) Complete Multiwavelength Method 
(CMM). This method basically consists of solv- 
ing a set of equations similar to Eq. (1); the 
number of the equations is selected empirically 
but normally corresponds [24] to the wave- 
length range in which a higher overlapping of 
the spectra is observed. In order to solve the 
equations, mathematical program (Eureka ® ) 



s. Cabredo Pinillos et al. / Talanta 42 (1995) 937-943 943 

using an iterative procedure  was employed.  
Different wavelength intervals were assessed 
and the best results were obtained using all 
wavelengths between 190 and 220 nm (which 
means a set o f  16 equations,  because the spec- 
tral bandwidth  o f  the spect rophotometer  is 
2 nm). The results obtained for several ranges 
are shown in Table 6. All results are the aver- 
age o f  three determinations and the R S D  val- 
ues were, in all cases, lower than 4%. The time 
average o f  the absorbance values did not  give 
better results either. 

It can be concluded that  two-wavelength 
methods  produce  imprecise and inaccurate re- 
suits; using either M L R A  or C M M  the results 
are satisfactory. 

4. Conclusions 

This procedure  shows some advantages  
against previous G P M A S  determination,  such 
as higher sensitivity and the possibility o f  using 
the whole molecular  absorpt ion spectrum, al- 
lowing better reproducibili ty and accuracy in 
the results. Also it is possible to forecast the 
spectral interferences present. As opposed  to 
other  methods,  sensitivity values are similar, 
neither complex nor  specific instrumental is 
required and it is easy to apply. 
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Abstract 

A simple, rapid and economic method has been developed for the reduction of potassium permanganate 
in alkaline carbonate uranium leach liquors to a colourless solution. The pink colour of permanganate, if 
not reduced, seriously impedes the determination of carbonate, bicarbonate and phosphate by titrimetry and 
spectrophotometry. Out of 17 reductants investigated, commercial sugar has been found to be the most 
effective, rapid, simple and interference free for further estimations. To the best of the authors' knowledge, 
this is the first time that sugar as a reductant has been made use of in analytical investigations. 

1. Introduction 

Tetravalent uranium present in primary and 
secondary uranium ores does not dissolve in 
sulphuric acid or carbonate solution at dis- 
cernible rates, and requires the addition of an 
oxidant for its oxidation to the hexavalent 
state. Potassium permanganate is an effective 
oxidant and hence accepted as an additive in 
alkaline carbonate leaching for uranium [1]. 
Because hydroxyl ions are formed during car- 
bonate leaching, it is imperative also to add 
bicarbonate to prevent the precipitation of 
leached uranium by providing the required 
amount of hydrogen ions. The potassium per- 
manganate added imparts a pink colour to the 
uranium leach liquors, thus vitiating the meth- 
ods of estimation of carbonate and bicarbonate 
by titration and phosphate by spectrophotome- 
try. The determination of these three anions in 
alkaline uranium leach liquors is of immense 
use for the economic exploitation of leaching 
procedures, and hence investigations were car- 
fled out to overcome the interference of the 

* Corresponding author. Fax: (91)80-335-1511. 

pink colour of the permanganate in the estima- 
tion procedures. These experiments were car- 
fled out on uranium leach liquors of 
phosphatic siliceous calcite-dolostone samples 
from Cuddapah Basin, Andhra Pradesh, India. 
The results are presented in this paper. 

2. Experimental 

21. Re~en~  

20% sugar solution is prepared by dissolving 
20 g of commercial sugar in water and making 
up to 100 ml. The solution is filtered through 
Whatman No. 40 filter paper. Fresh solution is 
prepared every day as the sugar solution devel- 
ops bacterial growth due to fermentation on 
standing, making it unsuitable for pipetting. 
All other chemicals used are of Analar quality. 

2.2. Instrumentation 

A Shimadzu UV-240 model double beam 
spectrophotometer was used for the absorption 
measurements. 

0039-9140/95/$09.50 O 1995 Elsevier Science B.V. All fights reserved 
SSDI  0039-9140(95)01530-0 
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Table 1 
Percentage recovery of carbonate, bicarbonate and phosphate 

No. Carbonate Bicarbonate Phosphate 

Added Found  Recovery Added Found  Recovery Added Found Recovery 
(rag) (rag) (%) (mg) (nag) (%) (rag) (mg)(%) 

l 3.0 3.0 100 5.0 4.9 98 
2 6.0 5.8 97 10.0 9.7 97 
3 9.0 8.8 98 15.0 15.2 101 
4 10.0 9.6 96 20.0 20.1 100 
5 12.0 11.7 98 25.0 25.0 100 

3.0 2.8 93 
5.0 4.7 94 
8.0 7.9 99 

10.0 9.7 97 
14.0 13.4 96 

2.3. Procedure 

A 50.0 ml aliquot of the carbonate leach 
liquor of uranium containing potassium per- 
manganate as an oxidant is taken in a 100 ml 
beaker. Freshly prepared 20% sugar solution 
(10.0 ml) is added and stirred with a glass rod. 
The permanganate in the liquor is reduced to 
MnO2xH20 and the precipitate settles to the 
bottom within 30 rain, leaving a clear, colour- 
less supernatant liquid. Three aliquots, 10.0 ml 
each of the supernatant solution, are taken into 
three separate breakers for analysis. From the 
first two beakers, carbonate and bicarbonate 
are determined by titration with standard HC1 
solution [2], using phenolphthalein and bro- 
mocresol green as indicators. In the third 
aliquot, phosphate is determined spectrophoto- 
metrically using a vanadomolybdo reagent [3]. 
A 10.0 ml aliquot of the 20% sugar solution is 
taken as a blank for each determination. 

3. Results and discussion 

Because of the presence of dolomitic lime- 
stone in Cuddapah basin samples only carbon- 
ate leaching for uranium extraction is to be 
adopted, as the acid consumption in acid leach- 
ing is very high. Under alkaline carbonate 
leaching parameters, uranium present in associ- 
ation with phosphates and Fe-Ti mineral com- 
plexes is not solubilised [4]. Potassium 
permanganate is one of the oxidants studied 
for oxidising tetravalent uranium to the hex- 
avalent state. As little as 0.01 ml of 0.02 M 
permanganate imparts a pale pink colour to 
100 ml of water [2], so it has to be decolourised 
to avoid interferences in the determination of 
carbonate, bicarbonate and phosphate. 17 re- 
ductants were tried to reduce the pink coloured 
permanganate ion either to the colourless 

manganous ion or to the precipitation of man- 
ganese dioxide. All reductants studied are able 
to decolourise the alkaline leach liquor, but 
each reductant except sugar has its own advan- 
tages and disadvantages for uniform applicabil- 
ity. 

Sodium chloride or hydrochloric acid de- 
colourises the leach liquors only on heating, 
whereas hydroxylamine hydrochloride and 
stannous chloride reduce even in cold condi- 
tions. The resulting solution can be used for 
phosphate estimation only, but carbonate and 
bicarbonate cannot be estimated quantitatively. 
Sodium thiosulphate and hydrogen sulphide 
decolourise, but the resulting solution is 
very turbid and hence not useful for 
further estimations. Sodium sulphate and sul- 
phurous acid also reduce permanganate. Al- 
though there is no interference for the 
phosphate estimation, the same cannot be as- 
sumed for other estimations. In the presence of 
potassium iodide the liberated iodine imparts 
an unwanted brown coiour to the solution 
rendering it useless for further estimations. 
When ferrous iron is used for reduction, the 
iron precipitates and interferes in all the esti- 
mations. 

Ethyl alchohoi or ascorbic acid also give 
colourless solutions; they not only give turbid- 
ity to the leach liquors, but also reduce the 
molybdovanadate reagent used for phosphate 
estimation. If hydrogen peroxide is used, the 
excess should be boiled off. Oxalic acid reduces 
only on heating, disturbing the carbonate/bi- 
carbonate system. The reducing effect of acti- 
vated charcoal on permanganate is very slow 
and also leads to inaccurate values for carbon- 
ate and bicarbonate. 

The fact that permanganate is inherently un- 
stable in the presence of manganese(II) ions, 
particularly in an alkaline medium [2], has been 
made use of for decolourisation. In the result- 
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Table 2 
Analytical data of carbonate, bicarbonate and phosphate in uranium leach liquors 

947 

No. Sample Carbonate (g I -  ') Bicarbonate (g I-  ~) Phosphate (g I -  ~ ) 

Present pH Present pH Present Emission 
method titration method titration method method 

l AMD-I 6.3 6.5 2.4 2.3 0.2 0.1 
2 AMD-2 14.5 14.3 4.8 4.9 6.0 6.1 
3 AMD-3 41.4 41.4 23.2 23.1 5.3 5.4 
4 AMD-4 8.2 8.5 2.7 2.5 2.1 2.1 
5 AMD-5 18.3 18.3 5. l 5.3 30.4 30.8 
6 AMD-6 9.1 9.3 3.1 3.0 17.9 18.1 
7 AMD-7 11.2 I 1.4 1.0 1.0 1.6 1.5 
8 AMD-8 6.5 6.3 1.2 1.4 35.6 35.9 
9 AMD-9 16.1 16.0 5.1 5.3 4.9 4.9 

l0 AMD-10 4.6 4.6 1.0 l.l 0.6 0.5 

ing solution, phosphate can be determined; 
however, the carbonate and bicarbonate values 
are not accurate. 

Although sucrose, the commercial sugar is a 
non-reducing sugar [5], as far as the reduction 
of Fehling solution is concerned, because of the 
linkage of the aldehyde group of the glucose 
part with the ketonic group of the fructose 
part, its addition to the pink coloured alkaline 
leach liquors causes the reduction of Mn 7+ to 
MnO2xH20. This may be due either to the 
presence of monosaccharide (glucose/fructose) 
which is a reducing sugar or to the high redox 
potential of the permanganate [5]. In the super- 
natant solution of leach liquors after decolouri- 
sation by the addition of sugar solution, 
phosphate is determined by the molybdovena- 
date method [3], and carbonate and bicarbon- 
ate are determined by titration with standard 
HC1 [2] using phenolphthalein and bromocresol 
green as indicators without any interference. 
Glucose also reduces the pink colour of per- 
manganate. However, in the case of pure glu- 
cose, the only advantage is that the reduction 
takes place within 10-15 min as opposed to the 
30 rain necessary for commercial sugar. How- 
ever, this time factor is outweighed by the cost 
of glucose with respect to commercial sugar, to 
provide an economic method. 

Percentage recovery values calculated by 
adding known amounts of phosphate, carbon- 
ate and bicarbonate and determined by the 
present procedure are given in Table 1. The 
recovery values obtained vary from 93 to 
101%. The values of phosphate, carbonate and 
bicarbonate in some alkaline permanganate 
leach liquors of uranium after decolourisation 
with sugar solution are presented in Table 2. 
TA~. 4~-7-F 

The values of carbonate and bicarbonate ob- 
tained by pH titration with a pH meter [2] and 
phosphate values obtained by a plasma emis- 
sion technique [6] are also presented in this 
table. The values are in fairly good agreement, 
reflecting the accuracy of the method. 

4. Conclusion 

The pros and cons of various reagents for 
the reduction of permanganate show that su- 
crose is the best reductant to obtain a clear and 
colourless solution for the estimation of car- 
bonate and bicarbonate by titrimetric, and 
phosphate by absorptiometric methods without 
any interference. The advantages of this proce- 
dure are simplicity, rapidity, economy, and 
freedom from interference to give uniform ap- 
plicability. 
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Abstract 

A trace level of Se was collected on activated carbon (AC) as the Se(IV)-3-phenyl-5-mercapto-l,3,4-thia- 
diazole-2(3H)-thione (Bismuthiol II) complex. The AC was directly introduced as an AC-suspension into the 
graphite tube atomizer and the Se concentration was determined by atomic absorption spectroscopy (T. 
Okutani, T. Kubota, N. Sugiyama and Y. Turuta, Nippon Kagaku Kaishi, (1991) 375). The amount of Se 
in heavily contaminated samples including sediment, lake water and seawater was determined using this 
method. The sediments were digested with HNO3-HCIO4-HF and the interference from AIF3 was removed 
using H3BO3-HCIO4. Lake water and seawater were acidified with H~SO4 and digested with KMnO4. The 
Se concentrations of these samples were determined by this method with satisfactory results. 

The above method is simple, rapid and applicable to heavily contaminated samples. 

1. Introduction 

Se is an essential trace nutrient, and Se defi- 
ciency diseases are known in veterinary 
medicine, but the ingestion of  greater than trace 
levels of Se is toxic to animals and humans. 

Se and Se compounds are listed as the Basel 
convention on the control of transboundary 
movements of  hazardous waste and their dis- 
posal [1]. 

Therefore, the determination of  Se in the 
environment has become important. Se has 
been determined by atomic absorption spec- 
troscopy (AAS), ICP atomic emission, 
fluorometry, etc. Hydride generation/elec- 
trothermal AAS [2] and fluorometry with 2,3- 
diamino naphthalene [3,4] are the most 
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sensitive techniques, and currently applicable 
to environmental samples. However, the for- 
mer is subject to interferences from coexisting 
ions, while the latter has a large blank absorp- 
tion which makes it necessary to remove coex- 
isting materials, so HPLC has to be used. 

The authors reported a method [5] in which 
the activated carbon (AC) collected Se(IV)-3- 
phenyl - 5 - mercapto - 1,3,4 - thiadiazole - 2(3H) - 
thione (Bismuthiol II) complex was directly 
introduced as an AC-suspension into the 
graphite furnace (GF) for AAS. This method is 
simple, rapid and relatively free from interfer- 
ences caused by coexisting ions. Therefore, it 
was applied to heavily contaminated samples 
such as sediments, seawater and lake water. 

Sediments contain large amounts of  AI, Fe, 
Si and organic matter. The digestion of  the 
sediment to determine the concentration of  
volatile elements such as Se is very difficult. Se 

reserved 
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Table 1 
Operating conditions of GF-AAS 

1". Kubota et aL / Talanta 42 0995)  949-955 

Atomic absorption spectrometer 
Light source 
Wave length 
Spectra] band width 

Graphite furnace 
Drying conditions 
Ashing conditions 
Atomization 
Purge gas 

Se-HCI, 15 mA 
196.0 nm 

1.0 nm 

150 *C, 20 s (ramp mode) 
1050 *C, 60 s (ramp mode) 
2500 *C, 3 s (temperature control mode) 
Ar, 2.5 1 rain-~ (continuous) 

values in the sediment (NIST, SRM-1645) re- 
ported so far are in the 0.85-24 lag g-~ [6]. 
This is mainly caused by differences in the 
digestion methods. Therefore, the authors re- 
newed their investigation into the digestion 
methods. From the results, the sediments were 
digested with HNO3-HCIO4-HF,  and the in- 
terferences from A1F3 were removed using 
H3BO3-HCIO4. The sediments could be di- 
gested in a shorter time without Se volatiliza- 
tion using this method. 

In natural water, Se exists as organic and 
inorganic forms. It has been pointed out that 
when Se is determined as the Se(IV) organic 
derivative and the organic compounds do not 
completely digest, the interference from the 
organic compounds will remain [7]. Therefore, 
preparation of natural water was investigated. 
From the results, natural water was acidified 
with H2SO4 and prepared by heat treatment 
after adding KMnO4. Seawater and lake water 
could be completely prepared using this 
method. 

These preparations were applied to the envi- 
ronmental samples, and Se content was then 
determined by the reported method with satis- 
factory results. 

2. Experimental 

2. I. Apparatus 

A Seiko Model SAS 727 atomic absorption 
spectrometer equipped with a Model SAS 705V 
GF atomizer, a Se hollow-cathode lamp and a 
deuterium background correetor ( B G C - d 2 )  
was used. The optimum operating conditions 
are listed in Table 1. Ultrasonic cleaner Model 
B2200 (Bransonie) and aluminum dry block 
bath Model ALl000 (Seinies) were used. 

2.2. Reagents 

The standard Se(IV) solution was prepared 
by dilution of a 1000 lagmi -~ atomic absorp- 
tion standard (Wako Pure Chemicals Co., 
Ltd,) with 0.1 M HCI. The standard Se(VI) 
solution was prepared by dissolution of 
Na2SeO4 (Soekawa Rika Co., Ltd.), and di- 
luted with water. Pd solution (2000lag- 
Pd ml -~) was prepared by dissolution of 1 g 
PdCI2 in 300ml 1 M HCI. 2-Amino-4- 
(methylseleno) butanoic acid (Se-methionine) 
(Sigma) and 3-phenyl-5-mercapto-l,3,4-thiadia- 
zole-2(3H)-thione (Bismuthiol II) (Dojindo 
Laboratories) were used without further purifi- 
cation. AC (Merck No. 2186, <300 Tyler 
mesh) was soaked in 3 M HCI for 1 day, and 
washed with deionized water until it was neu- 
tral, then dried at 120 °C for 2 h. All other 
reagents were of analytical grade. 

2.3. Preconcentration and determination [5] 

A sample solution (100-I000 ml) containing 
less than 0.5 lag of Se(IV) was put in a beaker. 
The solution was adjusted to 1.5 M HCI by the 
addition of cone. HCI followed 5ml of 0.1% 
Bismuthiol II solution, and the solution was 
then stirred for 5 min to form the complex. 
50 mg of AC was added and stirred for 5 rain 
for collection of the complex. The AC was 
separated from the aqueous phase through a 
membrane filter (8 lam pore size) (Filtration B), 
and the AC phase on the filter was then dis- 
persed in 5 ml of water (containing 0.5 ml of 
2000 lag-Pd ml -~ solution) using an ultrasonic 
cleaner for 30 s (AC-suspension). 10 lal of mag- 
netically stirred AC-suspension was pipetted 
into the graphite furnace. The peak height 
was measured under the conditions shown in 
Table 1. 
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2.4. Digestion of sediment [SJ 

A dried sample (0.1-0.2 g, containing less 
than 0.5 lag-Se) was put in a 50ml Teflon 
beaker, followed by addition of 4 ml of HNOa, 
3 ml of HCIO4 and 5 ml of HF. The solution 
was allowed to stand for 30 rain to avoid any 
loss of the volatile Se compound. The beaker 
was capped with a Teflon lid and then heated 
on a dry block bath at 165 °C until 2-3 ml of 
the volume remained in the draft chamber 
equipped with a hand-made air filter to avoid 
contamination. If the digestion was incomplete 
and the final solution was not clear yellow, the 
acid mixture was added and heated again. Af- 
ter the solution was cooled, 4 ml of 4% Ha BOa 
solution and 0.5 ml of HCIO4 were added, and 
the solution was heated at 165 *C until approx- 
imately 2 ml of volume remained. The residual 
solution was diluted to 100 ml with water, and 
then filtered using a membrane filter. 

GF. The matrix modifiers, Rh(NOa)~, 
Ni(NOa)2 and PdCI2 were investigated using 
the AAS standard solution (1000 ~tg ml-~). The 
data are shown in Table 2. The use of these 
modifiers shows an almost equal increase in 
sensitivity. However, the Ni and Rh solutions 
contained much Se, but the Pd solution con- 
tained very little, so the Pd solution was used 
for the matrix modifier of the Se determina- 
tion. The absorbance of Se became almost 
constant by adding more than 200 lag ml-~ of 
the Pd solution. The two methods for the 
addition of Pd solution were compared, i.e. the 
Pd solution and AC-suspension were separately 
injected into the GF. In contrast, a mixture of 
the Pd solution and AC-suspension was in- 
jected into the GF. In addition to this method, 
both sample suspensions were previously ex- 
posed to ultrasonic cleaning for 30 s. The latter 
method resulted in either an increase in sensi- 
tivity or an improvement in reproducibility. 

2.5. Preparation of natural water 3.2. Effect of foreign ions 

A sample of water (100-1000 ml) containing 
less than 0.5 lag of Se was put into a digestion 
vial. 100 ml of 4.5 M H2SO ̀  and 20 ml of 5% 
KMnO 4 solution were added per 100ml of 
sample volume. The mixture was heated at 
1 l0 °C for 1 h in an oil bath. After cooling, the 
vial was opened. A few drops of 10% 
NH2OH-HCI solution was added until resid- 
ual MnO2 was dissolved. In order to reduce 
Se(VI) to Se(IV), the sample water was ad- 
justed to 1.5 M HCI using conc. HCI,I and 4.5 g 
of KBr was added per 100 ml of sample vol- 
ume. The mixture was heated at 90 oC in a 
water bath for 30 rain [5]. If the solution was 
colored, a small amount of NaHSO3 was added 
until it was colorless. This solution was em- 
ployed for the determination of Se concentra- 
tion. 

3. Results and discussion 

3.1. Matrix modifier 

In the reported method [5], 10 lal of Rh 
solution (500 lag-Rh ml-  t) was injected into the 
GF as a modifier. The GF was heated to 
dryness, and then l0 lal of the AC-suspension 
was injected and GF-AAS performed. Using 
the established procedure, Se sensitivity was 
varied in relation to heating times of exposed 

In a previous paper [5], the effects of foreign 
ions were investigated. The digest of sediment 
should have a higher concentration of foreign 
ions. Therefore, the solution containing 0.25 lag 
of Se and foreign ions of equal weight included 
in 0.2 g of pond sediment (NIES No. 2) was 
digested and diluted to 100 ml. The solution 
was concentrated to 5 ml of AC-suspension, 
and Se content was determined by the pro- 
posed method [5]. Because the recovery of 
Se was 100 + liP/o, the presence of foreign 
ions was regarded as having no effect. From 
the results, the following had no effect: 

Table 2 
Comparison of the effects of Pd, Rh and Ni on Se sensitiv- 
ity 

Metal amount Peak height (ram) 
(~g) 

Reagent blank Se" 

_ 6 b _ 

P d 5  6 44 
Rh 5 8 40 
Ni 5 26 41 

Metal solution is injected into GF as a modifier, GF is 
heated to dryness, and then 0.2 ng Se is injected and OF is 
operated. 
Metal solution used Pd: PdCI,, Rh: Rh(NO~)3, Ni: 
Ni(NO3)2. 
• RealNnt blank is substracted. 
b Background signal. 
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500lagml - l  of AI(III), K(I) and Sit~3-; 
2 lag ml-  J of Zn(II); 1 lag ml-  ~ of Cr(III), 
Cr(VI) and V(V); 0.2 lag ml-  ~ of Co(II), Ni(lI), 
Cd(II), AsO]- and AsO 3-. 

3.3. Reduction o f  Se(V1) to Se(IV) 

Se(VI) in prepared natural water was re- 
duced to Se(IV) using the previously reported 
method [5]. However, in the case of the sedi- 
ment, the sample volume after digestion was 
less than 2 ml, so Se(VI) was reduced using 
only HCI. We then referred to the report of 
Yamada et al. [4]. 2 ml of 6 M HC1 was added 
to the digest. Se(VI) was then reduced to 
Se(IV) by heating in boiling water for 15 min. 
The solution was diluted to 100ml (about 
pH 1) with water and filtered with a membrane 
filter (5 Inn pore size), and the precipitate was 
removed. The filtrate was employed for the 
determination of Se. Using this method, stan- 
dard Se(VI) solution was reduced and deter- 
mined, and the value was in agreement with 
the equal concentration of the standard Se(IV) 
solution. 

3.4. Digestion of  sediments 

HNO 3- H CIO 4- HF digestion 
In a previous paper [8], the sediments were 

completely digested in a short time using the 
HNO3-HCIO4-HF mixture. The method was 
applied to the determination of Se in the sedi- 
ment. The sediments were digested in the same 
manner when reconstituted digest was evapo- 
rated to dryness. 2 ml of 6 M HCI was then 
added to the residue, and the Se(VI) was re- 
duced by heating and then diluted to 100 ml 
with water. The precipitate was removed by 
filtration with a membrane filter (Filtration A). 
Se in the filtrate was preconcentrated using 
Bismuthiol II and AC, and its concentration 
determined. Se values of the pond sediment 
(NIES No. 2) varied widely from 0.5 to 
1.0lagg-I. Further, when the residue after 
evaporation to dryness became white, Filtra- 
tion A was easily used and the white precipitate 
was obtained. When the residue (after evapora- 
tion to dryness) became black-brown, the pre- 
cipitate was not obtained after Filtration A. 
Filtration B in the preconcentration process 
was difficult, and atomic absorption could not 
be measured because of a large molecular ab- 
sorption. The causes of these phenomena were 
then investigated. 

3.5. Interference from coexisting ions with the 
digestion 

The influences of various ions in the sedi- 
ment on HNOa-HCIO4-HF digestion and 
preconcentration were investigated. A 1% solu- 
tion of each of SiO 2-, AI(III) and Fe(llI) was 
prepared, and the same quantity of each ion 
contained in 0.2 g of the standard pond sedi- 
ment (NIES No. 2) was put in separate Teflon 
beakers. Se(IV) solution (containing 0.1 lag of 
Se) and 3ml of mixed acid (HNO3:HCIO4: 
HF = 4:3:5) were added. The digestion, precon- 
centration and determination were then nor- 
mally run. From the results, SiO]- and Fe(III) 
did not entirely interfere with these processes. 
However, AI(III) interfered with the filtration 
during the digestion process, and Filtration A 
became very difficult. Further, when the diges- 
tion was incomplete, the atomic absorption of 
Se could not be measured because of the large 
molecular absorption, even if BGC-d2 was 
used. These phenomena were the same as dur- 
ing the digestion of sediment. A small amount 
of the white precipitate obtained from Filtra- 
tion A was then injected into the GF, and 
GF-AAS was performed. A large degree of 
molecular absorption was observed, and 
atomic absorption due to Se could not be 
determined. 

Therefore, the chemical binding energy and 
crystal structure of the white precipitates were 
investigated using X-ray photoelectron spec- 
troscopy (XPS) and X-ray diffraction (XRD). 
The observed binding energy and the peak 
strength ratio of AI to F in the white precipi- 
tate nearly agreed with those of the reagent 
AIF3. XRD spectra of the white precipitate 
agreed with AIF~ spectra from the powder 
diffraction file No. 31-0011 [9], but unknown 
spectra still partly remained. The white precipi- 
tate was mainly made up of AIF3. 

AIFa formed by the reaction of AI(III) and 
HF does not dissolve in water, but forms a 
stable hydrate [10]. If AIF3 is not formed, the 
interferences with preconcentration and deter- 
mination processes should not occur. There- 
fore, the method to prevent formation of A1F3 
was investigated. Yamada et al. [4] reported 
that HF could be masked using H~BOa. If HF 
is masked, A1Fa should not be formed. 

In contrast, the Se values determined by this 
method varied widely. This is how Se was 
thought to volatilize through a process of evap- 
oration to dryness. 
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Table 3 
Analytical results of selenium in sediments 
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Sample Found value (~g g- ~) 

Standard addi t ion  Calibration curve 
method method 

Reported value (ttg g- i) 

NIES No. 2 0.92 0.95 _+ 0.04" 0.73 _+ 0.06 [4] 
Pond sediment (n = 11) 0.50 [11]0.576 [11] 

NIST SRM 1646 0.68 0.68 :[: 0.03 a 0.43 [6], 0.58 [6], 0.59 [6] 
Estuarine sediment (n = 7) 0.61 +_ 0.018 [12] 

a Average and standard deviation. 

Table 4 
Preparation of artificial water samples 

Method Reagents Preparation procedure Recovery (%) 

A K2S207 (0.8 g) 30 rain at 120 °C 80 
in pressure cooker 

B KMnO4 (0.08% 20 ml) In boiling water 83 
H2SO4(6 M 20 ml) for 30 rain 

C H202(30% 8 ml) Boil until fine bubbles 101 
NaOH (l M 4 ml) subside 

D KMnO4 (5% 20 ml) 60 rain at I i0 °C 100 
H2SO 4 (4.5 M 100 ml) 

Sample water is spiked with Se-methionine (0.25 Bg Se) in 

In order to improve these results, new proce- 
dures were investigated. During the digestion 
process, the digest did not evaporate to dry- 
ness, but evaporation stopped with 2 -3  ml re- 
maining. After the residue was cooled, 4 ml of  
4% H3BO a solution and 0.5 ml of  HCIO4 were 
added, and the solution was heated (at 165 °C) 
until approximately 2 ml remained. 2 ml of  6 M 
HCI was then added to the residue, and heated 
for 15 min in boiling water, reducing Se(VI) to 
Se(IV). Using the Al(III) solution, Al(III), 
Fe(III) and SiO 2- mixed solution containing 
0.1 ~g of  Se, this procedure was investigated. 
From these experiments, Filtration A in the 
digestion process, and Filtration B in the pre- 
concentration process were easily operated for 
a short time. Se in these solutions was quanti- 
tatively recovered. 

3.6. Determination o f  total selenium in 
sediments 

The proposed method was applied to the 
determination of  total Se in the sediments. The 
results obtained are listed in Table 3. In both 
samples, the standard addition curves are par- 
aUel to the calibration curve. The values from 

pure water (100 ml). 

both determinations agree well, and the relative 
standard deviation is 4-5%.  However, Se val- 
ues obtained from both samples are larger than 
the other values already reported [4,6,11,12]. It 
seems that the NIES and NIST sediments 
could be digested without Se volatilization by 
the proposed method. 

3. 7. Preparation o f  natural water 

Preparation procedures were investigated us- 
ing the sample water, which was prepared by 
the addition of  Se-methionine to deionized wa- 
ter and natural water. 

Deionized water spiked with Se-methionine 
was used to investigate various digestion meth- 
ods. The results are shown in Table 4. Tested 
digestion methods are (A) per'sulfate digestion 
for total phosphorus determination [13], (B) 
permanganate digestion for chemical oxygen 
demand determination [13], (C) alkaline hydro- 
gen peroxide digestion [14], (D) permanganate 
digestion [14]. Methods C and D completely 
decomposed Se-methionine into Se(IV). 

The lake water spiked with Se-methionine 
was also examined using methods C and D. 
The results are shown in Table 5. Only method 
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Table 5 
Preparation of natural water 
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Method Reagents Preparation procedure Recovery (%) 

C H202 (30% 8 ml) Boil until fine bubbles 8 
NaOH (1 M 4 ml) subside 

D KMnO, (5% 20ml) 60min at II0*C 100 
H2SO4 (4.5 M 100 ml) 

Lake water is filtered through a 0.45 lam pore size membrane filter. 
Sample water is spiked with Se-methionine (0.25 lag Se) in 100 ml of natural water. 

Table 6 
Analytical results of selenium in natural water 

Sample Filterable (lag 1-i) Non-filterable (lag 1-~) b 

Standard addition Calibration curve Calibration curve 
method method method 

Lake water 
(Lake-Inba 
in Chiba) c 

Sea water 
(Ichikawa coast 
of Tokyo bay) d 

0.15 0.15 + 0.01 a 0.043 
(n = 6) (n -- 2) 

0.19 0.18 _ 0.01 a 0.036 
(n = 6) (n = 2) 

"Average and standard deviation. 
b Se contents of non-filterable compound in 1 1 of sample volume. 
c Sample taken 26 August 1993. 
d Sample taken 2 September 1993. 

D comple te ly  decomposes  Se-methionine .  
Therefore ,  in subsequent  exper iments ,  m e t h o d  
D was adop ted .  

3.8. Determination o f  total selenium in natural 
water 

The  m e t h o d  was app l ied  to  heavi ly  con tami -  
na ted  na tu ra l  water .  The  sample  wate r  was first 
f i l tered using a m e m b r a n e  filter (0.45 ~tm pore  
size), and  then  the f i l t rate was p r e p a r e d  by  the 
p r o p o s e d  m e t h o d  a n d  to ta l  Se was de te rmined .  
The  non-f i l te rable  c o m p o u n d  was diges ted  by  
the same m e t h o d  with  the  sediment .  

The  results  a re  shown in Tab le  6. The  s tan-  
d a r d  a d d i t i o n  curves  o f  bo th  samples  a re  pa ra l -  
lel to the  ca l ib ra t i on  curve.  T o t a l  Se values  o f  
the  f i l t rate agree  well wi th  the  s t a n d a r d  add i -  
t ion  m e t h o d  a n d  the ca l ib ra t ion  curve me thod .  
Non- f i l t e rab le  Se values  a re  ind ica ted  per  sam- 
ple  vo lume,  and  are  2 0 -  30°,6 o f  the  f i l terable Se 
value.  
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Abstract 

The transport of iron(III) using polyether-based polyurethane membranes was studied. The rate at which 
iron passes through the membrane depends on the formation of the HFeX4 species, which is related to the 
initial acid and salt concentration of the metal solution. Iron is quantitatively transported from a cell of high 
acid-halide concentration to one with low concentration. 

1. Introduction 

The isolation of selected metals from solu- 
tion has been a problem in industry and for 
analysis. In sample preparation and in actual 
analysis, separation is an important aspect of 
analytical chemistry, and in most cases the 
separations are neither quick nor quantitative. 
When measurement techniques are used to de- 
termine a species or compound in a sample, 
interferences from extraneous substances in 
that sample can cause significant problems. 
Thus, the removal of interferences or the isola- 
tion of the analytical species is of considerable 
importance. In industry, separations are 
needed to produce purer materials and cleaner 
effluents. In many instances, quantitative sepa- 
rations are not needed or are not possible; in 
others, speed is not a major factor. 

Membranes used for separations are barriers 
separating two phases that are permeable and 
often selective towards a particular species 
present in one of the phases. Several materials 
have been used as membranes, ranging from 
bi-layers that surround living cells to thin semi- 
permeable polymeric barriers. Ideally, analyti- 
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cal membranes would provide quantitative sep- 
aration of a permeating species, but in most 
cases they provide partial enrichment of one of 
the phases. The term "membrane" in 
polyurethane chemistry has been applied to 
two separate solid physical forms: non-porous 
polymer film membranes, as used in this inves- 
tigation, and those which are porous, made of 
polyurethane foam that allows solutions to per- 
coalate through the membrane. The non- 
porous membranes, although providing a lower 
surface area, separate the two solutions and 
prevent them from mixing. 

Polyurethane foams (PUFs) were first shown 
by Bowen [1] to act as selective absorbents for 
a number of substances from aqueous media. 
The mechanism by which the sorption occurs 
has been investigated by several authors. The 
first to emerge was the solvent extraction mech- 
anism [I], which showed that compounds ex- 
tracted by ether-based polyurethane foams 
were analogous to those extracted by diethyl 
ether. From this, it was proposed that 
polyurethane foams could be used as solid 
substitutes for diethyl ether [2,3]. An ion-ex- 
change mechanism was later suggested, where 
sorption was explained by the interaction of 
ions and the weak or strong anion exchange 
sites of PUF. 

reserved 
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The third mechanism, the cation chelation 
[4] mechanism, explained that sorption was due 
to the helical structure of the polyether-type 
PUF that possesses a receptive site for extrac- 
tion. Each site forms a cage with a metal 
complex possessing the appropriate cation to 
"fit" the cage. The order of extraction of com- 
plexes with differing cations was found to be 
(Li+< N a + <  C s + <  K+), which is similar to 
the cyclic polyether dicyclohexyl-18-crown-6. 
The mechanism and many uses of polyurethane 
sorption have been reviewed by several authors 
[5-8]. 

It has previously been shown that some iron 
and gallium chloride complexes [9] and cobalt 
thiocyanate [10] complexes can be extracted 
and transported through polyurethane mem- 
branes, demonstrating their possible use for 
metal separations. The extent of the metal 
halide complex formation depends on the sta- 
bility constants of the individual complex and 
the concentration of the halide present. These 
properties control the proportion of metal 
halide complex present and therefore can prob- 
ably be used to facilitate the selective transport 
and separation of metals. In this paper, iron is 
used as a probe into the nature and mechanism 
of the separation because of its well-known 
propensity to form HMX4 complexes. The 
effects of varying concentrations of different 
acids and halides on the transport of the metal 
through the membrane were investigated. As 
well as the effects of different salts, tempera- 
tures and membrane thicknesses were studied. 
Previous publications [9,10] describing the use 
of polyurethane membranes have shown 
promising results for possible separation of 
metal mixtures. The present investigation of 
iron transport through the membrane was un- 
dertaken to obtain a better understanding of 
the transport process essential to establishing 
the potential of this process. 

2. Experimental 

2.1. Apparatus and reagents 

All iron analyses were performed with a 
Varian SpectrAA-20 atomic absorption spec- 
trometer equipped with a Cathodeon hollow 
cathode lamp and a Varian Mark VI burner 
head coupled with an air-acetylene flame. The 
wavelength observed was 248.3 mm with a slit 
width of 0.2 rim, and the lamp current was set 

at 6 mA. All chemicals used were of reagent 
grade. Stock iron solutions were prepared using 
ferric nitrate supplied by Fisher Scientific. Hy- 
drochloric and hydriodic acids were supplied 
by Mallinckrodt, and hydrobromic acid by 
Fisher Scientific. All water used was purified by 
a Barnsted Nanopure T M  II system using reverse 
osmosis-treated feeedstock. The membranes 
used were of the polyurethane ether type (XPR- 
625-FS) in two different thicknesses (0.025 mm 
and 0.050 ram) and were provided by Stevens 
Elastomerics/Urethane Products Northhamp- 
ton, MA. 

The apparatus used for membrane testing 
consisted of two separate cells (a starting and 
receiving cell). The starting cell was a Nalgene 
125 ml PETG (polyethylene terephthalate co- 
polyester) media bottle (cat ~ 2015-0125) with 
a 2 cm diameter hole drilled into the screw cap. 
A small notch was also cut at the side of the 
drilled hole to prevent air bubbles from being 
trapped along the membrane surface. The re- 
ceiving cell consisted of a 100 ml beaker, cut to 
an appropriate height to allow a smaller vol- 
ume of receiving solution to be used. Media 
bottles are very well suited for the starting cells 
because they enable a quick easy way of fasten- 
ing the membrane to the bottle with an air and 
water tight seal. For units to be run at elevated 
temperatures, a small hole was drilled into the 
edge of this starting cell to prevent any pres- 
sure build-up. Membranes were cut into 
5 cm x 5 cm squares and placed on top of the 
open media bottle holding a sample. The cap 
was placed on the bottle and carefully tight- 
ened, yielding a membrane with an active sur- 
face area of 5.3 crn 2. The media bottle was then 
inverted and immersed in the solution held by 
the receiving cell, and the air bubbles removed 
through the notch with the membrane separat- 
ing the two solutions. Each unit was then 
wrapped in Parafilm TM to prevent evaporation 
of the solution. At elevated temperatures 
Parafilm softened and melted, and instead a 
plastic wrap, Resinite by Borden Chemical, 
was substituted. For each experiment a number 
of units were prepared and then stopped after 
various times during the experiment to obtain a 
separation profile and establish reproducibility. 
After the cells were stopped by removing the 
starting flask from the receiving cell, each cell 
was individually weighed to determine any so- 
lution losses due to either evaporation or leak- 
age through the membrane. The volume of 
solution was calculated using the solution den- 



R.D. Oleschuk, A. Chow / Talanta 42 (1995) 957-965 959 

Table 1 
Percentage of Iron in the FeCI~- complex at various HCI concentrations and time required for quantitative transport 

HCI concentration % Fe in the FeCI~- complex Time required for 
(M) quantitative transport (h) 

9.0 53.4 4 
7.0 25.8 7.5 
5.0 7.7 48 
3.0 1.0 - 
1.0 0.02 - 
0.1 1.15 x 10 -5 - 

sity. The final volumes in the top and bottom 
cell were close to the initial values for trial 
where no iron movement was observed. Where 
iron was transported, the volume changed only 
slightly unless the membrane failed, and then 
significant leakage occurred. 

All iron solutions were prepared from a 
1000 mg 1- ~ standard prepared by dissolving 
Fe(NO3)3" 9H20 in water in a 1000 ml volu- 
metric flask. 

3. Results and discussion 

3. I. Effect of  HCI concentration 

The stability constants of iron(III) species 
with chloride ions in the aqueous phase can be 
represented as follows: 

Fe 3+ + nC1- ~ FeCI]- n 

Using the iron chloride complex stability con- 
stants [11], the data in Table 1 were calculated. 
The chloride concentration was taken to be 
equal to the activity of the chloride ion. As the 
HC1 concentration increases, the percentage of 
iron as the HFeC14 complex also increases. To 
study the effects of varying concentrations of 
HCI, and consequently varying proportions of 
the HFeC14 complex in solution on the separa- 
tion, 15 mg 1 -~ iron solutions were prepared 
with several HCI concentrations (0, 1.0, 3.0, 
5.0, 7.0, 9.0 M). 

A separation experiment was performed with 
each of the different acid solutions in the start- 
ing cell with all the receiving cells containing 
0.1 M HC1. The 0.1 M HCI was needed to 
prevent hydrolysis of the iron once it had 
passed through the membrane. At concentra- 
tions of zero and 1.0 M HCI, no iron is trans- 
ported from the starting to the receiving cell 
over the time that the experiment was run. 
With 3.0 M acid, only a small amount of iron 

was transported across the membrane. At HCI 
concentrations of 5.0 M and greater, it was 
found that the iron is quantitatively trans- 
ported to the receiving cell, and a smooth 
separation profile is obtained where the trans- 
port rate increases with an increase in HC1 
concentration. This supports a previous sugges- 
tion [12] that the transport of iron through the 
polyurethane membrane is due to the HFeCI4 
complex. In Table 1 it is shown that for solu- 
tions containing less than 3.0 M HCI, less than 
1% of the iron is in the FeCI£ complex, and 
most of this is present as the extractable 
HFeCI4 complex at these high acidities. At 
higher HC1 concentrations, there are significant 
amounts of the HFeC14 present to facilitate 
transport across the membrane. With an in- 
crease in concentration of the species required 
for transport, we would expect to see an in- 
crease in the rate of transport as well. This 
should continue to occur if more of the HFeCI4 
complex is present, or until the membrane be- 
comes saturated, at which point the rate of 
transport will have reached a maximum. This 
can be seen in the results; with each increase in 
HCI concentration there was a corresponding 
increase in the rate of transport as shown in 
Figs. (la) and (lb), although no maximum was 
observed. The quantitative transport of iron to 
the receiving cell from 5.0 M HCI required 
48 h, while only requiring 9 h when the HC1 
concentration was increased to 9.0 M. The acid 
concentrations of the starting and receiving 
cells were found to equalize when an equi- 
librium between them had eventually been es- 
tablished. This phenomenon was only apparent 
when concentrations of 5.0 M HCI or greater 
were used. The transparent membrane gradu- 
ally became cloudy and translucent, and then 
white, opaque and "puckered". In the experi- 
ments run at room temperature over a period 
of 48 h, the physical changes did not appear to 
play a part in the separation. 
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Fig. 1. (a) Iron separation profile for starting cells containing 10 ml of 15 mg 1- J iron: O, no HCI added; ~ ,  1.0 M HCI; 
O, 5.0 M HCI; i ,  9.0 M HCI. (b) Receiving cell iron contents corresponding to each of the starting cell HCI 
concentrations in (a). Each receiving cell initially contained 30 ml of 0.1 M HCI. 

3.2. Effect of other halo-acids 

Experiments using HBr and HI in place of  
HCI in both the starting (5.0 M) and receiving 
flasks (0.1 M) were performed. The use of  HBr 
produced a five-fold increase in transport rate 

as compared to HCI. This phenomenon can be 
attributed to two possible factors: the HFeBr 4 
complex may form more readily because of 
higher stability constants, and the complex is a 
weaker acid so it would be in higher concentra- 
tion than the chloride analogue. The relative 
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Fig. 2. Iron separation profile for starting cells containing 10 mi of 15 mg! -t iron with a concentration of 5.0 M HCI: 
~, hydriodic acid; II, hydrochloric acid; e,  hydrobromic acid. 

strength of the complexes is determined by 
respective ionic sizes and electronegativities. In 
the early stages of the separation using hydri- 
odic acid, no iron is transported through the 
membrane. After 3 h the membrane becomes 
porous, so that iron and acid solution can pass 
through it. Because it does not form a tetrahe- 
dral complex in the presence of iodide ions, 
iron is not transported through the membrane. 
The results of the separations performed using 
the different halo-acids are presented in Fig. 2. 

It is important to note that when HCI and 
HBr were used the iron was quantitatively 
(>98%) transported from the starting to the 
receiving cell, and then remained in the receiv- 
ing cell. Also, the phenomena occurring in our 
case is not diffusion, as other authors [13] using 
polyurethane membranes have reported. 
Rather, an uphill transport process predomi- 
nates. Our investigation has shown that a 
quantitative separation of iron is possible with 
our membrane, which would not occur if sim- 
ple diffusion was the sole process acting on the 
system. Once the iron is transported from the 
starting to the receiving cell, it is then in an 
environment that contains less halide than the 
starting cell. The equilibrium is then shifted 
from the HMX4 complex to other species that 
do not possess the ability to be extracted and 
transported through the membrane. The iron is 

therefore trapped in the receiving cell, and 
cannot proceed back through the membrane to 
the starting cell until sufficient halide is present 
to re-form the complex or the membrane be- 
comes porous allowing diffusion back into the 
starting flask. 

3.3. Membrane thickness 

To determine the effects that the thickness of 
the membrane had on the rate of transport, a 
0.025 mm membrane was used that was half as 
thick as that used previously. As expected, the 
iron was transported across the thinner mem- 
brane twice as fast as across the thicker mem- 
brane, as shown in Fig. 3. This indicates that 
the rate-determining step of the separation is 
the movement of the iron through the polymer 
rather than its sorption onto the polymer sur- 
face. Further, if the polymeric membrane could 
be made thinner then a faster separation might 
be possible, although this may cause some me- 
chanical problems. 

3.4. Effect of temperature 

The effect of temperature on the rate of 
transport was studied using the following set of 
conditions. The starting flask contained 10 ml 
of 15 p.p.m. Fe in 5.0 M HC1 and the receiving 
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Fig. 3. Iron separation profile using two different membrane thicknesses. Starting cells contained 10 ml of 15 mg I -  ~ iron 
in 5.0 M HCI, and receiving cells 0.1 M HCI: I ,  starting cell using a 0.050 mm thick membrane; @, receiving cell using 
a 0.050 nun thick membrane; b ,  receiving cell using a 0.025 mm thick membrane. 

flask containing 30ml of 0.1 M HC1. These 
conditions were chosen because the iron is 
quantitatively transported through the mem- 
brane in a reasonable amount of time (less than 
2 days at room temperature). Under these con- 
ditions five experiments were run at different 
temperatures (5, 22, 37, 50, 65°C) to obtain 
thermodynamic data. As expected, the rate of 
transport increased markedly with an increase 
in temperature. The reason for the increase in 
transport rate may be due to two factors. The 
increase in temperature allows more molecules 
to overcome the activation barrier and may 
also cause a shift in the equilibrium of favour 
further HFeCI4 formation. Separation data are 
presented in Table 2. 

Table 2 
Time required for quantitative transport of iron at vrious 
temperatures 

Temperature (°C) Time required for quantitative 
transport (h) 

5 250 
22 48 
37 22 
50 I0 
65 4 

The energy of activation was calculated to be 
50 kJ tool- ' using an Arrhenius plot, as shown 
in Fig. 4. This value is consistent with values 
[14,15] found for the sorption and transport of 
aqueous salt and acetic acid solutions in 
polyurethane membrane material. It was as- 
sumed that during the experiment the same 
percentage of iron remained as the FeCl~- com- 
plex. If the temperature affected the equi- 
librium of the iron chloride complex there 
would be a deviation from linearity. Consider- 
ing the linearity of the plot in Fig. 4, the effects 
of the different temperatures on the equilibrium 
appear to be minimal. 

As in the experiments at room temperature, 
the membrane became white, opaque and 
puckered, but at 65°C the membrane became 
porous as well. The porosity of the membrane 
led to the back flow of iron from the receiving 
cell into the starting cell. Extended experiments 
at lower temperatures also resulted in the same 
condition, but required more time to do so. 
This phenomenon was shown to be caused by 
the swelling and "puckering" of the membrane, 
subsequently causing the formation of micro- 
scopic holes which can be seen by optical or 
scanning electron microscope. These holes then 
allow the restricted, but non-selective, passage 
of acid from the starting to the receiving cell. 
The formation of holes was observed to be 
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Fig. 4. Arrhenius plot of 0.050 mm membrane at 5, 22, 37, 50, and 650C. Starting cells contained 15 mg l -  i Fe in 5.0 M 
HCI, and receiving cells 0.1 M HCI. 

separate from the transport of iron, and pri- 
marily due to the harsh conditions to which the 
membrane was subjected. 

3.5. Salt effects 

It is possible to form the FeCI~- complex by 
the addition of chloride salts. Preliminary in- 
vestigations performed using 5.0 M HCI with 
0.5 M salts (NaCI, KCI, LiCl) yielded no differ- 
ence in transport rate. A further experiment 
was undertaken where a high concentration of 
a salt was used in the place of a high concen- 
tration of HCI. LiCl was chosen for its high 
solubility in water. Some acid was needed to 
keep the iron in solution, so the experiment 
was performed with 60p.p.m. iron in 4.8 M 
LiCl and 0.2 M HCI in the starting flask, and 
0.1 M HCI in the receiving flask. The larger 
iron concentration was necessary because the 
salt solutions needed dilution by a factor of 
four before analysis by atomic absorption spec- 
trophotometry. The results of the separation 
are presented in Fig. 5. The separation profile 
looks quite different when compared to that of 
the experiment performed with 5.0 M HC1 in 
the starting flask, although the total chloride 
concentrations are identical. When LiC1 was 
used, the separation proceeded much more 
slowly and was not quantitative within the time 
of the experiment. Using stability constants [6], 
TAL 42-7-6 

the percentage of iron in the iron-tetrachloro 
complex in this LiC1 solution was calculated to 
be 5.5%. Although this is less than the 7.7% 
with 5.0 M HCI is used, the lower concentra- 
tion does not fully explain the dramatic change 
in transport behaviour. This indicates that the 
acid must play an integral part in the transport 
together with the chloride concentration. It is 
probable that ether groups present in the poly- 
mer, which we believe participate in the chela- 
tion of the iron complex, need to be protonated 
in order for the iron complex to be sorbed and 
transported through the membrane. In the LiCl 
experiment the transporting complex is 
LiFeCi4, compared to HFeC14 in the previous 
HCI experiments, highlighting the role that the 
size of the cation plays in the transport of the 
metal across the membrane. Previous studies 
by Hamon et al. [4] indicate that the cation 
does indeed play a paramount role in the 
extraction of a metal complex by PUF. 
They found that the cation complexes were 
increasingly extracted in the following order 
(Li + < N a  ÷ < C s  + < R b  + < K ÷ ) ,  but this 
phenomenon was not observed in the current 
investigation. The difference may be due to the 
fact that this polyurethane is a different type 
produced by a different manufacturer. To a 
lesser degree, the differences may be due to the 
polymer being in a different physical form, the 
membrane being a film rather than an open cell 
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Fig. 5. Iron separation profile, with I0 ml of 60 ml I -~ F¢ in 4.8 M LiCI and 0.2 M HCI in the starting cell, and 30 mL 
of 0.I M HCI in the receiving cell: e ,  starting cell; l ,  receiving cell. 

PUF. Therefore, the "sites" available in the 
membrane may have a different size preference 
for accepting different-sized cations, and thus 
the complexes will be extracted and trans- 
ported to differing degrees. 

4. Conclusions 

The transport of iron from hydrochloric acid 
solutions of concentrations less than 1.0M 
does not occur through polyurethane mem- 
brane material. At 3.0 M HCI, transport of 
iron begins but is quite slow; at concentrations 
of 5.0 M and greater, the transport becomes 
quantitative (>99%). This effect is due to the 
increased formation of the HFeCI4 complex, 
which is the species extracted into the 
polyurethane membrane. The higher the HCI 
concentration, the greater the percentage of 
iron in the ferric-tetrachloro complex, which 
results in faster transport rates. Substituting 
hydrobromic acid, the transport rates quintu- 
ple, primarily due to the HFeBr4 being a 
weaker acid. Thus more of the iron-bromide 
complex is in the protonated form, which 
leads to a higher extraction rate and faster 
transport. 

The transport of iron from hydrochloric acid 
is aided by an increase in temperature. At 5°C 

the quantitative transport of iron requires more 
than 10 days in comparison to 7 h at 65°C. 
Membrane thickness also plays an important 
role in the time needed for transport. Quantita- 
tive transport through a membrane 0.050 mm 
thick requires 48 h, as compared to 24 h with a 
thickness of 0.025 mm. 

The use of salt rather than hydrochloric acid 
to form the ferdc-tetrachloro complex leads 
to a slower process that does not allow quan- 
titative separation. This is possibly due to 
two factors: the size of the complex and the 
need for the ether groups present in the poly- 
mer to be protonated in order for transport to 
occur. 

The phenomenon of quantitative transport 
across an ether-type polyurethane membrane 
provides evidence that the polymer may be 
used to separate mixtures of metals based on 
their ability to form halide complexes. Al- 
though the active transport of iron presented in 
this paper is not presently practical for its 
separation, it demonstrates the ability of 
polyurethane membranes to quantitatively 
transport a metal from one phase to another. 
The method is inherently simple and inexpen- 
sive compared to other available techniques, 
and may prove an interesting alternative to 
other separation processes presently available 
for both analytical and industrial applications. 
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Abstract 

We describe a fast, new method for determination of the joint concentration of the six polycyclic aromatic 
hydrocarbons (PAHs), designated by current legislation as indicators of the quality of drinking waters and 
surface waters intended for the abstraction of drinking waters. The limit of detection of the new method was 
6 ng 1- J, its limit of quantification 20 ng 1- ~, its precision (CV%) 2.48 and its recovery 94.05%. Its speed 
allowed rapid PAH screening of 404 samples of surface and drinking water from Galicia (N.W. Spain). 

1. Introduction 

Since 1930, when Kennaway and Hieger ac- 
cording to Fabre and Truhaut [1] found 
dibenz[a,h]anthracene to be carcinogenic, inter- 
est in the determination of polycyclic aromatic 
hydrocarbons (PAHs) in foodstuffs and the 
environment has been spurred by progressively 
increasing knowledge and awareness of their 
toxic and carcinogenic properties, and by the 
increase in PAH emissions by industry. As a 
result, their study has been given priority by 
various environmental and public health au- 
thorities [2-4]. In European Community legis- 
lation [5-7], PAH concentration in drinking 
water and waters destined for use as such is 
limited in terms of the joint concentration of 
six fluorescent indicator PAHs (fluoranthene, 
benzo[b]fluoranthene, benzo[k]ttuoranthene, 
benzo[a]pyrene, indeno[123-cd]pyrene and ben- 
zo[ghi]perylene), even though other fluorescent 
contaminants and also quenchers may be 
present. The maximum admissible joint con- 
centration for drinking water and class At and 
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A2 surface waters is 0.2 ttg l -  1, while the maxi- 
mum for class A3 surface waters is 1 lag l-~. 
The established minimum annual sampling fre- 
quency is 1 for surface waters, and ranges from 
l to 20 for drinking water (depending on the 
volume of water produced or distributed and 
the size of the population affected); special 
provisions are also made for occasional sam- 
pling in accidental or particular situations. 

Methods proposed for the determination of 
PAHs in aqueous systems have been based on 
a wide variety of analytical techniques, the 
most frequently used being chromatography. 
Nevertheless, chromatographic methods often 
prove to be heavy consumers of both time and 
materials, and most of them do not conform to 
the reference methods which, according to Eu- 
ropean legislation, should be employed 
wherever possible for the determination of 
toxic substances in water. These reference 
methods require "measurements of UV fluores- 
cence after extraction with hexane; gas chro- 
matography or measurement of the UV 
fluorescence after thin layer chromatography; 
measurements in comparison with those of 
standard mixtures containing equal concentra- 
tions of the six indicator substances" [6,7]. 

reserved 
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In view of the above observations, we previ- 
ously developed a method [8] for determination 
of PAHs in water based on extraction with 
hexane and measurement of UV fluorescence, 
as recommended in the European legislation. 
The method precision (CV% = 3.8) and accu- 
racy (recovery = 77%) and its detection limit 
(5 ng 1 - t)  meet those exacted in the legislation 
[6] in addition, this method is simple and does 
not consume large amounts of reagent. 

In this work, we report the optimization of 
this method, which led to improved precision 
and very much improved accuracy without sig- 
nificant increases in limits of quantification or 
detection, and increased sample throughput. 
We also describe the application of the new, 
optimized method to screening of drinking and 
surface waters sampled in Galicia (N.W. 
Spain). 

2.3. Apparatus 

All spectrofluorimetric measurements were 
performed with a Perkin-Elmer LS-50 lumines- 
cence spectrometer equipped with a xenon dis- 
charge lamp, Monk-Gillieson monochromators 
and 1 crn quartz cuvettes. For acquisition and 
processing of spectral data by Fluorescence 
Data Manager software, .the LS-50 was serially 
interfaced (RS232C) to a Handok HNS-286 PC 
linked to a Nec Pinwriter P6 + colour printer 
for hard copy. 

The spectra were obtained with the follow- 
ing instrumental parameters: both excitation 
and emission slits 5 mm, scan speed 1500 nm 
min -t ,  constant wavelength interval between 
excitation and emission monochromators 
120nm. Synchronous spectra were recorded 
between 245 and 450 nm at 20 °C. 

2. Experimental 

2.1. Reagents 

Fluoranthene and benzo[a]pyrene standards 
were purchased from Aldrich, and benzo[b] 
fluoranthene, benzo[k]fluoranthene, indeno- 
[123-cd]pyrene and benzo[ghi]perylene stan- 
dards from Sugelabor. 

Residue analysis grade granulated anhydrous 
sodium sulphate and n-bexane, and analytical 
grade sulphuric acid, were all purchased from 
Merck. The sulphuric acid was extracted with 
n-hexane prior to use (we recommend that the 
purity of all reagents be verified under analysis 
conditions prior to measurement). 

2.2. Water samples 

Water sampling was carded out in 1991 by 
personnel of the Servicio Galego de Saude of 
the Xunta de Galicia. A total of 404 water 
samples were taken over two sampling periods 
(January 29-June 3, and June 24-December 
16) from the network supplying the 60 most 
highly populated municipalities of Galicia, 
N.W. Spain. Sampling points were grouped 
into zones C, D and T, corresponding respec- 
tively to water catchment areas (the inlets of 
water treatment plants), the distribution net- 
work (points between the outlets of those 
plants and the distribution network), and 
consumers' taps, thus enabling water quality to 
be monitored along the length of the supply 
system. 

2.4. Procedure 

100 lag 1- ~ and 100 mg 1- i stock standards of 
each PAH in n-hexane (which were prepared in 
the laboratory and were stable under refrigera- 
tion) were diluted with n-hexane as appropri- 
ate. Seven working standards containing equal 
concentrations (0.1, 0.2, 0.4, 0.6, 0.8, 1.0 and 
2.0 lag 1- t) of each of the six PAHs were pre- 
pared by mixing suitable volumes of these indi- 
vidual stock solutions and diluting with 
n-hexane. The spectra of these standards were 
run and the spectral area between 275 and 
395 nm was regressed on the known total con- 
centration in order to obtain a calibration 
curve. The PAH content of water samples was 
determined by extracting 11 of sample as de- 
scribed previously (Fig. 1) [8], running the ex- 
tract with the spectrofluorimeter settings 
specified above, and using the calibration line 
to obtain PAH concentration from the spectral 
area between 275 and 395 nm. 

3. Results and discussion 

The new, optimized method employs wider 
excitation and narrower emission slit widths 
(now both 5nm), a faster scan speed 
(1500 nm min-~), and quantification of the 
PAHs by integration of peak area over a nar- 
rower wavelength interval (275-395 nm) than 
described previously [8]. Under these condi- 
tions, method precision and accuracy are much 
improved without significant increases in limits 
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of detection and quantification. Determination 
of the joint concentration of the six PAHs is 
also much faster, speed being a particularly 
important consideration in the analysis of 
drinking water, as screening for PAHs is gener- 
ally carried out on a large number of samples 
and on a frequent basis [6,7]. 

Under the new conditions, instrumental re- 
sponse was highly linear (the correlation co- 
efficient of the calibration line was 0.9955) and 
the limit of detection (calculated, following 
ACS guidelines [9] for reducing the risk of false 
positives, as the concentration corresponding 
to a spectral area equal to the average mea- 
sured area for blanks plus six standard devia- 
tions) was 6 ng 1 -~, well below the officially 
stipulated limit of 40 ng 1-~ [6]. It was verified 
experimentally that this quantity of PAH was 
indeed detected in water samples. The limit of 
quantification, calculated as the concentration 
corresponding to a spectral area equal to the 
average measured area for blanks plus 10 stan- 
dard deviations, was 20 ng 1-~. Method preci- 
sion, calculated as the coefficient of variation 

\Water sample (1 L) 1 

AdO 2 ml conc. Jl 
sulphuric acid U \, 

Extract with 25, 15 
then 10 ml Of n-hexane 1 

1 
1 - -  J 

Hexane extract Aqueous(discard) phase ~.(50 ml) 

I 
h Dry over anhy¢lrous II 

sodium sulphate U T 
IN 

Sample for Ii 
I spectrofluorimetric 
~ analysis Jl 

k. 

Fig. 1. Treatment of water samples prior to determination 
of polycyclic aromatic hydrocarbons by constant-wave- 
length synchronous spectrofluorimetry. 

of the results obtained when the whole extrac- 
tion/spectrometry procedure was applied to six 
replicate 1 1 water samples spiked with 0.03 Bg 
of each indicator PAH, was 2.48%, much bet- 
ter than the officially stipulated 50% [6]. Mean 
recovery from six water samples spiked at lev- 
els close to the official maximum allowable 
PAH concentration was 94.05%. 

PAH screening of the 404 water samples by 
this optimized method indicated that: levels 
were below the maximum allowed concentra- 
tion [53] of 200 ng 1- ~ in all cases; quantifica- 
ble levels were present in only one in three 
samples; where quantifiable, PAH levels were 
generally well below the maximum. These re- 
suits confirm the high quality of both the raw 
and the treated water. 

In order to determine whether there were 
significant differences between the PAH levels 
in (a) samples taken during the first sampling 
period and those taken during the second, and 
(b) samples taken from the three sampling 
zones, we used one-way analysis of variance 
(ANOVA) to compare mean results. The 
means for the two sampling periods (15 ng l-  
for Jan.-June; 9 ngl -~ for June-Dec.) were 
found to be different at the 95% confidence 
level (signification level = 0.0085 for 402 de- 
grees of freedom within sampling periods). 
These differences are attributable to variations 
in rainfall during the sampling periods: accord- 
ing to data from the Galician Meteorological 
Centre [10], for the first sampling period, most 
of the samples were taken during the driest 
months of 1991, while for the second period 
sampling coincided with the wettest months of 
1991. 

Significant differences (signification level = 
0.0369) were observed between the mean PAH 
levels found in zones C (catchment), D (distri- 
bution) and T (consumers' taps). The least 
significant difference (LSD) intervals at the 
95% confidence level indicated that PAH levels 
in samples from zone C (mean ,~ 16 ng 1 -~) 
were significantly higher than in those from 
zones D and T (both means ,~10ngl-~). 
These results confirm that the water treatment 
system is effective, and that PAH levels are not 
significantly altered during water distribution. 

In conclusion, we propose that the above.de- 
scribed method be adopted for determination 
of the joint concentration of the six PAHs 
designated by current European legislation as 
indicators of the quality of drinking waters and 
surface waters destined for use as such. Its 
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precision (coefficient of variation) is 2.48% in 
contrast with the officially stipulated 50%, its 
detection limit 10ngl - t  as opposed to the 
officially stipulated 40 ng 1 -~, and its limit of 
quantification 28 ng 1 -t.  Recovery (94.05%) is 
likewise better than official requirements (50%). 
Additional advantages over the reference meth- 
ods laid down in European legislation are 
greater speed, greater operational simplicity 
and lower maintenance costs. Application of 
this method to the PAH screening of water 
used to produce drinking water in Galicia 
(N.W. Spain) confirmed them to be of high 
quality. 

Acknowledgements 

The authors thank the Conselleria de Sanidad 
of the Xunta de Galicia for financial support 
of this work, and the Xunta de Galicia for 
concession of a bursary to M.-J. L6pez de 
Alda-Villaizfin. 

References 

[I] R. Fabre and R. Truhaut, Toxicologia, Vol. I, Paran- 
info, Madrid, 1976. 

[2] World Health Organization (WHO), Guidelines for 
Drinking-Water Quality, 'Col. 2, World Health Organi- 
zation, Geneva, 1984. 

[3] Commission of the European Communities, Measure- 
ments & Testing Newsletter, I (1993) I. 

[4] US Environmental Protection Agency (USEPA), 
Drinking Water Regulations and Health Advisories, 
Office of Water, US Environmental Protection Agency, 
Washington, DC, 1994. 

[5] Council of the European Communities, Directive 75/ 
440/EEC, Off. J. Eur. Communities, L194 (1975) 26. 

[6] Council of the European Communities, Directive 79/ 
869/EEC, Off. J. Eur. Communities, L271 0979) 44. 

[7] Council of the European Communities, Directive 80/ 
778/EEC, Off J. Eur. Communities, L229 (1980) 11. 

[8] M.J, L6pez de Alda, S. Garcia, M.A. Lage and J. Simal 
J. AOAC Int., 78(2) (1995) 402. 

[9] American Chemical Society (ACS) Subcommittee on 
Environmental Analytical Chemistry, Anal. Chem., 
5204) (1980) 2242. 

[I0] P. Carmona, personal communication, 1994, Centro 
Meteorol6gico Territorial de Galicia, La Corufia, 
Spain. 



E L S E V I E R  Talanta 42 (1995) 971-977 

Talanta 

A new sample cell design for studying solid-matrix 
room-temperature phosphorescence moisture quenching 

S .W.  T j ioe ,  R . J .  H u r t u b i s e  * 

Department of Chemistry, University of Wyoming, Laramie, WY 82071-3838, L/X,4 

Received 15 December 1994; revised 26 January 1995; accepted 31 January 1995 

Abstract 

A new sample chamber was developed that can be used in the measurement of the effects of moisture on 
the room-temperature solid-matrix phosphorescence of phosphors adsorbed onto filter paper. The sample 
chamber consists of a sealed quartz cell that contains a special teflon sample holder. Sulfuric acid solutions 
in the quartz cell determine the percentage relative humidity in the cell and also determine the amount of 
moisture adsorbed onto the filter paper. The new sample chamber is much easier to use than a flowing 
nitrogen gas system. Results from both systems are compared with respect to ease of use and the amount 
of moisture adsorbed onto the filter paper. 

1. Introduction 

Solid-matrix room-temperature luminescence 
is a very useful analytical method for the trace 
analysis of organic compounds. The adsorption 
of organic molecules onto dry filter paper can 
reduce the non-radiative decay of a phosphor 
from the triplet state [1,2]. Solid-matrix room- 
temperature phosphorescence (SMRTP) and 
fluorescence (SMRTF) give greater quantum 
yields, in many cases, than the corresponding 
solution at low temperature [3]. In general, 
hydrogen-bonding interactions between the 
filter paper and the lumiphor is one of the main 
mechanisms responsible for the strong lumines- 
cence observed at room temperature [4]. The 
rigid environment provided by the filter paper 
reduces non-radiative transitions of the excited 
molecules and enhances luminescence. 

Nissan [5] pointed out that the strength and 
number of  hydrogen bonds in hydrogen-bond 
dominated solids, as measured by Young's 
modulus, decreases drastically upon the ad- 
sorption of moisture. The decrease in modulus 

* Corresponding author. Fax: (307)766-2807. 

is directly related to two regions of hydrogen- 
bond dissociation in paper [6]. The first region 
extends from zero moisture content to a point 
where a BET monomolecular layer of moisture 
has been established in the filter paper. The 
weight fraction of moisture at such monolayer 
coverage is designated as W M. Within this re- 
gion, only a single hydrogen bond is broken 
upon the adsorption of a water molecule. After 
the moisture content of the solid matrix ex- 
ceeds WM, cooperative hydrogen-bond dissoci- 
ation dominates. In this region, groups of 
hydrogen bonds dissociate upon the adsorption 
of a single water molecule. Consequently, a 
more drastic decrease in the rigidity of the solid 
matrix is observed. 

Schulman and Parker [7] presented evidence 
to indicate that the adsorption of moisture by 
filter paper permitted oxygen to penetrate the 
paper more efficiently. Citta and Hurtubise [8] 
reported that the SMRTP intensity of model 
aromatic compounds adsorbed onto filter pa- 
per decreased dramatically in the presence of 
humid nitrogen gas. In the presence of humid 
oxygen gas of 75% relative humidity (% RH), 
the SMRTP of the model compound they in- 

0039-9140/95/$09.50 • 1995 Elsevier Science B.V. All rights reserved 
SSDI 0039-9140(95)01548-5 
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vestigated was completely quenched. Purdy 
and Hurtubise [9] observed that SMRTP life- 
times of model compounds were comparatively 
insensitive to moisture in nitrogen gas. The 
quenching of SMRTP was primarily a result of 
diminished filter paper matrix rigidity [9]. The 
moisture quenching of SMRTP for phosphors 
on filter paper was thus referred to as "matrix 
quenching" in contrast to the conventional 
static quenching in solution [9]. Chen et al. [10] 
introduced an equation that describes the 
changes in the SMRTP intensity as a function 
of SMRTP lifetime ratios and an exponential 
expression that included the weight percent of 
adsorbed moisture. Further, Chen and Hur- 
tubise [11] introduced a model for the moisture 
quenching of SMRTP via the decrease in the 
Young's modulus of filter paper. 

In previous studies of solid-matrix moisture 
quenching, moisture was introduced into the 
sample compartment of the luminescence spec- 
trometer containing the filter paper sample via 
a flow of humid gas [8-11]. The amount of 
moisture in the flowing gas was determined by 
the flow rate of the gas through a series of 
sulfuric acid solutions [12]. In this work, a 
much simpler system was developed to obtain 
constant humidity in a sample chamber that 
contained the filter paper sample. This new 
sample chamber consists of a quartz cell and a 
teflon filter paper sample holder. Sulfuric acid 
solutions were added to the cell to create a 
humid environment surrounding the sample 
holder. It can be placed inside the sample 
compartment of a luminescence spectrometer, 
which eliminates the need to flow humidified 
nitrogen gas into the cell compartment. 

2. Experimental 

2.1. Apparatus 

Intensity and lifetime measurements were 
obtained with a Fluorolog 2 + 2  spec- 
trofluorometer (Spex Industries, Edison, N J) 
interfaced with a Spex Datamate computer and 
the Spex 1934C phosphorimeter accessory. The 
excitation source was a 50 W programmable 
pulsed lamp. A cooled Hamamatsu R928 pho- 
tomultiplier tube was employed. The 0/0 RH in 
the sample compartment of the spec- 
trofluorometer and in the procedure used to 
obtain adsorption isotherms was measured 
with a Vaisala HMI 31 hygrometer (Vaisala, 
Helsinki, Finland). 

2.2. Reagent and chemicals 

Absolute methanol (Baker, HPLC grade) 
was mixed with water (Baker, HPLC grade) in 
a 1:1 ratio. Thallium acetate (Aldrich, 99.99%) 
and glacial acetic acid (ACS Reagent grade, 
Fisher Scientific) were added to the above sol- 
vent to give 0.5 M thallium acetate and 0.3 M 
acetic acid. Benzo[a]pyrene-r-7,t-8,9,c-lO-te- 
trahydrotet-rol (tetrol I-l) was used as the 
model phosphor (Midwest Research Institute, 
Kansas City, MO), The tetrol solution was 
prepared by directly dissolving a weighed 
amount of tetrol in the thallium acetate solu- 
tion as described previously [13]. The concen- 
tration of the tetrol solution was 40 ng pl-2. 
Sulfuric acid (ACS reagent) was diluted in dis- 
tilled water to various concentrations and 
stored in stopped bottles [12]. 

2.3. Materials 

Whatman No. 1 filter paper (Whatman Co., 
Clifton, N J) was developed three times in abso- 
lute methanol, dried at 1 l0 °C for 30 rain and 
stored in a desiccator. Small circular disks of 
filter paper that were 0.4 cm in diameter were 
obtained from the developed filter paper sheet 
using a commercial paper punch. A teflon sam- 
pler holder and a delrin sample holder were 
custom made to hold the filter paper samples 
(Fig. 1). A quartz cell (Wilmad Co., Buena, NJ) 
was used as the sample chamber to contain the 
teflon sample holder. Compressed nitrogen gas 
(US Welding, Golden, CO) was filtered through 
an oxygen trap (Oxyclear, Oakland, CA) and 
Drierite (W.A. Hammond Drierite Company, 
Xenia, OH). Chemical resistant Duraseal film 
(Diversified Biotech, Boston, MA) was used to 
seal the top of the l cm quartz cell. This film 
allows only 0.00807 crn 3 cm -2 h - j  of 02 and 
0.646 Bg cm-2 h -  i of H20 to penetrate when 
used as described. An analytical balance was 
placed inside an Atomsbag (Aldrich) for the 
measurement of the weight increase of filter 
paper samples upon moisture adsorption in 
obtaining adsorption isotherms [10]. 

3. Experimental designs and procedures 

3.1. Adsorption isotherm 

An adsorption isotherm for water was ob- 
tained for thallium acetate treated paper as 
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described by Chen et al. [10]. Thallium ace- 
tate treated filter paper  samples were sus- 
pended above sulfuric acid solutions of  various 
concentrations for 45 min in stopped plastic 
bottles. The filter papers were weighed before 
and after this period of time. The adsorption 
isotherm was constructed by plotting the 
weight gained due to moisture adsorption 
against the % R H  in the bottles. The % R H  
in the bottle was determined by the concentra- 
tion of  sulfuric acid, and the wt% of moisture 
at monolayer  coverage (WM) of  thallium ac- 
etate treated filter paper  was calculated using 
the BET method [14]. The data are given in 
Table 1. 

The SMRTP quenching of  I-1 was then de- 
termined in relation to the moisture content of  
the filter paper  at various % RH. In general, 
the SMRTP intensities and phosphorescence 
decay curves were measured before and after 
the filter paper  had acquired moisture. Mois- 
ture was introduced onto the filter paper  via 
either a flow of  humid nitrogen gas, or by 
suspending the filter paper  sample above a 
solution of  sulfuric acid in a sealed 1 cm quartz 
cell sample chamber. In both designs, filter 
paper  samples were fitted into the sample 
holder. The sample holder was then placed in a 
sample chamber in which constant % R H  
was established. This is described in more de- 
tail below. 

3.2. S M R T P  quenching with flowing humid 
nitrogen gas 

A delrin sample holder (see Fig. 1) was used 
to hold the filter paper  samples. As indicated in 
the Figure, a positioning rod was attached to 
the upper part  of  the sample holder. The sam- 
ple holder was placed on a stage inside the 
sample compar tment  of  the spectrofluorometer. 

Table 1 
Adsorption isotherm data for thallium acetate treated 
whatman No. 1 filter paper 

% RH Moisture (wt%) 

0 0.00 
I0 1.07 
20 2.12 
30 2.97 
40 3.63 
50 4.52 
60 5.13 
70 7.09 
80 8.14 
90 10.23 
I00 16.00 

Each data point is the average of at least five trials. The 
standard deviation associated with each data point is less 
than 5%. 
The linear region between 10 and 50% RH was used to 
calculate monolayer coverage, W M. The calculated value of 
W M was 2.47 wt% moisture. The linear correlation co- 
efficient was 0.999 for the region from 10 to 50"/0 RH. 
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Fig. 2. Top view of sample holders in the cell compartment. 

Fig. 2 illustrates the sample compartment of the 
instrument viewed from the top. The stage is 
indicated as a clear circle (left) and dark square 
(right) around the sample holders in Fig. 2. The 
upper 3 cm of the positioning rod was outside 
the sample compartment, so that the rotational 
orientation of the sample holder could be ma- 
nipulated to obtain the maximum SMRTP in- 
tensity. The design on the left in Fig. 2 was used 
for flowing humid nitrogen gas. Compressed 
nitrogen gas was passed into the sample com- 
partment via two paths. The nitrogen gas which 
came in via path (1) contained no moisture and 
provided 0% RH inside the sample chamber. 
The nitrogen gas which came in via path (2) was 
filtered through an oxygen trap and a set of 
three water bottles. Each water bottle contained 
approximately 500 ml of distilled water. The 
amount of moisture brought into the sample 
compartment via path (2) was determined by the 
flow rate of nitrogen gas. The %RH inside the 
sample chamber was constantly monitored by a 
digital hygrometer. It could be altered by adjust- 
ing the flow of gas through either path (1) or 
path (2). 

One microliter of blank solvent was spotted 
on the surface of a filter paper sample which was 
on top of four other pieces of filter paper in the 
circular depression of the delrin sample holder 
(Fig. 1). The entire sample holder was dried in 
a oven at 110 *C for 30 min. It was then cooled 
at room temperature for 5 rain under dry nitro- 
gen gas inside the sample compartment. Both 
the blank and the sample were protected from 
the excitation light prior to the measurement 
step. The steady-state intensity of the blank 
filter paper was measured before the SMRTP 
decay curve of  the blank filter paper was 
recorded. Dry nitrogen gas was continuously 
passed into the sample compartment through- 
out the measuring period. After obtaining SM- 
RTP data under dry conditions, humid nitrogen 
gas from path (2) was directed into the sample 

compartment. Dry nitrogen gas inside the sam- 
ple chamber was quickly displaced by the humid 
nitrogen gas. A fixed % RH was established 
inside the sample chamber within 20 rain. The 
SMRTP intensity or phosphorescence decay 
curve of the humid blank filter paper sample 
was measured 45 min after a constant % RH 
inside the sample chamber was established. Af- 
ter blank measurement, the delrin sample holder 
was removed from the sample compartment and 
dried again at 110°C for 30 min. One-microliter 
aliquots of tetrol I-1 solution were transferred 
onto the top surface layer of the filter paper 
samples. After drying (30 min at 110 *C and 
then 5 min under dry nitrogen gas at room 
temperature), the steady-state SMRTP intensity 
and phosphorescence decay curve of I- I on filter 
paper were measured. Mositure was then intro- 
duced again, and the SMRTP intensity and 
phosphorescence decay curve were obtained un- 
der humid conditions. The SMRTP intensity 
and phosphorescence decay curve from the 
blank filter paper samples were subtracted from 
the corresponding SMRTP intensity and phos- 
phorescence decay curve of tetrol I- I on dry and 
humid filter paper samples. The phosphores- 
cence lifetimes of I-1 were calculated for dry and 
humid filter paper samples and are presented in 
Table 2 with respect to the moisture content of 
the filter paper. 

3.3. SMRTP quenching within a Quartz cell 
sample chamber 

A teflon sample holder was custom made to 
hold the filter paper samples (Fig. 1). A I cm 
quartz cell was used to hold the teflon sample 
holder. It was sealed with a piece of Duraseai 
film and fitted snugly on a metal stage inside 
the sample compartment of the spec- 
trofluorometer (Fig. 2). The teflon sample 
holder containing the blank filter paper sam- 
ples was dried under identical conditions to the 
delrin sample holder. It was transferred to the 
sample compartment of the spectrofluorometer 
and placed diagonally into a quartz sample cell 
(Fig. 1). Dry nitrogen gas was directed into the 
quartz sample cell via a glass pipette for 5 min 
before it was sealed with a square piece of 
airtight Duraseal film. The SMRTP intensity 
and phosphorescence decay curves of the blank 
filter paper samples were recorded under the 
identical instrumental conditions as the flowing 
nitrogen gas system. After the RTP data on 
dry filter paper sample was recorded, the 
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Table 2 
%/r  and Po/P values for tetrol I-1 with flowing nitrogen gas and a quartz cell system 

975 

Moisture (wt%) Flowing nitrogen gas ~ Within quartz cell 

zotr Po/P ~o/Z Po/P 

0 . 0 0  1 . 0 0  1 .00  1 . 0 0  1 . 0 0  

1.42 1.12 1.05 1.05 1.08 

1.87  - - 1 .07  - 

2 . 1 2  1.20 1.38 1.10 1.17 

2.97 1.22 1.78 1.26 1.27 
3.63 1.24 1.98 1.27 2.54 

4.52 1.17 2.63 1.38 4.37 

5,38 - - 1.52 - 
5,57 - - 1.60 - 

7,09 1.17 3.80 1.77 9.66 

7,50 - - 1.90 - 

a The ro/T and Po/P data  were taken from Ref. [10]. 

Duraseal film was removed and 0.6 ml of a 
sulfuric acid solution was added to the quartz 
sample cell. A gentle stream of dry nitrogen gas 
was continuously passed into the quartz sample 
cell at 0.5 psi during the addition of sulfuric 
acid solution. The quartz sample cell was 
sealed again with a fresh piece of Duraseal 
film. The SMRTP intensity and decay curve of 
blank filter paper sample were recorded again 
after 45min. After the measurements, the 
teflon sample holder was removed from the 
quartz cell and dried at l l0 °C for 30rain. 
Sulfuric acid solution inside the quartz sample 
cell was discarded and the cell was rinsed with 
soap, nitric acid, tap water, distilled water and 
distilled ethanol, before being placed back onto 
the metal stage in the sample compartment. 
After drying, the teflon sample holder was 
cooled under dry nitrogen gas for 5 min at 
room temperature. One microliter of tetrol I-1 
solution was spotted onto the top filter paper 
sample. The entire sample holder was dried 
again at 1 l0 °C for 30 min. It was placed back 
into the quartz sample cell and cooled under 
dry nitrogen gas. The SMRTP intensity and 
phosphorescence decay curve of the tetrol on 
dry and humidified filter paper samples were 
recorded in the same fashion as the blank filter 
paper samples. The blank SMRTP intensity 
and phosphorescence decay curve data were 
subtracted from the corresponding sample data 
for I-l. The results are presented in Table 2. 

3.4. Measuring the steady state SMRTP 
intensity and lifetime 

The steady state SMRTP intensity of the 
tetrol was measured by setting both the excita- 

tion and emission monochromators at appro- 
priate wavelengths (2cx = 345 nm and 
2era = 608 nm). The initial delay was set at 
0.1 ms, the gatetime (specified as "window" in 
Spex) was set at 5 ms, and the average intensity 
was obtained from 20 intensity values. The 
SMRTP decay curves of the filter paper and 
tetrol I-1 were also recorded at the excitation 
and emission wavelengths mentioned above. A 
phosphorescence lifetime program was loaded 
into the Datamate computer to obtain the 
phosphorescence decay curve. The phosphores- 
cence decay curves obtained from filter paper 
samples with various moisture contents were 
all measured with 0.03 ms delay, 5 ms gatetime, 
and five flashes per data point. A time period 
of 0.07 ms was allowed between each flash, 
with 0.1 ms between consecutive data points. A 
total of 200 points was collected in construct- 
ing the phosphorescence decay curve. After 
subtracting the blank decay curve, the data for 
the phosphorescence decay curve from 0.03 to 
12.75 ms were used in a linear regression pro- 
gram. The SMRTP lifetimes of the tetrol sam- 
ples were calculated from the slope of the 
regression line. 

4. Results and discussion 

The weight percent (wt%) moisture values 
obtained on thallium acetate treated filter pa- 
per samples at a given %RH are presented in 
Table 1. The moisture content of filter paper 
increased linearly between 5 and 50% RH, and 
then more drastically above 70% RH. The lin- 
ear correlation coefficient between 5 and 50% 
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RH was over 0.999. Using the linear portion 
between 5 and 50% RH, the monolayer cover- 
age of water (WM) was calcualted to be 2.47% 
using the BET method. This corresponds to 
approximately 24% RH. The point at which 
WM occurs is important because, as discussed 
in the Introduction, it separates two regions of 
hydrogen bond dissociation. 

Table 2 lists the ratios of SMRTP intensities 
(Po/P) and lifetimes (%/~) in relation to vari- 
ous percentages of moisture content in the filter 
paper. Po represents the SMRTP intensity on 
dry filter paper and P represents the corre- 
sponding intensity with moisture. Similarly, the 
term % is the SMRTP lifetime without mois- 
ture, and z is the corresponding lifetime with 
moisture present. Each data point in Tables 1 
and 2 represents the average of at least two 
trails. 

As indicated in Table 2, the SMRTP inten- 
sity of I-I was not affected much by moisture 
before WM. The %/z values also changed little 
for the flowing nitrogen gas system. After the 
wt% of water had reached about 2.0%, the 
Po/P values changed more rapidly with the 
flowing nitrogen gas system compared to the 
z0/z values with this system. The Zo/Z results 
from the quartz cell showed a similar trend 
compared to the flowing nitrogen gas system 
up to approximately 3.6wt% water. After 
about 4.5 wt% water was adsorbed, the Zo/r 
values became larger compared to the ~o/r 
values obtained from the flowing nitrogen gas 
system. The Po/P ratios with the quartz cell 
system were considerably larger after about 
4.5 wt% water, compared to the Po/P ratios 
from the flowing nitrogen gas system. Fig. 3 
illustrates the data in Table 2 for both systems. 

In general, the results from the two systems 
gave similar trends. The adsorption of moisture 
can be separated into two regions, as discussed 
by Chen et al. [10]. In the first region, which 
extends from 1 to about 2.5 wt% water, dy- 
namic quenching dominates the entire quench- 
ing process. The intensity and lifetime ratios 
were about the same. In the second region, the 
Po/P ratio increased much faster than the %/~ 
ratios (Fig. 3). Fig. 3 clearly showed that iden- 
tical quenching was not obtained for both sys- 
tems over the entire wt% water range for the 
corresponding Zo/r and Po/P ratios. This is 
most likely related to the fundamental differ- 
ences between the two systems. With the flow- 
ing nitrogen gas system, the humidified 
nitrogen gas flows into and also exits the sam- 

pie chamber. The nitrogen gas is constantly in 
motion, and thus moisture would not absorb as 
readily onto the filter paper as with a static 
system. The quartz cell sample chamber can be 
considered as a static system. As Fig. 3 shows, 
at greater than 3.5 wt% moisture, more water 
was adsorbed by the filter paper as indicated by 
the greater change in the Po/P ratios with the 
quartz cell compared to the flowing system. 
This is a result of the moisture being in more 
intimate contact with the filter paper in the 
quartz cell. In the flowing system, the cell 
compartment is very large and the humidified 
nitrogen is readily dispersed compared to the 
closed 1 cm quartz cell. The results in Fig. 3 
showed that the type of system used to study 
moisture adsorption on filter paper is impor- 
tant, and the results are influenced by the 
design of the system. Thus, it would be impor- 
tant to use the same system for a given set of 
experiments to acquire consistent results. 

Another important consideration related to 
the results in Fig. 3 is that the wt% water 
adsorbed onto the filter paper was obtained by 
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Fig. 3. SMRTP quenching of  tetrol I-I(a) on Whatman 
No. 1 filter paper treated with thallium acetate-acetic acid 
solution under a flow of  humid nitrogen gas (data from 
Ref. [10]), and Co) inside a sealed quartz sample cell. The 
ratio Po/P refers to the phosphorescence intensity ratio, 
and the ratio To/r refers to the phosphorescence lifetime 
ratio. See text for additional details. 
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first suspending filter paper samples in bottles 
containing sulfuric acid solutions, and then 
weighing the samples in a humidity controlled 
environment. Most likely, the wt% moisture 
obtained under these conditions would be very 
similar to that in the quartz sample chamber. 
However, because all three systems (quartz cell, 
flowing system, and bottles with sulfuric acid) 
are not identical, the wt% moisture values in 
Table 1 would be proportional to the true wt% 
moisture adsorbed for the two systems investi- 
gated. This is indicated by the results in Fig. 3. 
The wt% moisture used in Figs. 3(a) and 3(b) is 
identical for both wt% moisture axes, but be- 
yond 3.5 wt% moisture the Po/P values for the 
two systems become considerably different. 

The trends in Zo/Z ratios obtained from the 
two systems are different. With the quartz cell, 
the Zo/r ratio gave an approximate linear rela- 
tionship with wt% moisture. The Zo/r ratios for 
the flowing nitrogen gas system essentially 
reached a constant value above about 2.12 wt% 
water. Matrix quenching was more effective in 
the new sample chamber as indicated in Fig. 3 
with the much greater slope of the Po/P plot in 
the region beyond 3.0 wt% water for the quartz 
cell. Matrix quenching involves the participa- 
tion of moist filter paper in the quenching 
process. This type of quenching has been dis- 
cussed by Chen et al. [10]. The separation 
between the two regions of SMRTP quenching 
discussed was also better clarified using the 
new design. It occurred slightly beyond WM at 
3% moisture content (compare Figs. 3(a) and 
3(b)). Using the new quartz cell design, the 
effects of a humid environment can be studied 
in the sample compartment of commercial 

luminescence instruments. In addition, the 
quartz sample cell can be transferred easily so 
that data can be obtained from instrument to 
instrument. 
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Abstract 

Trimethylsilyl derivatives of 10 different hydroxy- and methoxyhydroxyflavonoid compounds were studied 
by the GC-FTIR technique. Optimal deviation parameters were determined for the flavonoids studied. The 
correlation found between retention and gas-phase IR data can successfully be used in structural identifica- 
tion of compounds having very similar chromatographic behaviour. The shift of the carbonyl frequency 
gives information on the presence of substituting agents 

1. Introduction 

Flavonoids are the most diverse and ubiqui- 
tous compounds of plants. Currently, the most 
common techniques used for the analysis of 
flavonoids are thin layer chromatography and 
reversed phase HPLC [1-4], in spite of the fact 
that it is difficult to handle problems originat- 
ing from the similarity of retention behaviour 
and the use of classical detection methods. This 
is the reason why efforts are made to correlate 
retention and spectroscopic data or to use cou- 
pled techniques [5-7]. Coupling of thin layer 
and liquid chromatography with infrared spec- 
troscopy as a detection technique encounters 
several practical difficulties and cannot be con- 
sidered a routine method [8]. Therefore, the 
G C - F T I R  technique has its advantage in the 
structural identification of compounds suitable 
for GC analysis either directly or indirectly (via 
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derivatization). In the present work correla- 
tions between retention behaviour and the gas 
phase IR spectroscopic data are discussed. 

2. Experimental 

2.1. Materials 

The flavonoid samples (min. 98% purity) used 
throughout the experiments are as follows: 3-hy- 
droxyflavone (flavonol), 5,7-dihydroxyflavone, 
4',5,7-trihydroxyflavone (naringenin), 2',3,4', 
5,7-pentahydroxyflavone (morin), 3,Y,4',5,7- 
pentahydroxyltavone (quercetin), 7-methoxyfla- 
vanone, 3-hydroxy-4'-methoxyflavone, 5,7-di- 
hydroxy - 2',3 - dimethoxyflavone,Y,5,7 - trihyd- 
roxy-4-methoxyfiavone (hesperetin) and Y,3,4', 
5-tetrahydroxy-7-methoxyttavone (rhamnetin). 

Compounds used as derivatization agents 
were 2,2,2-trifluoro-N,O-bis(trimethylsilyl)acet- 
amide (BSTFA; Fluka and Merck), N- 

reserved 
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(tdmethylsilyl)imidazole (Tri-Sil Z; Pierce), I, 1, 
1,3,3,3-hexamethyldisilazane (HMDS; Fluka) 
and trimethylchlorsilane (TMCS; Fluka). Hex- 
ane (Carlo Erba) and methanol (Reanal, Buda- 
pest) used as solvents were of chromatographic 
purity. 

chromatogram was obtained by the Gram. 
Schmidt vector orthogonalization method. 
Spectra were recorded at a resolution of 8 cm- ~. 

3. Results and discussion 

2.2. Derivatization 3. I. Derivatization 

Two methanolic stock solutions (mixtures A 
and B) were prepared from both hydroxyflav- 
onoids and methoxyhydroxyflavonoids. Mix- 
ture A contains flavonol, 5,7-dihydroxyflavone, 
naringenin, morin and quercetin in equal con- 
eentrations of 1 mg/ml. Mixture B contains 
7-methoxyflavanone, 3-hydroxy-4'-methoxy- 
flavone, 5,7-dihydroxy-2'3-dimethoxyflavone, 
hesperetin and rhamnetin of the same concen- 
tration (1 mg/ml). In order to evaporate the 
solvent, a given quantity (100-200 lal) was ex- 
posed to the air for some 12 h. In the case of 
mixture A 300 lal Tri-Sil Z and 200 lal hexane 
were added to the dry residue and silanization 
was maintained at 85 *C for 30 min. For mix- 
ture B, 300 1~1 BSTFA and 200 lal hexane were 
added, and the reaction was allowed to proceed 
at 70 *C for 60 min. Then the mixtures were 
made up to 1 ml with hexane. 

2.3. Gas chromatographic separation 

Separation of the components of mixtures A 
and B was made by means of a HP-588OA 
(Hewlett-Packard) type gas chromatograph. A 
HP-1 type fused silica capillary column 
(Hewlett-Packard; 1 = 12 m, 0.2 mm i.d., 
0.33 Inn film thickness) was used. Separations 
were made with programmed heating 
(T--- 180 *C for 1 min, then 5 *C/rain to 280 *C, 
and finally T = 280 *C for 5 min) using splitless 
injection (350 *C injector temperature) and a 
flame ionization detector (FID). 

2.4. GC-FTIR  analysis 

G C - F T I R  runs were performed by means of 
a HP-5880A gas chromatograph connected to a 
Bio-Rad FTS-45 type FTIR spectrometer via a 
Bio-Rad GC-32 interface equipped with a high 
sensitivity mercury cadmium tellurid (MCT) 
detector. Therefore, it was possible to carry out 
simultaneous FID and IR detection. The tem- 
perature of the transfer line and the light pipe 
(15 cm long, 1 mm i.d., gold-plated inside) was 
thermostated to 300 *C. The software-generated 

The preparation of the trimethylsilylated 
derivatives of flavonoid compounds is widely 
discussed in the literature [9-11]. Although no 
difficulties associated with derivatization are 
reported, we found that complete derivatization 
(100% conversion) can only be achieved with 
flavonoids of low substitution owing to the 
strong intramolecular hydrogen bonds of poly- 
substituted flavonoids. The breaking of these 
bonds requires stronger derivatization agents, 
or an increase in the temperature of the silaniza- 
tion reaction which, on the other hand, may 
result in the decomposition of the molecule or 
the occurrence of side-reactions. Our observa- 
tions are in good agreement with those of 
Brownbridge [12]. It was also recognized that 
the FID is rather insensitive to trimethylsilyl 
derivatives of flavonoids (e.g. the detection limit 
for derivatized quercetin was 0.04 mg/ml) which 
is probably a result of the high thermal stability 
of these compounds [9,10]. This is one of the 
reasons why relatively high concentrations were 
used. 

Both mixtures (A and B) were reacted with 
BSTFA, Tri-Sil Z and HMDS:TMCS (2:1 v/v) 
reagetns for different times at various tempera- 
tures. It was found that mixture B was very 
sensitive to the strength of the derivatization 
agent and to the temperature of the reaction. 
This is supported by the linear FID response 
(in the 0.05-1.0 mg/ml concentration range) to 
reaction products obtained during the deriva- 
tization of quercetin with BSTFA in a mi- 
crowave oven (Philips M610; stage 6; 2 × 5 
minutes). Similar results were obtained with the 
Tri-Sil Z derivatization agents. The regression 
coefficients obtained in the above concentra- 
tion range with derivatization agents BSTFA 
and Tri-Sil Z were R = 0.9998 and 0.9990, re- 
spectively, in spite of the fact that--unlike the 
literature results [9-11]--complete decolour- 
ization was not observed. 

The optimal parameters for the reaction of 
hydroxyflavonoids were 30 min reaction time 
and 80 *(3 reaction temperature with Tri-Sil Z 
derivatization agent. For the reaction of 
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Fig. 1. Chromatograms of  silanized flavonoid compounds. 
(A) mixture A; (B) mixture B; (a) FID response; (b) 
reconstructed Oram-Schmid t  chromatogram; Elution se- 
quence: mixture A: flavonol, 5,7-dihydroxyttavone, narin- 
genin, morin, quercetin. Mixture B: 7-methoxyflavanone, 
4'-methoxy-3-hydroxyflavone, 2',3-dimethoxy-5,7-dihyd- 
roxyitavone, hesperetin, rhamnetin. 

methoxyhydroxyttavonoids, the use of BSTFA 
reagent at 70 °C for 60 min was found to be 
optimal. The FID and reconstructed Gram- 
Schmidt chromatograms recorded under the 
above conditions are shown in Fig. 1. 

3.2. G C - F T I R  analysis 

Gas spectra with a good signal-to-noise ratio 
were obtained only when the amount of the 

compound to be detected in the light pipe was 
a minimum of 80-100 ng. This is an additional 
reason to use relatively high sample concentra- 
tions. 

The symmetrical deformation vibration of 
the siloxane methyl groups connecting to sili- 
con appears at 1260 cra -I in the form of a 
characteristic band. The methyl rocking band 
occurs at 850 + 30cm -1 including the Si-C 
stretching mode. The S i -O-C  band appears at 
1100 + 100 cm- i. This frequency, however, 
strongly depends on the chemical environment. 
In the spectra of flavonoid derivatives the 
Si-O-C stretching and the methyl rocking 
bands occur in the 1305-1166cm -I and the 
920-840 crn -1 ranges, respectively. 

In order to compensate for errors originating 
from the changing concentration of compo- 
nents in the light-pipe, the peak intensity ratios 
of the S i -O-C stretching (Vsi_o_c) and the 
methyl rocking (PCH3tSi-Cn3)) bands (AVsi_o_c/  
Apcn3tsi_cH3) ) were related to the relative re- 
tention. Since the increase of the number of 
-O-Si(CH3)3 substituents on the flavone 
molecule results in the increase in intensity of 
both the S i -O-C stretching and the methyl 
rocking bands, and the retention time increases 
with the molecular weight on an apolar 
column, it seemed to be logical to correlate the 
relative intensity with the relative retention. 
For calculation of the relative retention tR/tR,, 
the flavonoid (flavonol) having the lowest re- 
tention time was selected as a reference. Data 
obtained from the spectra are summarized in 
Table 1. There was a close correlation between 
the relative retention and the peak intensity 
ratio of the Vsi_o_ c and PCH3tSi_CH3) bands 
(Fig, 2). In the tR/t R. < 2 range a significant 
difference can be observed in the curves ob- 

Table 1 
Correlation between relative retention tR/tR, and some data of  gas phase IR spectra 

Compound tR/t R. VC~ 0 VSi_O_c/PcH;(Si_CH3 ) AV¢~ 0 
(cm-') (cm -~) 

Flavonol 1 1661 1.78 - 45 
5,7-Dihydroxyflavone 1.8 1666 0.85 - 40 
Naringenin 2.08 1696 0.61 - 10 
Morin 2.27 ! 652 0.65 - 54 
Quercetin 2.70 1650 0.67 - 56 
4'-Methoxy-3-hydroxyflavon¢ ! .33 1659 2.07 - 47 
2',3-Dimet hoxy- 5,7-dihydroxyflavone 1.52 i 650 1.28 - 56 
Hesperetin 2.02 1692 0.71 - 9 
Rhamnetin 2.28 1650 0.69 - 56 

Carbonyl reference frequency: 1706 c m -  ~. 
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tained for methoxyhydroxy and hydroxyflav- 
onoids. In the t R / t R , > 2  range, however, a 
constant intensity ratio of  0.6-0.7 is expected. 
In the "substituent sensitive" region of  the 
relative peak intensities (between 2.1 and 0.7) 
the number of  the -O-Si(CH3)3 substituents 
or the expected retention times of  the deriva- 
tives can be estimated. A further study is neces- 
sary to investigate which spectral properties 
can be used to estimate the retention time of  
highly substituted derivatives. 

The carbonyl stretching frequency of  the 
substituted flavone molecule differs strongly 
from that of  the nonperturbated one, depend- 
ing on the position of  the substituent. IR spec- 
tra available in the literature [1,2,13] were 
recorded in KBr, nujol, CC14 and dioxane ma- 
trices, only. Therefore, it seemed reasonable to 
select the vapour phase C=O stretching band of  
7-methoxyflavanone as a 'nonperturbated'  ref- 
erence frequency (1706cm-~). The frequency 
shifts of  the carbonyl bands relative to this 
frequency (Avc~o) are given in the last column 
of  Table 1. It can be seen from the band shifts 
that the carbonyl frequencies of  the derivatives 
of  naringenin, hesperetin and 7-methoxyfla- 
vanone used as reference material are observed 
around 1700 cm -m, while those of  the flavonol, 
morin, quercetin, 3-hydroxy-4'-methoxyfla- 
vanone and rhamnetin derivatives show band 
shifts of  4 5 - 5 6 c m  - l .  The shift of  the Vc~ o 
stretching frequency relative to the reference 
position (1706 cm -~) may be due to steric hin- 

2.5 

I 2 
1.5 .< 

0.5. 

0.5 i f.s ~ 2'.s a 

t#t,, 

Fig. 2. Correlation between relative retention (tR/tR,) and 
the peak intensity ratio of the Vsi_o_ c and Pcm(si-cm) 
bands. A, Methoxyhydroxythvonoids; IL hydrox- 
yttavonoids. 

drances. It is interesting to note that with 
molecules substituted at the C - 3  position 
(flavonol, 3-hydroxy-4'-methoxyitavone) a fre- 
quency shift of  45-47 c m - '  was observed. On 
the other hand, the carbonyl vibration is less 
hindered in molecules substituted at the C-5 
position (e.g. for naringenin A v =  10cm-l ) .  
For  molecules substituted at both the C-3 and 
C-5 positions frequency shifts of  5 4 - 5 6 c m  -~ 
were observed. The influence is not 
additive and it seems that the effect of  sub- 
stituents at the C-3 position is stronger than at 
the C-5 one. 

4. Conc lus ion  

Based on the results obtained it can be stated 
that the G C - F T I R  method has advantages 
over HPLC or TLC techniques when the iden- 
tification of  structure is difficult owing to simi- 
larities in retention behaviour and/or to 
limitations of  classical detection methods. The 
shift of  the carbonyl band frequency is particu- 
larly sensitive to C-3 and C-5 substitution. 
With the correlation between relative retention 
and the Vsi_o_c/PcH3(Si_Cn3) band ratio, the 
number of  substituents can be estimated. 
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Let t e r  to  the  E d i t o r s  

Dear Sir, 

An analytical method for speciation of mercury by GC/CVAFS after aqueous phase ethylation 
and room temperature precollection has been originally published by Bloom [1], and improved by 
Liang et al. [2]. The method has been extensively used in more and more laboratories for the 
determination of mercury species in a variety of environmental and biological materials. 

Using the original method [1], the ethylation derivatives are precollected on Carbotrap ® 
columns. As described in our paper [2], because of its catalytic activity as well as other unknown 
factors, the Carbontrap ® may sometimes cause a decomposition of organo-Hg species during 
thermal desorption of these compounds from the Carbontrap ® column to a GC column. To 
eliminate this problem, we have suggested the use of Tenax ® traps in the improved method. We 
found that the Tenax ® has an excellent trapping efficiency, which does not cause the decomposi- 
tion of organo-Hg species, indicating that it is a good trapping material. We have also found, 
however, that when these traps were used, the sensitivity decreased with increasing measurement 
number, especially when new traps were used. The magnitude of decrease was found to depend 
on the measurement frequency. For instance, in a frequency of 10 measurements per day, no 
significant decrease was observed, but if 10 measurements were completed per hour, a gradual 
decrease in sensitivity appeared after about 10 measurements, and, sometimes even, no signals 
were observed after about 40 measurements. We found that letting the GC column stay at the 
measurement temperature or higher overnight, the sensitivity returned to normal. On the next 
day, however, the same pattern in the sensitivity was observed again. The reason for this is 
probably because the Tenax ® is a polymer containing numerous volatile compounds such as 
aromatic hydrocarbons. The volatile compounds from the Tenax ® may release to and deposit on 
the GC column while heating the Tenax ® trap at a higher temperature for desorbing organo-Hg 
species resulting in interference in the GC process. 

Based on the above explanation, in order to protect the GC column from the deposition of the 
volatile compounds released from the Tenax ® trap, a precolumn was inserted between the Tenax ® 
trap and GC column, and was kept at room temperature. The precolumn was constructed by 
packing a small amount of OV-3, the same material as used for packing the GC column, into the 
same quartz tubing as used for packing the Tenax ® trap [1]. After inserting this precolumn, the 
gradual decrease in the sensitivity with increasing measurement number was no longer observed, 
thus, the interference was eliminated. It was indicated that here the precolumn played the role of 
a filter, and the compounds released from the Tenax ® could not go through the precolumn at 
room temperature, while the organo-Hg compounds can go through with no retention. The only 
problem is that after inserting the precolumn, the peaks broadened and the retention time 
extended, thus the peak height sensitivity decreased and the throughput reduced. To avoid this 
problem, the amount of OV-3 used for packing the precolumn was minimized. The optimal 
amount was found to be about 20 mg. Further, to shorten the retention time the temperature of 
the GC column was slightly increased. Both the peak height sensitivity and the throughput were 
finally compensated. We cleaned the precolumn every day before starting the analysis by heating 
it with the wire used for heating the trapping column to desorb the organo-Hg species [1] at about 
200°C for 5 min, while disconnected from the GC column. A precolumn can be used for at least 
6 months with excellent protection efficiency. 
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Abstract 

The contact charge transfer (CCT) absorption spectra of dimethylsulphoxide (DMSO), N,N-dimethylfor- 
mamide (DMF), N,N-dimethylacetamide (DMA), ethanol, methanol, water, benzene (Bz), N,N'-diethylani- 
line (DEA), N,N'-dimethyl-p-toluidine (DMT) and N,N'.diethyl.p.toluidine with molecular oxygen have 
been investigated. These solvents form strong ultraviolet/visible CCT absorption spectra with intensities that 
are related to the partial pressure of the applied oxygen. DMSO, DMF, DMA, Bz, DEA and DMT are 
shown to form 1:1 molecular contact complexes with molecular oxygen. A simple oxygen sensing system is 
described using CCT absorption spectroscopy of DMT at a wavelength of 400 nm, with a gas flow rate of 
60 cm 3 rain- m through the solvent in a cuvette with a pathlength of 1 cm. Inexpensive plastic fibres are used 
to relay the light from a xenon lamp source to the cuvette and back to a photo-detector. The response of 
the sensing system to changes in oxygen concentration is reversible, non-linear and in good agreement with 
the Beer-Lambert law. The most sensitive response region is from 0 to 20% O 2 with a change in signal level 
of about 35%. The solvent used shows no deterioration in performance over a long period and can be used 
to determine gaseous oxygen concentrations from 0 to 100%. It does not respond to carbon dioxide. 

1. Introduction 

The determination of  oxygen concentrations 
in various gaseous and liquid samples, and 
biological fluids has important applications in 
environmental, clinical and analytical chem- 
istry, and oxygen concentrations are often 
closely related to the progress of  many chemi- 
cal and biochemical reactions. Considerable 
effort has been devoted over many years to the 
development of  new techniques for the mea- 
surement of  the oxygen concentrations. A very 
common oxygen sensor is the Clark-type elec- 
trode, which is one form of  a direct ampero- 
metric gas sensor, or its modifications [1,2]. It 
is easily calibrated and has a relatively rapid 
response. However, this electrode usually re- 

* Corresponding author. 

quires a steady supply of  oxygen to the sensor 
surface for a reliable response as it consumes 
oxygen (irreversible), and so is not recom- 
mended for use in a very small static sample. It 
also has a limited working life and is easily 
poisoned by H2S, proteins and various organic 
compounds. Other electrochemical oxygen sen- 
sors have been developed, including conducto- 
metric sensors [3] and potentiometric sensors 
[4-6]. One alternative to the electrochemical 
oxygen sensors uses the paramagnetic nature of  
molecular oxygen to alter the force of  attrac- 
tion between a diamagnetic material and a 
steady magnetic field [7]. This system has lim- 
ited applications and cannot be used with liq- 
uid samples. Other alternative methods are the 
luminescence-based optical fibre sensors which 
have increased in importance in recent years. 
The sensor is usually made from a fluorescent 
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compound attached to the tip of a fibre-optic 
cable. Excitation light, after passing along a 
light fibre, interacts with the fluorescent com- 
pound and the fluorescence, picked up by the 
same or another fibre, is transmitted to a detec- 
tor. The principle of the measurement is based 
upon the fluorescence quenching or lifetime 
changes of the fluorescent compound exposed 
to different oxygen concentrations [8-12]. Un- 
fortunately, the optical fibre fluorosensors are 
subject to several limitations such as: the time- 
consuming preparation of the sensing material; 
poor long-term stability of the sensing mate- 
rial; and a generally limited dynamic range. 
Another type of fibre-optic sensor is based on 
the absorption change of a metallic-organic 
compound; however, its response is also pH- 
dependent [13]. 

It has been found that some organic solvents 
exhibit new absorption bands when in contact 
with oxygen [14]. Tsubomura and Mulliken 
[15] concluded that this is caused by the forma- 
tion of contact charge transfer (CCT) pairs 
between the organic solvents and molecular 
oxygen. A theoretical investigation of the ab- 
sorption spectra caused by oxygen has also 
been given by them. Molecular oxygen acting 
as an electron acceptor via its triplet electronic 
state (302) can form a donor-acceptor (D-  
302) contact pair with some solvents acting as 
electron donors (D). Radiation absorbed by 
the ground state D-302 contact pair gives an 
excited state (D-302)  * which subsequently dis- 
sipates the excess energy via several different 
possible mechanisms. If the difference in energy 
between the excited and ground states is rela- 
tively small, especially for those donors with 
low ionization potentials, then de-excitation to 
the ground state usually occurs without any 
photodecompostion of the donor and the ac- 
ceptor [16]. The CCT absorption bands lie in 
longer wavelength regions if the solvents have 
lower ionization potentials, and usually appear 
as extensions to the long wavelength edge of 
the absorption spectra of the de-oxygenated 
solvents. The peaks of the CCT absorption 
bands are generally masked by the much 
stronger absorption bands of the solvent itself. 
The CCT absorption intensity of the organic 
solvents is also related to the partial pressure of 
oxygen in the gas mixtures above the solvents, 
and the reaction between the solvents and oxy- 
gen is reversible [17]. 

The purpose of the investigation was to 
study the CCT absorption spectra of a number 

of different solvents with oxygen and then to 
explore the possibility of building a simple 
detecting system for oxygen using one of the 
solvents. The solvents studied in the investiga- 
tion were dimethylsulphoxide (DMSO), N,N- 
dimethylformamide (DMF), N,N-dimethyl- 
acetamide (DMA), ethanol (EtOH), methanol 
(MeOH), water (H,O), benzene (Bz), N,N'-di- 
ethylaniline (DEA), N,N'-dimethyl-p-toluidine 
(DMT) and N,N'-diethyl-p-toluidine (DET). 
The results of this investigation show that 
DMT has strong CCT absorption bands ex- 
tending into the visible region and it was cho- 
sen for use in the detecting system for oxygen. 
This detecting system has several advantages: 
inexpensive plastic optical fibre can be used; 
DMT is inexpensive and readily available 
(without the time-consuming preparation of 
oxygen-sensitive material); it can detect a 
wide range of concentrations of gaseous oxy- 
gen; it can possibly be further developed into a 
multi-analyte sensing system; the solvent used 
is stable for a long period without loss of 
sensitivity. 

2. Experimental 

2. I. Chemicals and reagents 

DMSO (99.9%, HPLC grade), acetonitrile 
(MeCN, >99.9%, HPLC grade), DMA 
(> 99.9%, HPLC grade), DMF (> 99.9%, 
HPLC grade), DEA ( > 99%), DMT ( > 99°/0), 
MeOH (>99.9%, HPLC grade), EtOH (dena- 
tured with 5% isopropyl alcohol, HPLC grade), 
Bz (>99.9%, HPLC grade) and n-heptane 
(99%, spectrophotometric grade) were pur- 
chased from Aldrich. DET (99%) was obtained 
from Kodak Laboratory Research Products, 
UK. Water was deionized by the Purite R0200- 
Stillplus HP system. 'White spot' nitrogen gas 
(oxygen free), oxygen gas, carbon dioxide and 
hydrogen gas were obtained from BOC Lim- 
ited, UK. 

2.2. The gas mixing system 

The gas mixing system is shown in Fig. 1. 
Different oxygen concentrations (in the range 
0-100%) in the gas stream were produced by 
controlling the flow rates of the oxygen and the 
diluent nitrogen gas entering the mixing cham- 
ber. The gas mixture was passed through a 
portable oxygen meter (Oxywarn 100I from 
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Fig. 1. Schematic diagram of the gas mixing system for generating oxygen standards. 

Draeger Manufacturing, UK), where the oxy- 
gen concentration in the gas mixture was deter- 
mined before passing through the solvent 
contained in a 1 cm pathlength spectrophoto- 
meter cuvette. 

2.3. Instrumentation 

CCT absorption spectra were measured on a 
Perkin-Elmer Lambda 15 Spectrophotometer. 
In the sensing system for oxygen, a laboratory- 
made optical system was set up (Fig. 2). An 
intense beam of ultraviolet/visible (UV/vis) ra- 
diation of a known wavelength was produced 
using the internal 150 W xenon lamp and 
monochromator (bandpass width 34 nm) of a 
Perkin-Elmer MPF-3 Fluorescence Spec- 
trophotometer, and then modulated by passing 
it through a frequency-stabilized light chopper 
operating at a frequency of 211 Hz (Model 
9000 from Monolight Instruments, UK) before 
being launched into a bundle of plastic optical 
fibres (1 m length and 2 mm diameter from RS 
Components, UK). The transmitted radiation 
from the fibres irradiated the front surface of a 
1 cm quartz cuvette containing 3 ml of the 
solvent, with gaseous oxygen standards contin- 
uously passing through it at a flow rate of 
60 cm 3 min- ~. A second bundle of plastic fibres 
(each of 0.Sm length, 2mm diameter) was 
placed on the back surface of the cuvette to 
collect the transmitted light. The other end of 
this bundle led directly onto the front surface 
of a 100mm 2 silicon photo-voltaic detector 
(RS Components, UK), and the output signal 
connected to a Bentham 277 current pre-am- 
plifer and a Bentham 223 lock-in amplifer 
(Bentham Instruments Ltd, UK) which was 
synchronised to the modulated light beam by a 
reference signal provided by the light chopper. 
The signal from the amplifier was recorded on 

a Gould BS-271 recorder (Gould Bryans In- 
strument Ltd., UK) or displayed on a Bentham 
217 digital unit. 

3. Results and discussion 

3. I. The CCT absorption spectra of  the solvents 
using the spectrophotometer 

Corrections for the UV/vis absorptions were 
done automatically by filling the reference 
beam cuvette in the spectrophotometer with 
the solvents saturated with air. Different oxy- 
gen concentrations of the gaseous standards at 
flow rates of about 30 crn 3 min- ~ were passed 
through the solvents to be investigated until 
they were totally gas saturated (about 3 min) 
and the UV/vis absorption spectra were 
recorded immediately. 

In addition to all the solvents listed above, 
the CCT absorption spectra for different mole 
fraction mixtures of DMSO/MeCN, DMF/ 
MeCN, DMA/MeCN, Bz/MeCN, DEA/n-bep- 
tane and DMT/n-heptane were also recorde~l. 

The CCT absorption spectra of H20, 
MeCN, M ~ H ,  EtOH, n-heptane, Bz, DMSO, 
DMF, DMA, DMT, DEA and DET with oxy- 
gen are shown in Fig. 3. The CCT absorption 
bands are broad and extend from the UV to 
the vis regions, depending on the solvent, and 
are related to the ionization potentials of the 
individual solvents as described by Jortner and 
Sokolov [18]. The lower the ionization poten- 
tial of the solvent, the larger the red-shift of the 
CCT absorption spectrum. The ionization po- 
tentials of these solvents are given in Table 1. 
The results agree with the conclusions of Jort- 
her and Sokolov; DMT, DEA and DET, with 
the lowest ionization potentials, have the most 
red-shifted CCT absorption bands lying in the 
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Fig. 2. Schematic diagram of the sensing system for the determination of oxygen. 

visible region, whereas MeOH, EtOH, n-hep- 
tane, Bz, DMSO, DMF and DMA, with higher 
ionization potentials, have CCT absorption 
spectra in the UV region. H20 and MeCN, 
with the highest ionization potentials of the 
solvents investigated, have a CCT absorption 
band extending possibly into the vacuum UV 
region. The CCT absorption bands disappear 
when the dissolved oxygen is removed by purg- 
ing the solvents with nitrogen, carbon dioxide 
or hydrogen. The CCT absorption band max- 
ima could not be determined accurately in the 
region under investigation because of the over- 
lap of the continuous bands with the much 
stronger absorption band of the solvent itself. 
The apparent CCT absorption band maxima 
of MeOH, EtOH, n-heptane, Bz, DMSO, 
DMF, DMA, DMT, DEA and DET with oxy- 
gen shown in Fig. 3 are almost certainly dis- 
torted, particularly at shorter wavelengths 
(stray effect occurs), by instrumental errors 
arising when the strong absorption of the sol- 
vent itself causes the intensity of the transmit- 
ted radiation through the sample and reference 
cuvettes to fall below the detection limit of the 
detector in the spectrophotometer. For H20 
and MeCN, the CCT absorption bands appear 
to have maxima which occur at less than 
190rim and beyond the range of the spec- 
trophotometer. 

3.Z The effect of  oxygen concentration on the 
CCT absorption spectra 

Suppose x donor molecules, D, react with an 
oxygen molecule to form a CCT complex Dx-  
02 which is responsible for the CCT absorp- 
tion: 

xD + 02 -~ Dx-O2 

The concentration of the D x - O  2 CCT complex 
can be represented by 

[Dx- 02] = K[D]x[O2 ] (1) 

where [D] and [02] are the mole fractions of 
donor (in this case, the solvent) and dissolved 
oxygen respectively, and K is the equilibrium 
constant. According to the Beer-Lambert law, 
the absorbance of the Dx-O2 CCT complex, 
Ao:, will follow the equation 

Ao2 = [Dx-O2]ba (2) 

where b is the optical pathlength of the cuvette 
and a is the molar absorptivity of the CCT 
complex. Substituting [Dx-O2] from Eq. (1) 
into Eq. (2): 

Ao2 = K[D]x[O2]ba (3) 

The mole fraction of the dissolved 02 in a 
solvent is proportional to the partial pressure 
of 02,/)02, applied to it. Eq. (3) can be 
modified to give 

Ao2 = K[D]X(PoJk')ba (4) 

where k' is Henry's constant for the solvent 
and oxygen. K, k', b and a can be replaced by 
another constant, kt, and so Eq. (4) can be 
further reduced to 

,4o~ -- kl [D]XPo, (5) 

As [D] is the concentration of the solvent 
which can be assumed to remain constant over 
the range of oxygen concentrations used, the 
absorbance of the CCT complex will be di- 
rectly proportional to Po2. This theoretical re- 
sult is supported by the CCT absorption 
spectra shown in Fig. 4(a) for DMT. The other 
solvents were tested and all produced similar 
results to DMT, but these are not shown in this 
paper. The graphs in Fig. 4(b), however, show 
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Fig. 3. Effect of oxygen on the CCT absorption spectra of the solvents. Absorbance ranges: (i) H20, 0.00-0.80; (ii) 
MeCN, 0.00-0.80; (iii) MeOH, 0.00-1.30; (iv) EtOH, 0.00-1.30; (v) n-heptane, 0.00-1.30; (vi) Bz, 0.00-0.80; (vii) 
DMSO, 0.00-0.80; (viii) DMF, 0.00-0.80; (ix) DMA, 0.00-1.30; (x) DMT, 0.00-1.30; (xi) DEA, 0.00-1.30; (xii) DET, 
0.00-1.30. All solvents were saturated with 100% oxygen. The optical pathlength of cuvettes is 1 cm and the reference is 
the corresponding air-saturated solvent. 

the results for all the solvents of A02 plotted 
against P02, where A02 = absorbance of the 
solvent containing oxygen with a partial pres- 
sure of POE- absorbance of the solvent satu- 
rated with nitrogen, i.e. P02 = 0. The slopes, 
y-intercepts and correlation coefficients of the 
graphs are tabulated in Table 1, and show that 
A02 varies linearly with P02. Similar straight 
line graphs are obtained for the solvent when 
other wavelengths in the CCT absorption 
bands are used and clearly plots of A02 against 
P02 will have the greatest slope for wavelengths 
at the maximum of the absorbance peak for the 
CCT spectrum. However, reliable results can 
only be obtained using wavelengths near the 
red end of the CCT absorption spectrum, be- 
cause of problems caused by the strong absorp- 

tion of the solvent at the peak of the CCT 
absorption as described earlier. 

3.3. The effect of the concentration of  the 
solvent on the CCT absorption 

If Po2 is kept constant, Eq. (5) can be ex- 
pressed as 

Ao2 = k2[D] x (6) 

where k2 =k~Po2. Taking the logarithm on 
both sides of Eq. (6), the expression becomes 

log(Ao2) = x log[D] + log k2 = x log[D] + k3 (7) 

where k3 is a constant. Plotting log(Ao2) 
against log[D] will produce a straight line 
graph with a slope equal to x. The values of 

Table 1 
The ionization potential (l.P.) of the solvents [19], and the slopes, y-intercepts and correlation coefficients of Fig. 4(b) 

Solvent l.P. (eV) Slope (10-~% -])  y-intercept (10 -3) Correlation 
coefficient 

DMSO 9.35 a 4.81 7.39 0.9996 
DM F 9.12 _ 0.02 5.06 3.63 0.9997 
DMA 8.81 ± 0.03 4.92 - 1.16 0.9970 
Bz 9.24 I 1.69 -4.43 0.9998 
MeOH 10.84 16.50 8.20 0.9995 
EtOH 10.49 16.01 40.03 0.9945 
H 20 12.6 2.01 - 0.28 0.9983 
DEA 6.99 8.04 5.88 0.9998 
DMT 7.33 10.20 4.95 0.9995 
DET 6.93 8. ! 8 7.80 0.9988 

"Calculated using Ref. [20] 
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[D] were varied experimentally by diluting 
some of the solvents with MeCN or n-heptane 
which have no CCT absorption bands at the 
wavelengths used and the values of x deter- 
mined by plotting log(Ao,) against log[D] for a 
series of DEA/n-heptane, DMT/n-heptane, Bz/ 
MeCN, DMSO/MeCN, DMF/MeCN and 
DMA/MeCN mixtures at a particular partial 
pressure of oxygen. The results for the CCT 
absorption spectra of DMT/n-heptane mix- 
tures are shown in Fig. 5(a). The other solvent 
mixtures behave in a similar way to the DMT/ 
n-heptane mixture, although these results are 
not reported in the paper. The plots of 
log(Ao,) against log[D] for all the solvent mix- 
tures are shown in Fig. 5(b). The results in 

Table 2 show that the slope of each line is close 
to unity, which means that in each case the 
CCT complex is formed from one donor and 
one oxygen molecule. In the analysis of the 
results, it has been assumed that for a particu- 
lar series of solvent mixtures, the concentration 
of dissolved oxygen (or Henry's constant) is the 
same in each case: this assumption is reason- 
able since, even for the most dilute mixture 
used, the solvent concentration is much greater 
than the concentration of dissolved oxygen. 

3.4. The design of  a sensing system for oxygen 

The experimental results of the CCT absorp- 
tion spectra of the solvents show that DMT is 
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a promising solvent to be used in the develop- 
ment of a sensing system for oxygen. It has a 
CCT absorption spectrum extending well into 
the visible region so it can be used with inex- 
pensive plastic fibres; it is also more sensitive to 
oxygen than DEA or DET. In addition, many 
amino compounds like DMT, exhibiting CCT 
absorption, do not result in any products on 
irradiation and are recovered unchanged [16]; it 
is also an inexpensive and readily available 
solvent. Using the apparatus described earlier 
(Fig. 2), the response, reproducibility and total 
signal change of the sensing system were inves- 
tigated with light at a wavelength of 400 nm 
and gas at a flow rate of 60 cm 3 min-  ~ through 
the solvent in a 1 cm pathlength cuvette. Fig. 6 

shows the response of the sensing system to 
step changes in gas concentrations from 100% 
02 to 100% N2 (0%02) and back to 100o/0 02, 
and then from 100o/o 02 to 100o/o CO2 (0% O2) 
and back again to 100o/o 02. The reversibility 
of the sensing system is good and there is no 
cross interference from CO2. The response time 
is 1.3 min and 2.2 min for a 90% signal change 
from N2 to 02 and from O2 to N2, respectively. 

The response of the sensing system when 
subjected to different levels of oxygen was in- 
vestigated (Fig. 7). As expected, the decrease in 
signal level with increasing oxygen concentra- 
tion is non-linear (Fig. 86a)). The sensitivity 
(indicated by the slope of the graph) decreases 
as the concentration of oxygen increases and 
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Fig. 5. (a) CCT absorption spectra of DMT/n-heptane solvent mixtures. Solvent mixtures are in mole percentages. The 
measurement conditions are the same as Fig. 4(a). (b) Effect of the concentration of the different solvents [D] on CCT 
absorption. Plots of Iog(Ao2 ) against log [D]. 
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Fig. 6. Response time, reproducibility and total signal change of the sensing system for oxygen when subjected to rapid 
changes between oxygen-, nitrogen-, oxygen and oxygen--, carbon dioxide--, oxygen. 3.0 ml of DMT in a I cm cuvette 
was used with light of wavelength 400 nm and a gas flow rate through the DMT of 60 cm 3 min- ~. 

the mos t  sensitive region is between 0 and 
20% 0 ,  with abou t  a 35% change  in signal 
level. The  sensing system responds  over  the 
range 0 - 1 0 0 %  02  with a response which is in 
agreement  with the B e e r - L a m b e r t  law, so  tha t  
a l inear g raph  (slope = 0.008 21% and  correla-  

t ion coef f ic ien t=0 .9968)  is ob ta ined  when 
log(I~,/Io~) is p lot ted against  [02]; I~  2 is the 
signal level recorded in ni t rogen only (i.e. 
[ 0 , ] - - 0 )  and  Io:  is the level recorded in a gas 
mixture  having  an oxygen concent ra t ion  o f  
[02] (Fig. 8(b)). 
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Fig. 7. Variation in output signal level lo2 of the sensing system for oxygen when subjected to different oxygen 
concentrations. Measurement conditions were the same as in Fig, 6. 

T h e  so lven t  used  has  very  g o o d  s tabi l i ty  wi th  
n o  no t i ceab le  c h a n g e  in  the  r e sponse  to  oxygen  
over  a l o n g  pe r iod  u n d e r  the  expe r imen ta l  
cond i t i ons .  

TAL 4 ~ - 7 . I  

4. Conclusions 

Thi s  s tudy  d e m o n s t r a t e d  the  poss ib i l i ty  o f  
u s ing  some  an i l i ne  der iva t ives  o r  o the r  so lvents  
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Fig. 8. Graphs plotted using data from Fig. 7. (a) Plot of the detector output (/o2) against [O2]. (b) Plot of log(lN2/loz) 
against [O2], where IN2 is the signal level with nitrogen passing through DMT. 

having low ionization potentials (e.g. DMT) as 
an oxygen-sensitive material for the determina- 
tion of gaseous oxygen. The response time of 
the above sensing system is slow, but it can be 
reduced substantially by using a miniaturized, 
thin-wall cuvette which fits on the end of the 
fibre bundles. Although the present sensing 
system is a single wavelength monitoring sys- 
tem, the stability of the signal can be further 
improved by placing a light beam splitter in 
front of the cuvette and ratioing the output of 
the sample beam to the output of the reference 
beam. A further advantage of using DMT is 
that other analyte-sensitive materials can be 
incorporated to give a multi-analyte-sensitive 
material. An example is the dissolution of the 
pH-sensitive dye in the solvent for simulta- 
neously sensing oxygen (based on the CCT 
absorption of solvent) and carbon dioxide 

Table 2 
The slopes, y-intercepts and correlation coefficients of Fig. 
5(b) 

Solvent Slope y-Intercept Correlation 
coefficient 

DEA 1.12 - 2.34 0.9973 
DMT 1.01 -2 .00  0.9979 
Bz ! .06 - 2.24 0.9965 
DMSO 0.98 - 2.22 0.9938 
DMF 0.92 -2 .15 0.9985 
DMA 0.84 - i .93 0.9943 

(based on the change of absorbance of dye). 
Some of our preliminary experiments show 
that the principle is working, and further inves- 
tigation is still being undertaken. One possible 
disadvantage of the sensing system is the cross 
interference from strong acidic gases such as 
hydrogen chloride [15] and other electron ac- 
ceptors such as nitric oxide [18]. 
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Abstract 

Four new sulfur-containing compounds based on pyridine, benzene, 1,8-naphthyridine and 1,10-phenan- 
throline have been synthesized. These molecules have been incorporated into a polymeric matrix as neutral 
carriers and evaluated as silver sensors. Two of the compounds (pyridine and benzene) show high selectivity 
for Ag +. The sensor with the pyridine-based compound, in particular, shows near-Nernstian response and 
good sensitivity towards Ag ÷ with a short response time (< 10 s), making it ideal for use in flow analysis. 

I. Introduction 

A significant number of  macrocycles ranging 
from crown ethers to acyclic dithia benzene de- 
rivatives have been reported to possess good to 
excellent selectivity for silver when used in poly- 
meric membrane electrodes [1-7]. The affinity 
exhibited by these molecuels for this d l° metal 
is primarily due to the presence of sulfur atoms 
that serve as donor atoms for complexation. 

We previously reported a work [8] describing 
a series of pyridine-based macrocycles contain- 
ing sulfur and/or oxygen atoms in a two- to 
six-atom bridge unit. The reagents containing 
sulfur atoms showed high bonding affinities for 
class b acceptors, particularly silver and mer- 
cury. The ionophores in this series all contained 
an octyloxy group in the pyridine ring to convey 
lipophilicity to the molecule, making it more 
compatible with poly(vinyl chloride) which was 
used as the matrix in the sensor membrane. 

We have carded out further work on sulfur- 
containing molecules for use in sensors for the 
silver ion, which are described in this paper. The 

* Corresponding author. 

four molecules studied are all open chain thiol 
esters based on pyridine, benzene, 1,8-naph- 
thyridine and 1,10-phenanthroline. The 
molecules which have been synthesized and 
investigated are shown in Fig. 1. It is interest- 

f \ /s s\ 

S S 

Fig. 1. Structures of pyridine thiol ester (1), benzene com- 
pound (2), naphthyridine compound (3) and phenanthro- 
line compound (4). 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights reserved 
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ing to note that these compounds, dissolved in 
a suitable plasticizer, showed good compatibil- 
ity with PVC without the necessity of having a 
long alkyl chain in their structure. 

2. Experimental 

2.1. Preparation of compounds 

[9] (0.7 g) and propanethiol (I ml) to yield a red 
viscous oil, which was solidified in dry ice/ace- 
tone and then recrystallized repeatedly from 
hexane to yield a yellow solid (50 mg), m.p. 
77-79°C. mH NMR ~: 1.10, t, J 9Hz, CH3; 
1.80, h, J 9 Hz, CH2C_H2CH3; 3.12, t, J 9 Hz, 
S-CH2; 8.24 + 8.50, d + d, J 9 Hz, ArH. Analy- 
sis: Calcd. for C~6HIsN202S2: C, 57.5; H, 5.4; 
N, 8.4. Found: C, 57.4; H, 5.6; N, 8.3. 

The synthesis of the four compounds was 
similar in that the appropriate dicarbonyl chlo- 
ride was reacted with propanethiol. The reac- 
tion to form the benzene derivative took longer 
and produced a yellow oil, while the other 
three eventually produced solids. 

(a) $,S-Dipropyl-2,6-pyridinedicarbothiolate (1) 
A mixture of 2,6-pyridinedicarboxylic acid 

(5.0 g), thionyl chloride (20 ml) and a drop of 
dimethylformamide was refluxed for 3 h. The 
thionyl chloride was removed in vacuo and the 
dicarbonyl chloride was recrystaUized from 
light petroleum (b.p. 60-90 °C) before being 
used immediately in the next step. 

Propanethiol (6 ml) was added to the dicar- 
bonyl chloride and dichloromethane (50 ml) in 
a flask protected by a calcium chloride drying 
tube. The mixture was refluxed for 1 h. The 
cooled solution was then washed with NaOH 
00%) (3 x 50 ml) and water (3 x 50ml). The 
organic layer was separated, dried (MgSO4) 
and the solvent evaporated to leave white crys- 
tals, which were recrystallized from methanol/ 
water (15:1) to give the thiol ester (1) (5.28 g, 
71%), m.p. 40-42°C. IH NMR (CDCI3, 
90MHz) d: 1.18, t, J 9Hz, CH3; 1.85, h, J 
9 Hz, CH2CH2CH3; 3.18, t, J 9 Hz, S-CH2; 
8.05-8.38, m, ArH. Analysis: Calcd. for 
ClaHI7NO2S2: C, 55.1; H, 6.0; N, 4.9. Found: 
C, 55.4; H, 6.3; N, 5.2. 

Co) S,S-Dipropyl- l,3-benzenedicarbothiolate (2) 
The thiol ester (2) was prepared as for 1 

from isophthaloyl dichloride (2 g) and 
propanethiol (2 ml), and refluxed for 8 h, to 
give a yellow oil. ZH NMR 6: 1.13, t, J 9 Hz, 
CH3; 1.80, h, J 9 Hz, CH2C_H~CH3; 3.20, t, J 
9 Hz, S-CH2; 7.62, t, J 8 Hz, H-5; 8.25, d, J 
8 Hz, H-4,6; 8.65, s, H-2. 

(c) S,S-Dipropyl- I, 8-naphthyridine-2, 7- 
dicarbothiolate (3) 

The thiol ester (3) was prepared as for 1 
from 1,8-naphthyridine-2,7-dicarbonyl chloride 

(d) S,S-Dipropyl- l, l O-phenanthroline-2,9- 
dicarbothiolate (4) 

The thiol ester (4) was prepared as for 1 
from 1,10-phenanthroline-2,9-dicarbonyl chlo- 
ride [9] (0.8 g) and propanethiol (I ml) to yield 
a solid which was recrystallized from methanol 
(0.5g; 50%), m.p. 133-135"C. ~H NMR ti: 
1.17, t, J 9Hz, CH3; 1.89, h, J 9Hz, 
CHzC_H2CH3; 3.22, t, J 9 Hz, S-CH:; 8.08, s, 
H-5,6, 8.45 + 8.55, d + d, J 9 Hz, H-3, 4, 7, 8. 
Analysis: Calcd. for C2oH20N202S2: C, 62.5; 
H, 5.2; N, 7.3. Found: C, 62.5; H, 5.3; N, 7.3. 

2.2. Construction of electrodes 

Mixtures of poly(vinyl chloride) (34 mg), o- 
nitrophenyl-n-octylether (NPOE) (63.5mg), 
reagent (2rag) and potassium tetrakis(p- 
chlorophenyl)borate (0.5 mg) were dissolved in 
l ml of freshly purified tetrahydrofuran (THF) 
[8]. Approximately eight drops of each mem- 
brane solution were added dropwise into a 
glass electrode barrel (length 100rnm; i.d. 
3 mm; o.d. l0 mm) damped vertically onto a 
glass microscope slide. The solvent was allowed 
to evaporate and a clear homogeneous mem- 
brane was obtained which adhered firmly to 
the end of the barrel. 

An internal reference element (Ag/AgCI) was 
then fitted inside the electrode barrel which was 
filled with an appropriate internal solution 
(10-~ M KCI or KNO3 with 2 drops of 0.1 M 
AgNO3). Electrodes were conditioned over- 
night in a 0.1 M solution of the primary ion. 

An Orion Ag-AgCI double-junction refer- 
ence electrode with an outer chamber filling 
solution of 10% KNO3 solution was used in 
conjunction with the working electrodes. The 
electrochemical cell for this study was as fol- 
lows: 

Ag-AgCl/internal solution/sensor mem- 
brane/test solution//reference electrode. 
Potential measurements were made, as previ- 
ously described [8], with an Orion 901 Iona- 
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lyzer digital pH/mV meter interfaced to an 
Apple lie microcomputer through a switching 
box to allow evaluation of several electrodes at 
one time. 

2.3. Response characteristics 

Initial response tests were done in KCI or 
KNO 3 solutions in the concentration range of 
10 -5 to 10 -~ M to ensure the electrodes were 
functioning. Subsequent electrode response 
studies were done in Ag + solutions, since Ag + 
was found to be the preferred ion based on 
preliminary selectivity studies performed 
against K + as the primary ion. A criterion of 
stability [8] was employed in all e.m.f, measure- 
ments such that the steady-state potential was 
defined as the value which did not change by 
more than + 0.1 mV over a period of 2 min. 

2.4. Selectivity study 

As mentioned above, all the ligands reported 
here showed a high selectivity for the Ag + ion, 
and so further selectivity studies were carried 
out using Ag + as the primary ion. The two- 
point mixed-solution method [10] was used for 
this purpose. This was carried out by measur- 
ing the potential in a 10 -3 M solution Ag + and 
then in a mixed solution containing 10 -3 M of 
Ag + and 10 -1 M of the interfering ion. Owing 
to the narrow linear range of compound 2, a 
10 -4 M solution of Ag + and a mixed solution 
of 10 -4 M Ag + and 10 _2 M of the interfering 
ion were used for the pertinent selectivity 
study. Selectivity coefficients were then calcu- 
lated using the Nicolsky equation. Ion activi- 
ties were estimated using the Debye-Hiickel 
equation. 

All inorganic salts were of analytical reagent 
grade and all solutions were made up in 
NANO pure water (17Mf~cm, Barnstead, 
Dubuque, IA, USA). 

2.5. Flow system 

The flow injection (FI) system used consisted 
of a Gilson Minipuls 2 peristaltic pump, an 
automatic injector system [11], a multi-channel 
potentiometric flowcell [11,12] and a PC-based 
data acquisition unit. Teflon tubing of 0.5 mm 
i.d. was used in the manifold. 

Data collection and analysis were achieved 
using the flow control system (FCS) software 
[13] designed for flow injection work. The soft- 

ware utilizes an A/D card which collects and 
converts analytical signals from a maximum of 
eight detectors at a specified sampling rate. 
Data processing routines such as peak mea- 
surement (i.e. height, width, area), data 
smoothing, noise filtering, baseline correction 
and statistical analysis are done by the soft- 
ware. 

The automatic injector system [11] was com- 
posed of two miniature two-way solenoid 
valves (Lee Co., CT, USA) which deliver the 
desired sample volume (50 lal for this work) 
and the carrier solution to the flow injected 
manifold. The software controls the sample 
volume injected using an electronically-con- 
trolled pulse to switch the solenoid valve on for 
sample delivery. 

The multi-channel potentiometric flowcell 
[11,12] used in this study is an improved ver- 
sion of a miniature flowcell [14] previously 
reported in the literature. The flowcell con- 
sisted of four silver wires which served as con- 
tacts for the Ag + sensing membrane. The 
reference electrode was Ag/AgC1 with its own 
reference stream consisting of 0.1 M NH4NO 3 
with 10 -6  M A g N O  3. The same solution was 
used as carrier and all standard AgNO3 solu- 
tions were made up in 0.1 M NH4NO3. 

2.6. Steady-state measurements 

Steady-state measurements were done by 
continuously pumping each silver standard so- 
lution into the flowceU until equilibrium was 
attained. 

3. Results and discussion 

3.1. Silver ion response 

The potential responses in AgNO3 solutions 
of the PVC electrodes based on the four neu- 
tral carriers synthesized are summarized in 
Table 1. The pyridine-based neutral carrier (1) 
exhibits Nernstian behavior in the activity 
range of 10-5-10 -~ M, with a slope of 58 mV/ 
decade change in Ag + activity. The dithiaben- 
zene compound (2) shows a near-Nernstian 
slope of 55 mV/pAg + activity in the range of 
10- ' -10 -~ M. However, for the naphthyridine 
(3) and phenanthroline (4) based carriers, a 
non-Nemstian response is observed with slopes 
of 49mV/pAg + between 10 -4 and 10 -~ M, 
and 36mV/pAg + between 10 -4 and 10-: M, 
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Table 1 
Potential responses of silver-selective membrane electrodes 
based on ionophores i - 4  

Compound % ionophore Slope Concentration 
(m/m) (mV/pAg +) range (M) 

1 2% 58.0 10-5-10 - l  
2 20  55.0 10 - 4 - 1 0 -  2 
3 1% 55.0 10-5-10 -I  
3 2% 49.0 1 0 - 4  10- t 
3 5% 41.0 l0 - 4 - 1 0 -  t 
4 2°/'0 36.0 10-4-10 -2 

4 2% -53.0 10-2-10 -I  

respectively. Attempts were made to improve 
the response of the former by varying the 
m o u n t  of the reagent. Increasing the 
ionophore content to 5% (m/m) gave a slope of 
41 mV/pAg ÷ over 10-4-10 - l  M, while reduc- 
ing it to 1% (m/m) improved the slope to 
55mV/pAg ÷ in the activity range of 10 -5 -  
10 -1 M. 

Very good response times were obtained for 
compounds 1 and 2, the t9SO/o being no more 
than 10s with good reproducibility. Signifi- 
cantly slower response times were found for 
compounds 3 and 4. 

Between 10 -2 and 10 -I M, the phenanthro- 
line compound (4) showed a negative slope of 
- 5 3  mV/pAg ÷, a response close to that ex- 
pected for a monovalent anion. Such behavior 
has been observed in previous work [8] and is 
explained as being due to strong complexation 
of the silver ion by the ligand which inhibits 
metal ion exchange with the resulting positively 
charged complex. Such a complex can, how- 
ever, extract a charge-satisfying anion such as 
nitrate, thus giving rise to an anion response. 

3.2. Selectivities 

Selectivity coefficients for Ag + with respect 
to other cations for the electrodes based on the 
three ionophores 1, 2 and 3 are summarized in 
Fig. 2. It can be seen that the electrodes for the 
three ionophores are highly selective for the 
silver ion, particularly in the presence of other 
heavy metal ions. The one exception to this is 
Hg 2+, which irreversibly poisons the mem- 
brane in each case. In fact, there is evidence 
[15] for the pyridine-based ligand that reaction 
with mercury leads to disintegration of the 
ionophore structure. Work is continuing on an 
investigation of this phenomenon [15]. 

Attempts to carry out selectivity studies for 
the phenanthroline derivative (4) failed because 
most metal ions interfered strongly and irre- 
versibly. This is not surprising as phenanthro- 
line is known to be a very effective chelating 
agent for transition metals. 

The high selectivity towards Ag ÷ exhibited 
by compounds 1 and 2 is an indication that, 
although the binding between the metal and 
the ionophores is relatively strong, the complex 
formed is quite labile. The presence of the 
sulfur atoms in the propyl side chains, which 
serve as excellent receptors for the Ag +, is the 
key factor in the high selectivity demonstrated 
by ionophores ! and 2. This is consistent with 
previous work describing a number of macro- 
cycles [8], in which oxygen atoms in the rings 
were substituted by sulfur atoms resulting in 
much higher bonding affinities towards class b 
acceptors such as Ag ÷ and Hg 2÷. This work 
also demonstrates that it is not necessary to 
form a macrocyclic ring in order to obtain high 
selectivity for a particular ion. 

The only structural difference between com- 
pounds 1 and 2 is the presence of the nitrogen 
atom in the former. The lower selectivity for 
Ag ÷ is attributable to this nitrogen atom which 
can be involved in complexation, particularly 
with transition metals. 

Compounds 1 and 2 share some similarities 
with a group of ionophores reported in the 
literature [7]. The benzene-based compound (2) 
is similar to a family of acyclic dithia benzene 
derivatives [7] which display a Nernstian re- 
sponse towards Ag ÷. The main structural 
difference lies in the presence of the thiocar- 
boxylate groups and two propyl pendant 
chains in 2, whereas the reported dithia ben- 
zene derivatives either had shorter or longer 
side chains and no CO functional groups. The 
same work also reported a group of acyclic 
NS2 ligands which resembled the parent 
molecule of compound 1 in a similar way. 
Although the structural differences between 
one of the reported molecules and compound 1 
are only minor, it is interesting to note that no 
special selectivity has apparently been found 
for that particular ligand and the rest of the 
group. 

We have, evidently, developed a highly sensi- 
tive and selective silver sensor based on a 
pyridine thiol ester (1), which displays a Nerns- 
tian response over a wide concentration range. 
It also has a very fast response of less than 10 s 
and exhibits excellent electrode reproducibility. 
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Fig. 3. Typical flow injection calibration plot for the silver-selective sensor based on ionophore !. 

Although the dithiabenzene compound (2) ap- 
pears to possess good selectivity, its response 
characteristics are inferior compared to the 
pyridine thiol ester (1). 

Because of  its excellent reproducibility and 
fast response, the sensor has particular advan- 
tages in flow analysis. It has been applied to flow 
injection for the direct measurement of silver, 
and a typical output generated by the FCS 
software [13] is shown in Fig. 3. It can be seen 
that the peaks are very sharp with good preci- 
sion (RSDs for the peak height measurements of 
1% for 10-3-10 -~ M and <2% for 10 -4 M).  

A typical calibration graph for a range 
of silver standards with 10 - ' -10  -t  M Ag + 
is shown in Fig. 4, and is compared with 
that obtained from steady-state measure- 
ments. It can be seen that the FI calibration 
is almost identical to the steady-state case 
which demonstrates the very fast response of 
the sensor, making it ideal for use in flow 
injection. 

Further work [12] is presently being done on 
the application of this pyridine-based silver 
sensor in the indirect determination of chloride 
in water samples. 
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Physical Chemistry, 5th edn., by P.W. Atkins, 
Oxford University Press, Oxford, 1994, 
xix + 1031 pp. + about 100 pp. of additional 
information, softback, £24.00. ISBN 0-19- 
855730-2. 

The first edition of this book appeared in 
1978 and there has been a new edition every 4 
years. Its low price is a reflection of its popu- 
larity and it is claimed by Oxford University 
Press to be the world's best-selling textbook on 
physical chemistry. It is certainly purchased in 
great numbers by students studying chemistry 
at university. 

So what is new for this edition? Well, the 
most obvious addition is the use of a colour - -  
blue - -  to enhance many of the diagrams and 
headings. Justifications are also introduced 
where, for example, derivations of mathemati- 
cal formulae are presented. This separates 
some of the in-depth treatment, which may 
seem daunting at first, from the text. Other 
details also considered to be somewhat intru- 
sive are given as Further information at the end 
of the book. 

The main layout of the text is still in three 
parts: Part l--Equilibrium; Part 2--Structure; 
and Part 3--Change. The 29 chapters are 
prefixed with chapter 0 which gives an 
overview of the book's content. New to Part 1 
is the introduction of Molecular interpretations 
which show the interpretation of a bulk result 
in terms of atomic and molecular properties. 
These interpretations supplement the rigour of 
thermodynamics and are an addition which 
will be welcomed by many students. At the end 
of each chapter a checklist of key ideas is now 
present, a feature which formerly appeared at 
the beginning of each chapter. However, each 
chapter now starts with an abstract of the 
contents so, overall, the important concepts are 
more than adequately emphasised. 

Numerous problems (with answers) are also 
presented at the ends of chapters and a sepa- 
rate Solutions Manual may be purchased. In 
addition there are many worked examples in 

the text and each of these are clearly explained 
under the headings: Method, Answer and Com- 
ment. 

This is a book which attempts to cover a 
very wide number of topics and hence some 
will only be dealt with at a cursory level. 

A Further reading section addresses this criti- 
cism where references to articles of general 
interest and texts and sources of data and 
information for each chapter are grouped to- 
gether. I found the treatment of tables in the 
text somewhat disjointed as some are contained 
in the relevant chapter, some are presented in a 
shortened form in the chapter and in a longer 
form in a Data section and others - -  some 
short, some long - -  are only given in the Data 
section. 

Many academic staff from the UK and USA 
have made contributions to the preparation of 
this book and I am sure this edition will be 
welcomed by them as many up-to-date changes 
have been made since the fourth edition. The 
book must first find favour with academic staff 
who recommend books for students to pur- 
chase. It is to be hoped that the many innova- 
tions in the text will find favour amongst both 
staff and students. 

P.J. Cox 

Photochemical Vapor Deposition by J.G. Eden, 
Wiley, Chichester, 1992, x i+  193 pp., £43.95. 
ISBN 0-471-55083-3. 

Photochemical vapour deposition (photo- 
CVD) is a recent development of CVD, where 
the introduction of visible or UV light into the 
CVD reactor opens up new possibilities of 
reducing film-growth temperatures and for pro- 
ducing novel materials. These materials include 
abrasion-resistant coatings, epitaxial layers for 
semiconductor lasers and low scatter films for 
optical components such as mirrors and beam 
splitters. This is clearly a topic of enormous 
technological importance, where experimental 
techniques may change as a result of ongoing 
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developments. The appearance of this authori- 
tative monograph by Professor Eden is there- 
fore very welcome. 

After a brief Introduction in Chapter l, 
Chapter 2 covers the fundamental aspects of 
photo-CVD including a general classification 
of photo-assisted deposition processes, the op- 
tical characteristics of molecular ad-layers and 
surface kinetics. Chapter 3 deals with reactors, 
optical sources and all the associated equip- 
ment. Subsequent chapters present a systematic 
overview of the applications of these methods 
in the deposition of metal films, semiconduc- 
tors (such as elemental C and Si and various 
compounds and Ga, for example), dielectrics 
(such as SiO 2 and A1203) and indeed of poly- 
mer films. 

The presentation throughout is clear and 
straightforward with easy-to-follow diagrams 
and useful tables. This book can be com- 
mended to industrialists interested in these ap- 
plications, to experienced researchers, and to 
new students approaching this topic for the 
first time. 

M.D. Ingram 

Kirk-Otlmzer Encyclopedia of Chemical Tech- 
nology, Vol. 12, 4th edn. (Fuel Resources to 
Heat Stabilizers, edited by J.I. Kroschwitz and 
M. Howe-Grant), Wiley, New York, 1994, 
xxviii + 1091 pp., £185.00. ISBN 0-471-52681-9 
(v. 12). 

Well over 12 000 pages of this encyclopedia, 
which contains a wide variety of topics related 
to chemical technology, have now been pub- 
fished. The entries are arranged in alphabetical 
order and volume 12 extends to the letter 'H'. 

Four different elements and their compounds 
are covered in this current volume: gallium, 
germanium, gold and hafnium. In each case 
physical and chemical properties are given 
along with details of occurrence, manufacture, 
economic aspects, analytical procedures, health 
and safety, and uses. 

Several entries deal with fuel. These include 
fuel resources, fuels from biomass, fuels from 
waste, fuels - -  synthetic, furnaces - -  fuel 
fired, gas - -  natural and gasoline, and other 
motor fuels. Many tables, flow-charts and 
graphs are included here and as with all entries 
a substantial number of references are given. 

Other entries which clearly relate to chemical 
engineering include the topics: fusion energy, 
geothermal energy, geotextiles, groundwater 
monitoring, hardness, hazard risk analysis and 
heat-exchange technology. 

The related entries - -  glass, glass-ceramics, 
glasses (organic-inorganic hybrids) and glassy 
metals cover over 120 pages with photographs 
supplementing the tables and figures. 

Classes of chemical compounds in this vol- 
ume include glycols and Grignards and there 
are separate entries for gelatin and glycerol. 
Several chemical structures and reactions are 
presented. Other diverse entries which I found 
to be of interest - -  and will no doubt refer to 
again - -  deal with fungicides-agricultural, gas- 
trointestinal agents, gemstones, genetic engi- 
neering, growth regulators, gums, and hair 
preparations. 

As with previous volumes a wealth of infor- 
mation is presented on a wide variety of diverse 
topics that should satisfy the intellectual cu- 
riosity of most, if not all, chemists. 

P.J. Cox 
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Abstract 

The literature on metal ion speciation in solid matrices is reviewed, taking into account its applications in 
the analysis of soil, sediment, biological materials, foodstuff and other solid samples. The pretreatment 
methods of various solid materials required for carrying out speciation studies have been highlighted. The 
basis of the methods of separation of different species from matrices, such as sequential extraction, selective 
extraction, etc. is discussed. The instrumental techniques used for the characterization of different chemical 
species in solid matrices have been mentioned. The literature survey reveals the analytical details of the 
developed methodologies, and these have been examined in terms of the limit of detection, precision and 
accuracy. 

1. Introduction 

An increasing number of recent publications 
have dealt with the study of chemical specia- 
tion of  trace elements. At present, the necessity 
to advance our knowledge of the mobility of 
chemicals in soils and the physiological activity 
of  the inorganic elements makes necessary not 
only the determination of the total amount of  
these elements, but also the exact determina- 
tion of the concentration of their different 
chemical forms [1]. 

Speciation analysis normally refers to the 
determination of species of metals and metal- 
loids including organometallic compounds. As 
a matter of fact, speciation is very significant 
when applied to trace elements, because the 
analytical difficulties are related to the choice 
of relevant techniques for measurement of  the 
individual species. 

* Corresponding author. 
Permanent address: Department of Chemistry, University 

of Burdwan, Burdwan-713 104, India. 

0039-9140/95/$29.00 © 1995 Elsevier Science B.V. All rights 
SSDI 0039-9140(95)01557-4 

Speciation studies of trace elements in vari- 
ous phases in the environment are widely used 
in investigating the effects of  a particular ele- 
ment in the ecosystem. Speciation analysis is 
also concerned with the characterization of 
poorly defined forms of metal ions. 

Different aspects of speciation have been dis- 
cussed in some recent review articles and books 
[2-6]. For  example, the different general aspects 
of speciation analysis were reviewed by Lund 
[2]. Also, Van Loon and Barefoot [3] reviewed 
a selection of major developments in the field of 
analytical methodology for elemental speciation 
for the period from January 1986 to December 
1990. Nevertheless, much of the published work 
on metal speciation has dealt with the determi- 
nation of  trace metal species in natural waters. 
It also transpires that papers on speciation in 
solid matrices are scattered in the literature. 

Although it is now possible to determine 
various elements at the nanogram per gram 
level in different samples with the aid of cur- 
rently available analytical instrumentation, the 
same measure of  success has not yet been 

reserved 
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achieved for the determination of the same 
elements in solid matrices. This is currently due 
to changes in the species during the pretreat- 
ment of samples. Also, inaccurate results are 
sometimes obtained because of the differences 
in the analytical response of the various physi- 
cal and chemical forms of the same element. A 
further problem that is encountered in chemical 
speciation of solids is that the analytical sensi- 
tivity for certain elements is inadequate, as we 
are dealing with only fractions of the total 
content. Thus it will be highly interesting to 
study different aspects of speciation studies in 
various types of solid samples, in order to 
evidence the present state of the art. 

The references for which the present work 
has been carried out were collected from the 
Analytical Abstracts database (period 1980 
March 1994) and from the Chemistry Citation 
Index (1991-March 1994). 

The papers that have been found in the 
present literature review could be classified into 
three groups depending on a matrix criterion 
(for the convenience of the readers, the refer- 
ence numbers of the respective groups are 
given in square brackets): (i) speciation of soil 
and sediment samples [2,7,9,10,13,17,20- 
27,31-41,45-72]; (ii) speciation of solid biolog- 
ical and food materials [5,16,23,65,75-77, 
80-133]; and (iii) speciation of miscellaneous 
solid samples [16,32,42-44,134-143]. 

2. Speciation of soil and sediment samples 

Soils and sediments constitute concentrated 
reservoirs of trace metals in which amounts are 
more magnified than those present in other 
adjacent phases of the environment, e.g. water, 
air. In the literature, speciation studies of soils 
and sediments are usually reported indepen- 
dently. This is because most natural soils are 
characterized by oxidized conditions, whereas 
non-polluted sediments are usually deposited 
under oxygen-deficient conditions [7]. In the 
environment, different situations as a conse- 
quence of the anthropogenic activity may also 
occur. Thus waste deposits with a high coal ash 
content may show a high diversity in surface 
layers, resulting in reducing conditions under- 
neath; or dredged anoxic sediments may be 
deposited under aerobic conditions. Hence the 
composition of soils and sediments reflects the 
nature of  the original base rock, the degree of 
degradation and leaching introduced by weath- 

ering cycles, and the influence of external in- 
puts [8]. Metal cations in soils may be present 
in several different physicochemical forms, i.e. 
as simple or complex ions, as easily exchange- 
able ions, as organically bound, as occluded by 
or coprecipitated with metal oxides or carbon- 
ates or phosphates and secondary minerals, or 
as ions in crystal lattices of primary minerals 
[9]. From the chemical point of view, the chem- 
ical compounds of a sediment may be carbon- 
ates, hydroxides, silicates, sulfides, phosphates 
and organics in various stages of crystalliza- 
tion, stoichiometry, water content, and so on 
[10]. Again, the principal metal forms in sludge 
are soluble, being present as precipitated or 
coprecipitated in metal oxides, adsorbates and 
associated with biological residues [l 1]. 

2. I. Pretreatment 

Storage and preparation of soil or sediment 
samples prior to leaching with selective 
reagents may affect the extractability of ele- 
ments. For example, exchangeable potassium 
can be converted into a non-exchangeable form 
when samples are dried [12]. Manganese and 
iron solubilities decreased dramatically on air- 
drying, but after oven-drying, the solubility of 
manganese exceeded by several times that 
found in moist samples [13]. Nevertheless, soils 
and sediments all vary in their moisture con- 
tent depending on the location and the time of 
sampling. Provided that the metal species are 
stable the matrix should be dried either by 
freeze-drying or by air-drying at 40 °C. Most 
trace organics associated with them are bound 
to the organic surfaces of the matrix. The metal 
species may be leached from such samples by 
soaking and stirring or sonicating the sediment 
with HC1, and extracted into the organic sol- 
vent i.e. ethyl acetate [14]. Other workers re- 
ported [15] a similar use of acid to leach the 
compounds from the sediment along with 
methanol as an additive. Alternately, the metal 
species may be exhaustively extracted in a 
Soxhlet apparatus, after acidification with HCI. 
A weakly bonded/adsorbed fraction may be 
removed by sonication with an electrolyte such 
as NH4C1, followed by extraction with solvents 
of increasing polarity. The strength of the ex- 
traction medium can be further increased with 
dilute and then with more concentrated HC1, 
followed by organic solvent and acetic acid 
mixtures. Additional solvent extraction, by 
boiling with 2-mercaptoethanol in Tris buffer 
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will disrupt the S -S  linkage and release the 
more strongly bound organometallic com- 
pounds. Nevertheless, the concentration of 
many metal species in soil and sediment is 
completely dependent on the method used for 
extraction [16]. 

The effects of pretreatments on the leaching 
of elements vary from element to element and 
seem to depend on the form of occurrence of 
the element in the sediment sample. The drying 
of organic stream sediment tends to decrease 
the concentration of readily extractable ele- 
ments [17]. 

Various approaches to sampling and sample 
pretreatments for metal speciation in soils and 
sediments have recently been reviewed by Ru- 
bio and Ure [18]. They have discussed the 
avoidance of contamination and loss, field 
sampling and subsampling of air-dried soils 
and sediments. Location of  sampling points, 
kinds of sample and sampling apparatus for 
suspended sediments, bottom sediments and 
interstitial water, measurement in situ, and pre- 
treatment and storage of  the sample have also 
been presented. 

2.2. Extraction techniques 

In order to assess the reactivity of the species 
or binding forms of heavy metals in solid soil, 
sediment and sludge samples, extraction proce- 
dures have been applied both as single leaching 
steps and combined in sequential extraction 
schemes [19] with a representative sample size 
and without the need of any sample prepara- 
tion. Extraction media could be neutral elec- 
trolytes, like CaCl2 or MgC12, buffers of weak 
acids, like acetic acid or oxalic acid, chelating 
agents, like EDTA or DTPA, redox agents, 
like NH2OH, strong acids, like HC1, HNO3, 
HC104 or HF, or bases, like NaOH or 
Na2CO3. 

The ability of various extracting agents to 
release metal ions depends on their association 
with particular soil fractions. Extractants like 
electrolytes, weak acids and chelating agents 
release metals from coordination sites, while 
strong acids and other redox agents are capable 
of releasing additional quantities of metal as a 
result of the decomposition of the soild matrix. 

Sequential extraction schemes have been de- 
scribed by several workers [20] for sediments 
and dredged material also. Consecutive leach- 
ing techniques allow us to obtain information 
about the mobilities of major and trace con- 

stituents under different environmental condi- 
tions such as acidic or alkaline, oxidizing or 
reducing behaviour, the action of chelating 
agents, and so on. From this study, the actual 
chemical form of  the investigated species occur- 
ring in soil or sediment can be concluded, 
leading to predictions about both origin and 
bioavailability [21]. 

Subjecting soil and sediment samples to mul- 
tiple extraction has not been proved as an 
attractive alternative to sequential extraction, 
possibly because the latter approach tends to 
more readily identify the sediment compo- 
nent(s) responsible for retaining the majority of 
the elements of interest. The most appropriate 
sequence can be determined by the type of soil 
or sediment being examined, the horizon in- 
volved, the elements of interest, and so on [22]. 

As a matter of fact, sequential extraction 
provides more information than single extrac- 
tion and has several advantages [7]. 

(i) Extractive procedures applied are com- 
parable to those occurring in nature. In natural 
environments, soil and sediments are subject to 
similar leaching procedures by natural and an- 
thropogenic electrolyte solutions. 

(ii) The total sum of all fractions should be 
more-or-less 100%, so the results are self- 
checking. 

(iii) It is an essential tool in establishing 
element partitioning with natural samples. 

(iv) Chemical extraction sequences can be 
used for the estimation of the potential remobi- 
lization of metals under changing environmen- 
tal conditions. 

Microwave-assisted extraction techniques 
have been very useful in the study of the speci- 
ation of metals not only in geological and 
environmental samples but also in biological 
samples [23-25]. This is because the use of 
microwave ovens in chemistry provides a very 
effective means for supplying high temperatures 
in a short time [26]. Extraction rate experiments 
using conventional and microwave-assisted 
heating showed that microwave-assisted heat- 
ing produces results comparable to those of the 
conventional procedure. Sequential microwave 
extraction procedures were established from the 
results of extraction rate experiments [27]. 

Other operationally defined speciation 
schemes include the use of the combination of 
a chromatographic fractionation of the soil 
solution followed by the analysis of the frac- 
tion by a sensitive analytical procedure. Thus 
Gardiner et al. [28], used size-exclusion HPLC 
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with electrothermal-atomic absorption spectro- 
metric analysis (ET-AAS) to identify alu- 
minium species in soil solutions. Speciation 
schemes also make use of combinations of 
anion- and cation-exchange columns to frac- 
tionate various species of metals like cadmium 
and lead in soil solution [29]. Supercritical fluid 
extraction is fast becoming an alternative tech- 
nique to the more conventional methods for 
soils and sediments [30]. 

2.3. General procedures  

It has already been mentioned that for speci- 
ation studies in soils, sediments and similar 
materials, sequential extraction schemes are 
widely used. In an elaborate review article, 
Pickering [22] summarized the different extrac- 
tion schemes as described in the pertinent liter- 
ature. In Table 1 various frequently used 
sequential extraction procedures [31-39] are 
presented. 

The groupings used in descriptions of distri- 
bution patterns are somewhat arbitrary, but 
the fractions more commonly considered ap- 
pear to be the ion-exchangeable, the weakly 
absorbed, organic-bound, hydrous oxide com- 
ponent and lattice component material. The 
latter component has been termed as "resid- 
ual", with the sum of  the other fractions being 
"non-residual". 

The behaviour of each fraction differs ac- 
cording to the type of reagent required for the 
release of a specific fraction [8] of the target 
elements in the target sample, thus providing 
the specific characteristics of each sample. Nev- 
ertheless, the extraction sequence proposed by 
Tessier et al. [32] had been most widely used 
[7,10,40,41] and applied not only to soils and 
sediments, but also to atmospheric particulate 
matter [42-44]. 

Although some workers water-wash the sam- 
ples prior to sequential extraction without their 
analysis, Gatehouse et al. [31] considered water 
treatment as one of  the extraction steps. The 
use of hydrazine for the extraction of non-sili- 
cate Fe phases is unique in comparison to 
other extraction schemes. 

The extraction scheme presented by Sposito 
et al. [33] was effective for arid-zone field soils 
enabling an experimental precision at any ex- 
traction step of better than 5%. Miller and 
McFee [34] applied their technique for the spe- 
ciation of  Cd, Cu, Pb and Zn in soils, making 
use of  a sequential extraction procedure for 

sewage sludges and a selective extraction proce- 
dure for manganese oxides. 

The method of Psenner et al. [35] has been 
used for the evaluation of the speciation of 
inorganic constituents in sediments of the 
Danube [10] river. The grain size of the sedi- 
ment is the most decisive parameter in such an 
analysis. However, dithionite must be avoided 
because it contains a lot of impurities of  heavy 
metals and can cause problems in flame atomic 
absorption spectrometric determinations. On 
the other hand, the presence of S 2 in dithion- 
ite must be avoided [45]. 

The special feature of the Shuman and Har- 
grove [36] method is the use of  NaOCI as an 
oxidizing agent. The effect of OH ions present 
makes the organic fraction more accessible and 
easily removable. This reagent is also consid- 
ered to cause less damage to amorphous con- 
stituents and clay minerals, but it can oxidize 
some Mn to MnO2.  Another disadvantage is 
the associated precipitation of released metal 
ions in the alkaline solution. For  extraction of 
exchangeables, e.g. by using NH4NO3, it may, 
however, lower the pH sufficiently for H + ion 
competition for sites to be discernible, and 
hydrolysis of clays will be promoted. Extrac- 
tion with NH4Ac, as proposed by Kersten and 
F6rstner [37], avoids the aforementioned effect 
by acting as a buffer. 

In the course of the elution sequence of the 
procedure of Zeien and Brfimmer [38], the 
acidity of the extractants increases. The heavy 
metals are fractionated according to their mo- 
bility during the first two steps of the extrac- 
tion sequence, whereas steps three to seven 
fractionate according to their binding charac- 
teristics. However, this method is only applica- 
ble to oxidized soils with below 5% CaCO 3. 

Hirner et al. [39] proposed an extraction 
sequence based on the specific isolation of solu- 
ble (by solvent extraction) and insoluble (by 
demineralization) organic constituents. The last 
step of any sequential procedure is the quanti- 
tative dissolution of the final extraction 
residue. 

The different extraction procedures cited 
above are not always selective. It seems that all 
the reagents used in the various schemes have 
advantages and disadvantages and there is not 
an ideal reagent. This is because chemical 
reagents may themselves alter the indigenous 
speciation of  a trace element, and in the choice 
of extractants, less powerful leaching solutions 
will probably be more selective for specific 
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Table 1 
Commonly used sequential extraction procedures for extracting various components of soils and sediments 

Authors Extractant ~ Fraction 

Gatehouse et al. [31] H20 Water-solubles 
NHnAc/HAc Exchangeables 
NH2OH - HC1/HAc Oxides 
H202/HNO 3 Sulfides and organics 
N2N 4 . HCI Non-silicate Fe phases 
H CIO 4 Residuals 

Tessier et al. [32] MgC12 Exchangeables 
NaAc/HAc Carbonates 
NH2OH • HC1/HAc Oxides 
HzO2/HNO3/NH4Ac Organics 
HF/HCIO4 Residuals 

Sposito et al. [33] KNO 3 Exchangeahles 
NaOH Sorbed components 
EDTA Organics 
HNO 3 Carbonates and sufildes 

Miller and McFee [34] H20 Water-solubles 
KNO 3 Exchangeables 
Na4P207 Organics 
EDTA Carbonates, Fe occluded (amorphous) 
NH2OH. HC1/HNO 3 Mn-oxide occluded 
Na-citrate/NaHCO3/Na2S204 Crystalline Fe-oxide occluded 
HNO~ Sulfides 
HNO~/H202 Residuals 

Psenner et al. [35] HCO 3 /$20  ] -  Organics and humics (partially) 
NaOH Humics 
HCI Carbonates, Fe hydroxides, sulfides (partially) 
Hot NaOH Kaolinite (partially), sulfides 

Shuman and Hargrove [ 3 6 ]  Mg(NO02 Exchangeables 
NaOCI Organics 
NH2OH. HCI/NH4Ac Mn oxides 
(NH4)2Ox Fe oxides (amorphous) 
Ascorbic acid/oxalate buffer Fe oxides (crystalline) 
HC1/HF/HNO 3 Residuals 

Kersten and F6rstner [37] NH4Ac Exchangeables 
NaAc/HAc Carbonates 
NH2OH • HC1/HNO~ Mn oxides 
Oxalate buffer Fe oxides (amorphous) 
H20~/HNO~/NHaAc Sulfides and organics 
HNO3 Residuals 

Zeien and Briimmer [38] NH4NO 3 Exchangeables (non-specifically adsorbed) 
NHnAc Exchangeables (specifically adsorbed) 
NH2OH • HC1/NH4Ac Mn oxides 
(N H a)2 EDTA Organics 
(NHn)2Ox Fe oxides (amorphous) 
Ascorbic acid/oxalate buffer Fe oxides (crystalline) 
HF/HCIO4/HNO 3 Residual 

Hirner et al. [39] H20 Water solubles 
N H 4 Ac Exchangeables 
C6H6/CH3OH Soluble organics (solvent extractables) 
C6H6/CH~OH/KOH Soluble organics (humic and fulvic acids) 
HC1 Mineral matrix (easily soluble) 
HF Mineral matrix (hardly soluble) 
HC1/HCIO~/HNO~ Insoluble organics 

The different extractants are employed sequentially and each one provides leaching of the noted metal fractions, as 
indicated by the authors. 
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fractions than more severe reagents, which may 
attack in other forms, although the overall 
efficiency of extraction may be lower [9]. Also 
to be taken into consideration are factors such 
as readsorption processes, the time required to 
carry out the experiments, the effect of temper- 
ature and the ratio between the solid mass and 
the volume of the extractant solution. 

One serious concern about the extraction 
schemes stated in Table 1 and other similar 
schemes is that the rate of extraction is slow 
and takes several days to complete the analysis. 
For example, the procedure of Tessier et al. 
[32] needs 5 overnights [10] for the extraction 
steps to be completed during the analysis of a 
sediment sample whereas the procedure after 
Miller and McFee [34] needs more than 77 h 
[46] for sequential extraction for soil specia- 
tion. Use of PTFE reactors and microwave-as- 
sisted digestion procedures at high pressures 
and temperatures has usually been effective to 
overcome this problem [22 26]. Another way 
by which the speciation studies have been made 
rapid is by using on-line treatment. In an ex- 
periment for studying speciation of heavy 
metals like Cd, Zn, Cu and Pb performed by 
Scokart et al. [47], a small column (0.5 cm in 
diameter) was packed with soil (1 g) and eluted 
successively with water, BaC12, acetate buffer/ 
EDTA and HNO3 furnished by a peristaltic 
pump. The leachates were directly injected into 
an inductively coupled plasma-optical emission 
spectrometer in order to analyze immediately 
the extracted solution. Actually, it gives a kind 
of chromatogram of the chemical species of the 
elements studied which may be considered as a 
picture of their availability. 

2.4. Modif icat ions o f  the usual extract ion 

sequence 

When the requirement is not the complete 
analysis of the soil or sediment but to study the 
speciation of specific component(s), modifica- 
tion of the usual extraction sequence has been 
proposed. An improvement in analytical mea- 
surements for single and sequential procedures 
applied to soil and sediment analysis has been 
reported by Quevauviller et al. [48]. The study 
indicated that broadly acceptable extraction 
schemes can be established, e.g. a single-ex- 
traction (EDTA/acetic acid/ammonium ac- 
etate) method for soil and a sequential extrac- 
tion (with acetic acid, hydroxylammonium 
chloride, ammonium acetate and H202) 

method for sediment. Few specific examples 
may be cited here. 

For Cd speciation, sequential extractions 
were performed with H20, CaAc 2, NaAc, 
NaOH and Na citrate [49]. Columns packed 
with Amberlite IR-120 cation-exchange resin 
were used together with Amberlite XAD-2 ab- 
sorbent resin to investigate Cd speciation in 
solutions of sewage-sludge-amended soils [50]. 

Similarly, Cu species may be sequentially 
extracted by using CaC12, HAc, K4P20 v, ox- 
alate buffer and HF [51]. For marine sedi- 
ments, extraction of the organic-bound fraction 
by hot (100 °C) sodium dodecylsulfate sodium 
bicarbonate at pH 9.2 has been recommended 
[521. 

The speciation studies of aluminium were 
performed by extracting soil samples with 
CaC12, then with KCI, and the separation of 
the aluminium species was carried out by the 
ion-chromatographic method [53]. 

For the evaluation of the speciation of tin in 
finely grained sediments of the Danube river, a 
leaching sequence was presented [20] which 
consisted of treatment with ethanol, 
NH2OH.HC1/HAc,  oxalate buffer, KMnO4/ 
HNO3, NH4I and tartaric acid. Owing to the 
very high toxicity for marine organisms of 
tributyltin, there is great interest in its specia- 
tion in environmental samples. The sediment 
samples collected from Porto Vecchio Bay 
(Corsica, France) were analyzed by three differ- 
ent speciation methods of which extraction of 
tin species in HAc followed by hydride genera- 
tion, cold trapping, separation on a GC 
column and determination by graphite furnace- 
AAS furnished the best results [54]. The extrac- 
tion of tributyltin from spiked sediment by a 
supercritical fluid (CO2 containing 5.1 M 
methanol) has been reported by Dachs et al. 
[55]. Extracts were derivatized with 20% 
C2HsMgCI in tetrahydrofuran and analyzed by 
GC with flame photometric detection. Re- 
cently, the speciation of some tributyltin com- 
pounds has been studied by using M6ssbauer 
spectroscopy, in anoxic and oxic estuarine sedi- 
ments [56]. The study indicated that tributyltin 
fluoride remains in its polymeric form after 
interaction with both types of sediments. 

The extraction and speciation of inorganic 
arsenic (As 3+ and As 5+) in soil and sediment 
samples have been reported by various workers 
[57,58]. The method involves extraction with 
60% HNO 3 followed by hydride generation- 
AAS. To determine the amount of arsenic corn- 
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pounds such as arsenate, arsenite, monomethyl 
arsonate and dimethyl arsinate in Japanese 
soils, Takamatsu et al. [59] developed an analyt- 
ical technique that consisted of sequential ex- 
traction with HC1, HC1/KI, benzene, and 
H20/H202 followed by anion-exchange chro- 
matography and final determination of arsenic 
by ftameless atomic absorption spectrometry. 

A sequential extraction procedure [60] using 
the following reagents in the order H20, 
NH4Ac, NaAc/HAc, NH2OH " HC1/HAc, 
H2Oz/NH4Ac, HNO3 was applied to study the 
speciation of Chernobyl-derived radionuclides, 
i.e. ~37Cs and 9°Sr in soils. In general, both 
~3VCs and 9°Sr had lower mobility factors in the 
Russian soils compared to the Norwegian soils. 
Speciation of ~37Cs and 9°Sr in soils and bot- 
tom sediments in the Chernobyl accident zone 
was also studied by Konoplev et al. [61] who 
found that the adsorption of ~37Cs and 9°Sr in 
the environment is controlled by the cation- 
exchange capacity and the selectivity of the 
solid phase and the cationic composition of the 
liquid phase. 

Speciation of Ca 2+ ions and particulate cal- 
cium as Ca3(PO4) 2 needs neither sample prepa- 
ration nor extraction step and the species were 
studied by flame AAS using slurries [62]. 

On the other hand, speciation between Sb 3 + 
and Sb s+ is difficult in the solid samples be- 
cause a quantitative recovery is only obtained 
in HF + HNO3 + H2804 q- HC104, which al- 
ters the oxidation state. To determine Sb in 
solid samples, the batch hydride generation 
method is recommended in preference to auto- 
mated (flow injection analysis (FIA) or contin- 
uous) methods, because a clear solution is not 
obtained after any of the sample treatments 
used. In the FIA and continuous methods, 
previous filtration of the suspension is required 
before analysis to avoid clogging of Teflon 
tubing [63]. 

Organometallic compounds are often 
difficult to determine in soil and sediment sam- 
ples [2]. There are few reports on the study 
of organomercury compounds in soils and 
sediments [64]. A search for new methods of 
mercury speciation based on liquid chromato- 
graphy, as well as quality control and applica- 
tion to sediments, has been described by Cela 
et al. [65]. The speciation of mercury in soils 
and sediments has also been studied by a ther- 
mal evaporation technique [66]. The determina- 
tions of organomercury and total mercury were 
carried out by H P L C - A F S  and cold vapour 
AAS respectively. 

Selenium exists in soil in several oxidation 
states and as a variety of inorganic and organic 
compounds. Speciation studies on this element, 
particularly in soil samples, are scanty [67,68]. 

Recently, for studying the speciation of 
Fe(II) and Fe(III) in contaminated aquifer sed- 
iments, single-step extraction including 1M 
CaCI2, NaAc, oxalate, dithionite, Ti(III)- 
EDTA, 0.5M HCI, 5M HC1, hot 6 M  HC1 
and a sequential extraction by HI and 
CrZ+HCI were tested on saturated iron miner- 
als and nine aquifer sediments [69]. 

2,5. Analytical details 

Table 2 summarizes details of the analytical 
performance of some speciation methods for 
soil and sediment samples. It transpires that 
sequential extraction is the most common tech- 
nique for the preferential separation of various 
components. The resultant extract solutions are 
usually then analyzed by instrumental tech- 
niques suitable for the chemical multielement 
analysis of liquids, i.e. atomic absorption spec- 
trometry (flame and graphite furnace), and in- 
ductively coupled plasma spectrometry 
(ICP-OES and ICP-MS). However, the com- 
plementary approach, i.e. analysis of the solid 
extraction residues by X-ray fluorescence spec- 
trometry is also possible [7]. Of these tech- 
niques, AAS has been used widely because of 
its simplicity and low cost. By introducing flow 
injection analysis (FIA), sensitivity is further 
increased. Thus a 5.5-fold to 60-fold increase in 
the sensitivity is obtained for flame AAS and a 
15 fold to 50 fold increase for ET-AAS [73]. 

From Table 2 it is also evident that the 
information about the analytical performance 
of the developed methodologies is scarcely re- 
ported. The limits of detection obtained are in 
the parts-per-million to parts-per-billion range. 
The precision is usually adequate for these 
determinations (relative standard deviations 
between 0.4 and 8%). 

The usual speed of analysis in conventional 
extraction methods is enhanced with a mi- 
crowave-assisted treatment, as previously indi- 
cated, and is also further improved by use of 
an ICP-S method of determination. A typical 
sixfold to fifteenfold increase in speed has been 
reported [27,74]. 

Accuracy data have been reported in a few 
papers, and in general these data concern the 
determination of the total content of metals 
and not the accuracy of determination of each 
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one of the species or fractions analyzed. Thus 
recoveries of total metals in certified sediment 
samples ranged from 76 to 120% for the con- 
ventional procedure and 62 to 120% for the 
microwave procedure. Recoveries of total 
metals using microwave and conventional tech- 
niques were reasonably comparable except for 
iron (62% by microwave as against 75% by 
conventional). Substitution of an aqua regia/ 
HF extraction for total/residual metals results 
in essentially complete recovery of metals [27]. 

The precision obtained from 31 replicate 
samples of the California Gulch (Colorado) 
sediment which yielded about an average of 
11% R.S.D. excludes the exchangeable fraction 
which was more variable [27]. 

In the case of the speciation studies of 
Sb(III) and Sb(V), very low recoveries (18.8 _+ 
8.4-48.2 + 2.2°/,,) have been reported. Again, 
when a quantitative recovery (107.1 _+ 6.1%) is 
obtained, the oxidation state of antimony is 
altered yielding errors in speciation [63]. 

3. Speciation of solid biological and food 
materials 

In contrast to inorganic materials where the 
number of element species is relatively small, 
trace elements can be present in living matter 
in a large variety of chemical forms. The pur- 
pose of most investigations into the chemical 
speciation of trace elements in biological sys- 
tems has been to identify the physiologically 
active forms, the storage and transport of spe- 
cies, the metabolites of trace-element-contain- 
ing drugs and to find sensitive indices of the 
status of trace elements [75]. With increasing 
knowledge of the metabolism and biological 
effects of trace elements, it has become increas- 
ingly apparent that there is a need not only to 
determine the total levels of an element in 
tissues and body fluids but also to measure its 
different chemical forms quantitatively. 

The toxicity of chemical species of different 
elements is a function of both the target ele- 
ment and the chemical structure of the com- 
pounds considered, and it depends on the 
absorption pathways of the elements. Most of 
the species of interest in the toxicology of trace 
elements are small molecules. Many metals are 
capable of forming organometallic compounds 
and their toxic effects in some cases exceed by 
far those of the inorganic forms of the elements 
or the compounds formed with large molecules. 

In general, in the investigation of the toxic 
effects, the speciation of small molecules is of 
concern, whereas in the investigation of the 
biological functions the determination of large 
molecules has priority. Again most of the es- 
sential species of the trace elements, i.e. metal- 
loenzymes, are produced in the organism after 
transformation of the different chemical forms 
of the elements present in the diet. The content 
of an essential compound decreases with in- 
sufficient dietary element supply and is thus 
related to the total element content [26]. 

Although the speciation of metals is widely 
recognized as a desirable goal in the analysis of 
biological materials (this has been particularly 
the case for clinical and environmental sam- 
ples) interest is now being widened to include 
foods [77], because the bioavailability of metal 
species in food has been correlated with the 
extractability obtained by enzymolysis with 
gastric and intestinal fluids [78]. Quality con- 
trol measures for toxic metals, neglected in 
many cases in food analysis, should be rigor- 
ously followed. No effort should be spared in 
determining the accuracy and precision for 
each separate food matrix, since each foodstuff 
is a different chemical matrix and requires spe- 
cial control of interferences [79]. 

3.1. Pretreatment of biological materials for 
carrying out speciation studies 

For speciation studies of biological materi- 
als, more stringent conditions have to be fulfi- 
lled during sample collection, pretreatment and 
storage [75]. It is necessary not only to collect a 
representative sample and to avoid chemical 
contamination, but also the integrity of the 
chemical species has to be maintained. During 
and after sampling, changes in parameters such 
as temperature, ionic strength, pH, redox po- 
tential, oxygen level, irradiation with UV light, 
etc. to which the sample is exposed, can influ- 
ence the distribution of chemical species. As a 
matter of fact, the act of sampling itself may 
create conditions that could induce changes 
which may affect the types and prevalence of 
species found for a given element. In order to 
minimize the effect of the above changes, it is 
essential to choose those analytical conditions, 
in particular the pH and ionic strength of the 
working media, which do not differ markedly 
from those found in the original system. 

The choice of sample storage containers is 
also a critical factor. In general, the most ap- 
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propriate action is to deep freeze samples im- 
mediately on collection to minimize any bacte- 
rial or enzyme degradation, loss through 
volatility or contamination of the sample. Ac- 
cording to Uthe and Chou [80], biological tis- 
sue should be dissected at the sampling site and 
frozen in liquid nitrogen and then stored in a 
deep freeze to reduce enzyme release of heavy 
metals. Most studies on biological matrices are 
undertaken on wet tissue, rather than 
lyophilized materials, which is either extracted 
as fresh material or has previously been dis- 
sected and rapidly frozen. 

Pretreatment techniques can only be chosen 
when the nature of the problem and the infor- 
mation required from the analysis of the sam- 
ple have been understood clearly. Again the 
effect of storage on the distribution and the 
genuineness of the chemical species are both 
associated with such problems. For example, as 
stated above, biological tissue samples after 
collection are usually frozen until required, but 
such freezing of samples slows down on-going 
biochemical reactions which would otherwise 
disrupt the complexes or completely changes 
the distribution profile of a given element. The 
extent of damage to any constituent of interest 
would depend upon the conditions and time 
period of storage. Mechanical and physical 
effects of the ice crystals formed could denature 
proteins and may deactivate enzymes. Also, 
oxidation or reduction of side chains and light- 
catalyzed degradation of various proteins could 
continue to occur in the material during stor- 
age, particularly when transition metals are 
present [81]. 

Usually, sample preparation procedures for 
biological materials fall into two categories 
[77]. Firstly, those methods where the sample is 
analyzed after a minimal pretreatment by using 
slurry or solid sample introduction systems or 
alternately after dilution with an appropriate 
reagent for deproteinization, metal release or 
cell disruption. Secondly, there are methods 
where considerable sample pretreatment such 
as separation, extraction or destruction of the 
organic component by heat, solubilizing agents 
or oxidizing agents is necessary before determi- 
nations can be carried out. 

3.2. Extraction techniques 

The information required for speciation 
studies in the case of biological materials may 
be the oxidation state of the metal, the concen- 

tration of molecular species or the identity of 
the organometallic complex. The most com- 
mon technique for obtaining such information 
involves separation procedures which isolate 
selectively the species of interest [82] or a sepa- 
rating column which generates a series of frac- 
tions containing organometallic complexes [83]. 

In principle, most of the separation modes 
available for liquid chromatography such as 
size-exclusion, normal-phase, reversed-phase, 
paired-ion reversed-phase and ion-exchange 
should be applicable to biological systems. Of 
these, fractionation according to size has been 
most frequently used. When chromatographic 
techniques are used to separate organometallic 
complexes, information on the concentration 
of organic molecules may also be obtained 
concomitantly from the elution pattern [84]. 
For efficient separation of sensitive non-stable 
species, gel permeation chromatography with 
aqueous eluents is used. Other techniques like 
ion-exchange chromatography may have the 
problem of loading the species, with separation 
of specific charges and/or substrates from ei- 
ther the column matrix or the buffer systems. 
This may result in changes in the original 
species. Thus leaching procedures are not much 
use in speciation analysis of biological samples 
[2]. For stable species only, electrophoretic sep- 
aration can be applied in the form of a contin- 
uous flow-through or a capillary system [85]. 

Biological samples can also be extracted by 
blending as a paste or slurry with the selected 
solvent or solvent mixtures [86,87]. Sample tis- 
sue or plant material can be pulverized in 
liquid nitrogen to break up the matrix. Ionic 
lead species in grass and tree leaves may be 
solubilized with tetramethylammonium hy- 
droxide from the crushed leaves in sodium 
diethyldithiocarbamate prior to extraction with 
pentane [88]. 

In general, organometals are more strongly 
bound to the protein, and for studying these 
systems, rupture of the protein-metal linkage 
is required. In such cases, enzymes can be used 
to destroy the substrate and release the 
organometal intact. For example, pepsin can 
be used to rupture the S-S bonds and bacterial 
protease K can be used to release organometals 
bound to proteins [16]. 

Recently, successful use has been made of 
pressure digestion in a microwave oven as an 
alternative procedure for solubilizing samples, 
because of the advantages it offers of reducing 
digestion time and reagents, thus decreasing 
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[Extraction of water soluble species ~ ¢ ' [  ~ 1 [  Extraction of fat soluble species ] 
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[Characterization, J C a p a c i t ~ c S t a b i l i t y ,  ] Effects on biological and ~eological systems 

[ Mobility, Availability,, Toxicit~¢ ] 

Fig. 1. General scheme that may be applied for metal ion speciation studies in biological materials. 

contamination problems. Unfortunately, only a 
few studies on foods and biological matters 
have been published [23,89]. Supercritical fluid 
extraction is more suitable for isolating labile 
compounds and is an ideal technique for on- 
line automation. The method has been applied 
to speciation studies in biological tissues [90]. 

3.3. General procedure 

For most speciation analyses, it is important 
to relieve the preferred species of other undesir- 
able components of the sample matrix by selec- 
tive extraction of either water- or fat-soluble 
forms. After selective separation, sensitive de- 
tection procedures followed by effects on bio- 
logical systems, uptake and toxicological 
experiments which mimic real processes are 
carried out for complete speciation studies [91]. 
Various schemes like that shown in Fig. 1 are 
used to fulfil the requirements of speciation 
analysis. 

For the elucidation of the structure, stability 
and capacity or the evaluation of the mobility, 
availability and toxicity of the metal species, 
different methods have to be used. Some of the 
instrumental techniques [75] that can be used 
to characterize chemical species in biological 
matters and the information that they may 
provide are summarized in Table 3. 

Evidently, there is no unique procedure for 
speciation studies of all different types of bio- 
logical materials. But depending on the nature 
~AL 4Z-8-B 

of the material, some direct or combined 
method may be suggested. In some cases chem- 
ical species can be measured directly in the 
sample without interference from other compo- 
nents. For example, with several metal-contain- 
ing enzymes, the enzymic activity can be taken 
as a measure of the concentration of the com- 
pound. Again enzyme systems specifically 
affected by the toxic form of the element may 
be monitored so that the inhibition of the 
enzymic activity can be taken as a measure of 
the toxic species. Immunoassay may be another 
direct way for the speciation of trace element 
compounds with antigenic properties [76]. 

On the other hand, various combined meth- 
ods can be used in speciation studies. With 
some elemental species, relatively simple proce- 
dures may be used, i.e. volatilization of com- 
pounds or a single absorption or extraction 
step. For the speciation of small molecules like 
organometallic compounds, gas chromatogra- 
phy or high-performance liquid chromatogra- 
phy have been combined with analytical 
methods such as AAS and applied for routine 
analysis [5]. 

3.4. Various speciation methods 

The procedures used for solubilization of the 
biological samples and subsequent determina- 
tion of the analyte(s) by techniques like AAS, 
ICP-S, etc. are very wide. A critical examina- 
tion of this subject reveals that major work has 
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Table 3 
Major techniques for the characterization of chemical species in various matrices 

Instrumental techniques(s) Information 

AAS, ICP-AES, XRF, neutron activation, 
anodic stripping voltametry 

XRD 

IR and Raman spectroscopy 

NMR 

Mass spectroscopy 

M6ssbauer spectroscopy 

Circular dichroism 

Molecular UV absorption and 
luminescence 

Total metal content, detection of species, characterization of 
species is possible if the technique is coupled with a 
separation method 

Determination of specific structures, principally crystalline 
compounds in tissues 

Structure and conformational changes 

Structure, equilibrium and kinetic properties 

Characterization of species 

Electronic structure, spatial arrangement, spin and oxidation 
states of the metal in the prosthetic group 

Interaction between ligands and proteins, secondary structure 
of proteins and binding of metals at the active sites in 
enzymes 

Determination of specific species containing chromogenic or 
fluorogenic structures 

been done on the speciation of arsenic followed 
by that of mercury. The work on the speciation 
of other elements in biological materials are 
not many in number. This may be evident from 
the following discussions. 

For the speciation of arsenic chemicals by 
atomic spectrometry, a series of procedures 
based on the use of a selective liquid-liquid 
extraction has been developed. The selective 
determination of inorganic arsenic and organic 
compounds in foods has been carried out by 
Mtinz and Lorenzen [92] by liquid liquid ex- 
traction and hydride generation. Previously 
mineralized samples with HNO3 were treated 
with ascorbic acid, to reduce As(V) to As(III), 
extracted from 7 9 M HCI into CH2C12. Inor- 
ganic arsenic was determined after a back ex- 
traction of the CH2C12 phase with water; the 
determination of organic arsenicals was 
achieved by evaporation of the remaining HCI 
phase, decomposition with HNO3 and subse- 
quent measurement by HG-AAS. 

Inorganic arsenic species found in foods may 
also be selectively extracted with dilute HzSO 4 
from the lyophilized solid samples. Under these 
conditions organically bound arsenic remains 
stable [93]. 

For the determination of total inorganic 
arsenic in fish [94], solid samples were treated 
with NaOH and Na2SO4 on a boiling water 
bath for 20 min, after which HC1 was added and 
arsenic was extracted with ammonium pyrro- 
lidine dithiocarbamate (APDC) in MIBK. The 

arsenic was back-extracted with HNO 3 and then 
treated with aH2SO 4 before measurements were 
carried out by the hydride generation technique. 

Inorganic As(III) and As(V) were determined 
in biological materials [95] after solubilization 
with HCI, extraction into toluene and back-ex- 
traction with water. Organic arsenic was re- 
tained in the acidic solution. The total arsenic 
was determined after digestion with HNO3, 
H z S O  4 and HCIO4.  

For selective determination of As(III) in 
foods, in the presence of As(V), the liquid-liq- 
uid extraction of AsCI 3 in CHC13 was proposed. 
The determination was carried out by hydride 
generation after back-extraction in water [96]. 
At pH 4-5 the hydride generation of arsenic 
with NaBH4 permits the selective determination 
of As(III) in a mixture of As(III) and As(V). On 
the other hand, total arsenic can be determined 
by hydride generation from 5 M HC1. For the 
speciation of arsenic in solid biological samples 
and to avoid the oxidation of As(III), the use of 
concentrated HNO3 and H 2 S O  4 was  substituted 
by the use of those acids diluted 1 + 2  with 
water [97]. 

A method for the separation of arsenic spe- 
cies from solid samples of orchard, tomato and 
oak leaves has been described by Sarx and 
B/ichmann [98]. The volatilized arsenic species 
were separated into various fractions and deter- 
mined by graphite furnace-atomic absorption 
spectrometry and microwave-induced plasma- 
optical emission spectrometry. 
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The major form of arsenic in fish and crus- 
taceans is arsenobetaine. Although this com- 
pound has been shown to be non-toxic, for 
reasons of toxicological reassurance, its con- 
centration and that of other arsenicals in food- 
stuffs of marine origin must be determined by 
some routine method [99]. Extraction of ar- 
senobetaine from fish tissue homogenates may 
be performed by using CHCI 3 CH3OH mix- 
tures. A recovery of 101 _+ 4% was reported for 
the 1:2 solvent mixture extraction of freeze- 
dried fish muscle spiked with arsenobetaine 
[100]. For the routine analysis of arsenobetaine 
in marine samples, HPLC-ICP-AES would be 
a good choice in terms of sensitivity, selectivity 
and ease of operation [101], but even better 
sensitivity could be achieved with HPLC-ICP- 
MS [99]. 

In the determination of organoarsenic spe- 
cies by HPLC ICP-MS, dried fish (1 g) was 
extracted with CHC13 or aqueous trypsin and 
the extracts were analyzed on an HPLC 
column containing anion-exchange resin with a 
mobile phase of alkaline potassium sulphate 
and with ICP-MS detection [102]. Recoveries 
ranged between 80 and 115% for arsenobetaine 
and arsenate. No monomethylarsonic acid was 
observed in any of the fish, though dimethyl- 
arsinic acid was detected. 

The method proposed by Lunde [103] for the 
separation and analysis of organic-bound and 
inorganic arsenicals in marine organisms by 
neutron activation and X-ray fluorescence, 
based on the extraction of arsenic as AsC13 and 
subsequent removal by distillation at 100 °C, 
can be adapted for the analysis of inorganic 
arsenic in seafood products by HG-AAS after 
in-line microwave-assisted distillation of AsC13 
[104]. 

Although the most popular way for the spe- 
ciation of mercury is based on the selective 
reduction to Hg ° following the procedure pro- 
posed by Magos [105], organic mercury can be 
determined by solvent extraction into toluene 
and electrothermal atomic absorption [106]. 
For this purpose, the solid residue of an extract 
in acetone from homogenized biological mate- 
rials is treated with acid bromide and CuSO4, 
and then the mercury is extracted into toluene. 
For the stabilization of methylmercury in the 
furnace, dithiozone was added to samples and 
standards and the mercury was atomized at 
950°C. This method provides an average recov- 
ery of 97_+ 5% and supplies an alternative to 
the gas-liquid chromatographic method [107]. 

From the published papers on mercury spe- 
ciation, it can be concluded that the reduction 
of mercurials can be selectively carried out by 
using different reduction steps with SnC12 and 
with SnCI2 + CdC12. On the other hand, the 
pH strongly affects the reduction of mercurials 
by NaBH4, specially in the presence of Fe(III), 
and finally it seems that a combination of 
SnC12 and NaBH 4 could be very convenient in 
order to carry out the speciation of mercury in 
biological samples [108]. Magos' method [105] 
was used for the speciation of mercury in brain 
tissue from monkeys [109] where the direct 
determination of mercury in 1 g of solubilizate 
was performed for total mercury by 
CdCI2+SnC12 reduction and for inorganic 
mercury by SnC12 reduction. 

The extraction of CH3Hg + as the bromide 
from fish samples by CHC13 and its direct 
determination in organic medium by cold va- 
pour atomic absorption spectrometry was de- 
scribed by Rezende et al. [110]. Fresh fish 
muscle was cut into small pieces, prepared as a 
homogenate and mixed in a centrifuge tube 
with water, H 2 S O  4 and KBr. Extraction with 
CHC13 was performed and methylmercury was 
determined by mixing the organic extract with 
50% HNO3 in DMF and 2% NaBH4 in DMF 
(1:2:1). 

A procedure for the determination of or- 
ganic and inorganic mercury in biological ma- 
terials like fish, oyster, meat, milk (dried), 
banana (dried), and wheat flour by GF-AAS 
has been reported [111]. To 0.5 g of the ho- 
mogenate, 1% NaC1 in 1 M HC1 and benzene 
were added. Organic mercury extracted as 
chloride was re-extracted by 0.01 M thiosul- 
phate solution. The organic mercury thiosul- 
phate extract was next treated with 0.5 M 
CuC12, re-extracted in the benzene layer, and 
analyzed by GLC for speciation. Inorganic 
mercury was converted into a methyl chloride 
derivative by methanolic tetramethyltin (0.4 M) 
prior to extraction. 

For rapid speciation studies on organomer- 
cury compounds in molluscs, a separation 
based on chromatography has been reported 
[65]. Frozen fish (0.5 g) was homogenized with 
water and 1 M CuSO4. Acid potassium bro- 
mide and benzene were then added and the 
mixture was centrifuged. The organic layer 
(5 I.tl) was analyzed by capillary gas chromatog- 
raphy interfaced with AAS [86]. 

Trialkyltins are the class of organotins which 
have the greatest biocidal activity in mammals. 
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Arakawa et al. [112] reported the determina- 
tion of tetraalkyltin and trialkyltin homologues 
in mammalian tissues. This technique involves 
the isolation of alkyltins from tissue ho- 
mogenates as chlorides by simultaneous extrac- 
tion with HC1 and ethyl acetate, followed by 
extraction with n-hexane and stepwise elution 
with n-hexane + ethyl acetate on a silica gel 
column. The column eluate is injected directly 
into a gas chromatographic column. The 
method involves at least nine steps requiring 
six transfers of sample. This time-consuming 
process has been improved by Means and 
Hulebak [113]. In their method, methyltin com- 
pounds (monomethyl-, dimethyl-, trimethyl- 
and tetramethyl-) are purged from freshly ho- 
mogenized mouse kidney and brain tissues us- 
ing NaBH 4. The volatile organotin hydrides 
produced are cryogenically trapped on the 
head of a gas chromatographic column (at 
- 4 0  °C) and eluted. The compounds are de- 
tected using selected ion monitoring in a mass 
spectrometer. 

Determination of organometallic compounds 
in biological matrices is not very easy. Deriva- 
tization reactions including hydride generation 
and other sample treatments that lead to 
volatilization are employed, finally followed by 
GC separation [2]. Such procedures have been 
applied for the determination of Hg, As, Se, Sn 
and Pb species in biological samples [114,115]. 
AAS is used to quantify the elements in these 
cases. In a few cases, organometallic com- 
pounds of mercury, tin and arsenic have been 
determined in biological samples by HPLC 
with spectroscopic detectors [116]. Caroli et al. 
[117] used HPLC followed by ICP-AES to 
determine the iron proteins ferritin, transferrin, 
cytochrome C and iron protein succinate in a 
number of iron-based pharmaceuticals. 

In order to investigate chemical speciation 
analysis in foodstuffs, protein-, pectin- and 
lipid-splitting enzymes like pepsin, pectinase, 
papain, bromelain and lipase have been used in 
stepwise extraction procedures [118]. The use 
of enzymes in the extraction procedures indi- 
cated clear differences in the solubility of the 
metal species, i.e. iron and manganese species, 
by pectinase from oat flakes and iron com- 
pounds by papain/lipase from wheat germ. The 
application of gradient gel electrophoresis pro- 
vides a useful method for the separation of 
zinc, nickel and copper species in soybean fluor 
extracts [119]. The separated substances were 
electrophoretically eluted, followed by flame 

AAS determination of the metals. Thus is a 
sensitive separation method with a high resolv- 
ing power that can provide various information 
concerning the metal species, e.g. molecular 
size, charge and stability. 

Speciation of zinc and cadmium in different 
vegetable foodstuffs has been reported [120] 
where the cell breakdown was carried out by 
liquid shearing (ultraturrax treatment) of the 
crushed plants in a Tris-HC1 buffer (pH 8). 
The homogenates were separated into cytosols 
(liquid fractions) and pellets (solid fractions) by 
centrifugation. The cytosols were again sepa- 
rated by gel permeation chromatography. The 
metal in each fraction was determined by GF- 
AAS after wet digestion in HNO 3. 

Chau et al. [121] used tetramethylammonium 
hydroxide as tissue solubilizer to dissolve bio- 
logical samples like fish without altering the 
chemical species of the alkyllead species. The 
various alkyllead species were isolated quanti- 
tatively by chelation extraction with sodium 
diethyldithiocarbamate, followed by n-butyla- 
tion to their corresponding tetraalkyl forms, 
RnPbBu~4_,,) and BugPb respectively (where R 
is Me, Et), all of which were determined by a 
GC-AAS method. The method could deter- 
mine simultaneously the following species in 
one sample: tetraalkyllead (Me4Pb , Me3EtPb, 
M%EtzPb, MeEt3Pb, Et4Pb); ionic alkyllead 
(M%Pb 2+, Et2Pb 2+, Me3Pb +, Et3Pb+); Pb 2+ 
ion. 

Methyltin and butyltin and inorganic tin in 
oysters were extracted from frozen tissue with 
methanol and hydrochloric acid. The extracts 
were then treated by a hydride generation-AAS 
method [122]. 

3.5. Analytical details 

As indicated in Table 4, it is clearly evident 
that there has been continuous interest in speci- 
ation studies of arsenic and mercury in biologi- 
cal materials. The decreasing order of toxicity 
of arsenic compounds has been found to be the 
following: metallic As, As(III), As(V), mono- 
methylarsinic acid (MMA), dimethylarsinic 
acid (DMA). Again, compounds such as ar- 
senobetaine, arsenocholine and arsenosugars 
are believed to be non-toxic. Consequently, a 
variety of procedures have been developed 
for determination of organic and organic 
species of arsenic, together with total arsenic 
in biological samples [92,93,96,98,100,102,104, 
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127-129]. Many of these have evolved by cou- 
pling a gas- or liquid-chromatographic tech- 
nique with an element-specific detector. Of the 
instrumental methods, atomic spectrometry is 
most widely used and most effectively devel- 
oped, both in respect of methods using hydride 
generation coupled to atomic absorption or 
emission [92,96,104] and inductively coupled 
plasma-spectrometry [128] and electrothermal 
methods with graphite furnace [129]. Recently, 
ICP-MS has been used for the detection of 
arsenic [100,102]. In such cases, GC or HPLC 
was used as the method of separation. It can be 
shown from Table 4 that below-nanogram-level 
detection limits can be achieved in some meth- 
ods [98,100,104]. Also the accuracy of some of 
the methods is very good [96,102,104]. How- 
ever, only a few data are available concerning 
these aspects. 

One question that arises when speciation of 
mercury is to be performed is the sample pre- 
treatment used to bring the mercury species 
into solution. The treatment must be capable 
of solubilizing the species from the sample 
under investigation without breaking the C 
Hg bond. In general, the chromatographic 
methods make use of solvent extraction for this 
purpose, using non-polar solvents, the organic 
mercury being extracted as chloride or bro- 
mide. Thus most of the speciation methods for 
mercury in solid biological materials depend on 
chromatographic separations with detection by 
means of cold vapour atomic absorption spec- 
trometry [108-110]. Mercury has been detected 
by GF-AAS [106 111] and ICP-MS [123] by 
some workers in biological samples. It can be 
seen from data in Table 4 that the detection 
limits for various organomercury species are 
mostly in the parts per billion range or below 
[86,106,108,110,111,123]. Typical R.S.D. values 
lie within 10% [65,109,111] for organomercuri- 
als but for inorganic mercury they may be poor 
[109]. The recovery of the reported methods in 
cases in which this parameter has been re- 
ported is excellent [86,106,110,111]. 

Hydride generation has been satisfactory for 
the determination of alkyltin compounds con- 
taining carbon chains of four atoms or less; 
derivatization is required for more than four 
carbon atoms in the chain. Various workers 
have analyzed biological samples for organ- 
otins by extraction followed by GLC or G C -  
MS [112,113,124,125]. In such cases a better 
LOD value, i.e. 1 pg for trialkyltin [112], may 
be attained compared with HG-AAS (1-  
2.5 ng) [122]. 

Not many papers have been published on the 
speciation of Pb, Mn, Zn, Ni, Cu, Cd or Se in 
biological materials in the solid phase. Specia- 
tion studies of metalloproteins of these ele- 
ments have been accomplished by extraction 
[117,118], separation by gel electrophoresis 
[119], on a Sephadex column [120] or by gas 
chromatography [126] followed by AAS deter- 
mination of the analyte. Investigations of the 
different biochemical forms of selenium have 
been made by using GC- MS [132] or HPLC 
AAS [133]. In most of these cases, the analyti- 
cal parameters have not been stated. 
Nevertheless, in a typical study of inorganic 
and organic lead compounds in fish tissues by 
G C-A A S ,  an LOD of 7.5 ng g ', an R.S.D. of 
6.5% for triethyllead and a recovery of 71-  
101% for diethyllead have been reported [121]. 

4. Speciation of miscellaneous solid samples 

In this section we would like to discuss some 
papers concerning different solid matrices, in 
which speciation studies have been carried out 
on samples other than soil, sediment, biological 
or food samples. For example, details of metal 
speciation in atmospheric particulates and also 
speciation in wood, and coal, which have been 
developed in recent years, are presented below. 

Several experimental procedures, varying in 
manipulative complexity, have been proposed 
for determining several chemical speices of par- 
ticulate trace metals. Thus atmospheric partic- 
ulates collected on a glass fibre filter can be 
acidified by soaking in HC1 and extracted by 
shaking with toluene, ethyl acetate or methanol 
or by refluxing in a Soxhlet apparatus. Contin- 
uous Soxhlet extraction is sometimes preferred 
since the cycling time can be controlled and the 
exhaustive technique exposes fresh solvent, 
which can percolate into the pores of particles 
like fly ash which may have a hollow structure 
[16]. 

A sequential extraction procedure, originally 
applied in the study of soil sample [32], has 
been used for the analysis of urban dust parti- 
cles [134]. In such a case, exchangeable metals 
were determined by extraction with MgC12, 
metals bounded to carbonate by leaching with 
an acetic acid buffer, metals bounded to F e -  
Mn oxides by extraction with hydroxylamine at 
96 °C, those bounded to organic matter by 
extraction with H202 at 85 °C, and residual 
metals by digestion with an HF-HCIO4 mix- 
ture. 



A.K. Das et al. / Talanta 42 (1995) 1007 1030 1027 

Complex analytical methods were proposed 
for determining chemical species of selected 
trace metals in fly ash [135]. Morphological 
investigations and single particle analysis were 
performed by SEM/EDAX method. A survey 
of mineral-logical phases was made by X-ray 
powder diffraction and IR spectrometry. Se- 
quential solvent-leaching experiments were car- 
ried out to obtain information on the mobility 
of metal species. Cu, Ni, Co, Cr, Pb and Cd 
were studied for determining exchangeable 
metals, carbonate, Mn oxides, organic matter, 
non-crystalline iron oxides, crystalline iron ox- 
ides and residual fractions. 

Chemical species of iron, i.e. metal iron, 
soluble iron (H20, H+), Fe 2+, Fe 2+ (ionic), 
Fe 3+ (ionic), Fe304 (magnetite), Fe203 (he- 
matite) and FeO(OH) (goethite), have been 
determined in atmospheric particulate samples. 
Filtration, ultrafiltration, ion chromatography, 
extraction (H20, 0.02 M citric acid, 
0.1 M HC1) and M6ssbauer spectroscopy have 
been used for their characterization [136,137]. 

Speciation of Cu, Pb, Zn and Cr in dust of 
different origins and particle diameters has 
been reported by Gao et al. [138]. Major parts 
of these metals were bound to organic matter, 
Fe Mn oxides and the rest as residuals. The 
exchangeable metals bound to carbonates and 
Fe Mn oxides of these four heavy metals in 
small particles were superior to those in large 
particles. This illustrated that heavy metals in 
small particles are more active and toxic; the 
activity order being Zn > Pb > Cu > Cr. 

Determination and speciation of ionic alkyl- 
lead compounds have presented a serious chal- 
lenge for analytical chemist. In the 
environment these compounds have an anthro- 
pogenic origin but they may also be produced 
from biological transformations of Pb 2+ ions. 
Triethyllead, tetraethyllead and other alkyllead 
species in environmental samples have been 
studied by GC-AAS after extraction [139]. 

Possanzini et al. [140] developed a method 
for the speciation and separate determination 
of inorganic NH + salts in atmospheric aero- 
sols. The speciation and quantification of 
organosilicon compounds at below parts-per- 
million levels in environmental and industrial 
samples require the separation of the com- 
pounds of interest coupled with sensitive, selec- 
tive detection [141]. The combination of HPLC 
for separation and ICP-AES for detection is 
ideal for the determination of various 
organosilicon compounds. Separation of non- 

polar, high molecular mass poly(dimethylsilox- 
ane) polymers was performed by size-exclusion 
chromatography with tetrahydrofuran or 
xylene as the mobile phase. Again, separation 
of polar, low molecular mass silanols was ac- 
complished by reversed-phase HPLC with wa- 
ter- acetonitrile as mobile phase. 

Methods for the determination of Cu, Cr 
and As and for the speciation of Cr(VI), 
As(III) and As(V) in wood and dust from 
impregnated timber (with those metal ions as 
preservatives) are given by Nygren and Nilsson 
[142]. Weak-acid-soluble Cr(VI) was deter- 
mined by soaking a dust sample twice in NaAc 
buffer on a shaker for 5 min. the two extracts 
were filtered off using a membrane filter, com- 
bined and Cr(VI) was determined. For specia- 
tion studies of arsenic, a dust sample was 
leached twice in 45 ml of 6 M HC1 for 1 h. The 
extracts were filtered through Millipore filter, 
combined and the volume adjusted to 100 ml. 
To 10 ml of the extract, 10 ml of 12 M HC1 and 
10ml toluene were added. As(III) was re-ex- 
tracted from the organic phase and determined 
by GF-AAS. After separation of As(III), As(V) 
was determined in the remaining solution after 
reduction with KI and following the same pro- 
cedure. 

Brown coal samples from different deposits 
have been analyzed [143] for the binding forms 
of their inorganic components. Besides the 
analysis of dried coals, ashing techniques and 
extraction procedures with different solvents 
(acids, bases, complexing agents, organic sol- 
vents with different polarity) have been investi- 
gated. ESCA, PIXE, INAA, ICP-AES, NMR 
and ion chromatography have been applied to 
the analysis of coals, ashes, wet ashes and 
extraction products. The bonding behaviour of 
more than 40 elements was characterized. Spe- 
cies identified in such cases were kaolinite, 
muscovite, calcite, apatite, iron pyrites, siderite, 
mica, rutile, quartz, bassanite, gypsum, anhy- 
drite and hematite. On the other hand, major 
species in the coal ash were SiO2, CaO, F%O3, 
AI203 and MgO. 

Although the methodologies of the specia- 
tion studies included in this section are de- 
scribed in details, except in a few cases, the 
analytical characteristics are not stated, e.g. 
LOD [141]; 1-4ng Si for methylsilanediols, 
4-5 ng Si for polydi-methylsiloxane. Recover- 
ies and coefficient of variation values are indi- 
cated only in some cases [142], and for Cr(VI), 
As(III) and As(V) they are, respectively, 94%, 
1-8%; 82%, 4 5%; 89%, 4-12%. 
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5. Conclusion 

In the investigation of the toxic and essential 
effects of trace constituents, a speciation study 
is often indispensable. It is clear that this is one 
of the important areas in speciation that has 
developed more rapidly. In the near future, an 
appreciable increase in applications can be ex- 
pected because in recent years, the coupling of 
different separation and preconcentration tech- 
niques with various instrumentation has been 
established as an appropriate methodology for 
speciation. 

It is evident that speciation studies have been 
carried out by two different approaches, one to 
identify unknown species by rigorous methods 
and other to identify compounds in experimen- 
tal samples by comparison with standard com- 
pounds. The continued application and 
development of both approaches is necessary 
for complete speciation of various solid sam- 
ples, and in this respect the availability of 
stable certified materials for different chemical 
species is an important challenge which will be 
a great help for the validation of new strate- 
gies. 

On the other hand, in order to obtain accu- 
rate information on the chemical species in a 
sample, due consideration should be given to 
the sample collection, pretreatment and storage 
steps. More studies and applications of fast 
speciation analysis for solid samples in order to 
measure the very small concentrations of spe- 
cies are eagerly awaited. 
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Abstract 

2-Mercaptobenzothiazole loaded on previously treated clay was prepared, characterized and used for 
sorption and preconcentration of Hg(II), Pb(II), Zn(II), Cd(II), Cu(II) and Mn(II) from an aqueous 
solution. The support used was a natural clay previously treated with sulphuric acid solution. Adsorption 
isotherms of metal ions from aqueous solutions as function of pH were studied at 298 K. Conditions for 
quantitative retention and elution were established for each metal by batch and column methods. The 
chemically treated clay was very selective to Hg(II) in solution in which Zn(II), Cd(II), Pb(II), Cu(II) and 
Mn(II) were also present. 

I. Introduction 

The use of  clays for adsorption and ion 
exchange studies [1-5], hydrolysis reactions [6], 
esterification of  carboxylic acids [7] and 
whitening of oils [8] have been of interest to 
many researchers using natural aluminium sili- 
cates as rigid support. 

Previously, Terada et al. [9,10] reported that 
2-mercaptobenzothiazole (MBT) impregnated 
on silica gel surface can be used in preconcen- 
tration of  metal ions present in water samples. 
MBT is insoluble in water but soluble in many 
organic solvents and can, therefore, be used in 
the preconcentration process of trace metals 
present in natural water [10]. 

Impregnation of  organic molecules on a 
solid surface is a different process of  
organofunctionalization, e.g. grafting of or- 
ganic molecules on silica gel surface. In the 
latter case, organic molecules are attached on 

* Corresponding author. Fax: (55) 187-62-2735. 

the support by means of  chemical bonding 
[11-15], while in the former case it is by means 
of physical interactions. Using the first process, 
sorbents are much easier prepared and under 
steric ground, the physically adsorbed reagents 
do not present any restrictions in coordinating 
with the metal ions on the surface. Quantitative 
retention of  the metal ions complex species on 
the surface is achieved provided that they are 
insoluble in the solvent. 

This work focuses on the preparation and 
utilization of treated natural clay as support 
for MBT looking at the following properties: 
(a) selective adsorption of heavy metal ions, (b) 
utilization as chromatographic columns pack- 
ing material and (c) utilization in the precon- 
centration processes of heavy metal ions. 

2. Experimental 

All reagents were of analytical grade and 
used without further purification. 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights reserved 
S S D I  0039-9140(95)01505-1 
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Table 1 
Composition (%) 
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and specific surface area (SaE T (m2/g)) of the clay samples 

Sample SaET SiO2 AI203 Fe203 CaO MgO Na20 K20 SO 3 MnO 2 

a 5,3 66,8 23,6 5.3 0.60 0.85 0.20 0.71 
b 37.3 83.4 9,7 2.4 0.04 0.15 0.08 0.38 0.07 
c 39.8 86.8 6,5 1.6 0.40 0,12 0.05 0.38 0.05 0,13 
d 54.8 86.6 5,2 3.5 0.38 0,17 0.06 0.38 0.12 
e 72.6 89.4 5,0 1.4 0.34 0,09 0.09 0.20 - -  0.12 
f 100.5 92.0 1.7 1.8 0.02 0.12 0.05 0,10 0.07 0.04 
g 89.4 94.7 3A 0.6 0.02 0.05 0.08 0.18 0.06 0.15 

Sample (a) Natural clay; samples (b-g)  chemically treated clay according to the procedures described. 

2.1. Sample preparations 

Natural  clay from Jupia, city of  Silo Paulo 
State, was used in this work. The clay was 
obtained by the dispersion and sedimentation 
method [16]. Various chemical treatments were 
applied to the material before use. A general 
procedure is as follows: the clay was treated 
with 0.5 M solution of potassium perman- 
ganate acidified with sulphuric acid solution 
(6.0 M). The mixture was gently shaken at 
different times (between 2 and 12 h) at 353 K 
and then filtered, washed with water and dried 
at temperatures between 353 and 873 K. The 
material was ground and sieved. 

2.2. Chemical analysis and characterization 

The samples were chemically analyzed and 
the results are summarized for various treat- 
ments in Table 1. The specific surface areas 
were determined by the BET technique using 
CG Scientific Instruments equipment. 

2.3. Impregnation procedure 

About  50 g of  treated clay sieved betw.een 70 
and 200 mesh was immersed in 50 cm 3 of  MBT 
acetone solution (8 w/v%) and shaken for few 
min and then the solvent was evaporated at 
room temperature under vacuum. The material 
was washed with deionized water and dried at 
353 K under vacuum. 

2.4. Isotherm of adsorption 

The isotherms of adsorption of metal ions by 
M B T - c l a y  were determined for Zn(II),  Cd(II), 
Hg(II), Pb(II), Cu(II) and Mn(II)  metal ions in 
aqueous solutions. About  0.5 g of  the solids 
were shaken in 25 cm 3 of  metal ion solutions 
(concentrations between 1.0 x 10- 3 and 

1.0 x 10 4 M) at 298.0 + 0.2 K for 30 min. The  
quantity of  metal ions in the supernatant solu- 
tions were determined by atomic absorption 
spectroscopy (AAS). 

Adsorption isotherms of metal ions 
from solutions at different pH were also stud- 
ied. In this case 0.5 g of  the sorbent was im- 
mersed in 25 cm 3 solutions of  metal ions of  
9.0 x 10 4 M and shaken for 30min at 
298 _+ 0.2 K. The quantity of  the metal ion in 
the supernatant in each flask was determined 
by AAS. 

The quantity of  adsorbed metal, Nf, was 
calculated by applying the equation 

Nf = (N a -- Ns)/m 

where Na is the initial mole number of  the 
metal ion, Ns is the metal mole number under 
equilibrium conditions and m is the mass of  the 
sorbent. 

2.5. Preconcentration experiments 

In the preconcentration experiments using 
the batch method, solutions of  metal ions 
(25 cm 3) with a concentration of 2.0 x 10 4 M 
at various pH were shaken with 1.0 g of  MBT- 
clay at 298 + 0.2 K for 30 min. The amount  of  
metal ions in the supernatant solutions were 
measured by AAS. 

For  preconcentration experiments using the 
column method, a glass column of  20cm 
height and 0.8 cm internal diameter was packed 
with about 8 g of  the sorbent. About 10 cm 3 of 
metal ion solution at a suitable pH was passed 
through the column with a flow rate between 
0.5 and 1.0cm3min -~. The column was 
washed with 20 cm 3 of  deionized water. The 
adsorbed metal ions were eluted passing 20 cm 3 
of  eluent (HC1 solution) with a suitable compo- 
sition and the effluent collected for analysis of  
the metal ions by AAS. 
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3.  R e s u l t s  a n d  d i s c u s s i o n  

X-ray diffraction patterns of the natural clay 
showed the presence of mixture including 
kaolinite, montmorillonite, illite and quartz. 
This is a common composition of the clay 
mineral found in the region [16]. The chemical 
treatments applied to the clay samples changed 
the composition and the specific surface areas 
as shown in Table 1. It is very clear that 
decreasing the AI203 content by acid treatment 
of the natural clay increases the specific surface 
area and the material becomes more porous [8]. 
The clay sample resulting from treatment f was 
used throughout this work. 

3.1. Amount of  reagent loaded on the supporting 
material 

15 
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T°  9 

" 6 

z 
3 ~ o CE) 

0 (F) 

0 , I I I 
2 4 6 8 

C x l 0  4 , t o o l . d i n  -3 

Fig. 1. Isotherms of adsorption of metal ions from solu- 
tions by MBT clay. (A) Hg(II), (B) Cu(ll), (C) Cd(ll), (D) 
Zn(ll), (E) Pb(lI) and (F) Mn(II). 

The amount of MBT supported on the 
chemically treated surface was determined as 
follows: 0.5 g of the dried material was packed 
in a glass column tube and then 20cm 3 of 
ethanol was passed to quantitatively elute 
MBT. The quantity of MBT was determined 
spectrophotometrically. 

The amount of reagent loaded on the sup- 
porting material was 5.1 mg MBT clay. Under 
this treatment a reasonable surface coverage 
with MBT was possible achieving a loading 
values similar to those obtained using more 
porous materials such as silica gel [17-21]. 

3.2. Isotherms of  adsorption 

vs. pH, the set of curves shown in Fig. 2 were 
obtained. Fig. 2A shows that adsorption of 
Hg(II) by MBT-clay  is independent of pH 
solution. Adsorption of the ion by untreated 
clay is negligible below pH 3 and at 6, the 
adsorption is about half of that of observed for 
treated clay (isotherm not shown). The high 
affinity of MBT-clay in all the pH solutions 
range by Hg(II) is explained well by the Pear- 
son rule [22] because MBT and Hg(II) are soft 
base and acid, respectively. It can be observed 
that adsorption for the remaining metals is 
dependent of changes in pH solutions and in- 
creased when they vary from 1 to 6. 

Adsorption of metal ions from solution by a 
solid phase can occur with formation of surface 
complex between the adsorbed ligand and the 
metal. However, the sites responsible for the 
adsorption process are not exclusively due to 
the adsorbed organic molecule. Other sites on 
activated clay surface can also contribute to the 
adsorption process [1-8]. 

Initially the isotherms were carried out in 
aqueous solutions without prior adjusting of 
the pH. The curves resulting by plotting Nf vs. 
C, where C is the equilibrium concentration of 
the metal ion in solution in contact with the 
solid phase, are shown in Fig. 1. The adsorp- 
tion capacities determined for each metal at 
saturation condition were (in Iamolg-l): 
Hg(II) --- 13.5, Cd(II) = 10.0, Zn(II) = 6.9, 
Pb(II)=3.5,  C u ( I I ) = l l . 0  and Mn(II)=2.8.  
Fixing the initial concentration of metal ion 
and changing the pH solutions and plotting Nf 
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Fig. 2. Isotherms of adsorption of metal ions from solu- 
tions by MBT-clay as function of pH. (A) Hg(II), (B) 
Cu(II), (C) Pb(II), (D) Cd(ll), (El Zn(lI) and (F) Mn(II). 
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Fig. 3. Preconcentration of metal ions from aqueous solu- 
tions by MBT-clay as function of solution pH. Blank 
points of plots are MBT clay and full points of plots are 
untreated clay. 

3.3. Preconcentration of individual metal ions 

Batch method 
Preconcentration of each metal ion by 

MBT-c lay  from an aqueous solution at vari- 
ous pH solutions was examined by batch tech- 
nique. In the experiments, the equilibrium pH 
solutions were measured for each experimental 
point. The results, expressed in per cent extrac- 
tion, are presented in Fig. 3. 

Hg(II) was quantitatively retained from pH 1 
up to pH 8. Cu(I]) was quantitatively retained 
on the chelating material from pH 3.5 up to 
pH 8, whereas untreated clay began to adsorb 
Cu(II) at pH 3. Pb(II) and Cd(II) showed 
nearly similar behaviors and were quantita- 
tively retained at pH values of 5 and 5.5, 
respectively. Zn(II) was completely retained at 
pH 7.5 and Mn(II) was not quantitatively re- 
tained in the pH range of 1-8. In case of 
Zn(II), despite the high pH value, precipitation 
of metal hydroxide was not visually detected 
because the initial concentration of metal ions 
was very low (10 4M). In all these cases, a 
pronounced difference in adsorbability between 
MBT-c lay  and untreated material was ob- 
served. 

(A)  (B)  
1-  ccl 
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0 
0.1 0.2 1.0 3.0 510 7.0 

[ H C I ] ,  tool .d in  -3 

Fig. 4. Elution of metal ions adsorbed on MBT clay by 
acid solutions. (A) Mn(l l),  (B) Zn(II), (C) Cd(II), (D) 
Pb(ll), (E) Cu(lI) and (F) Hg(ll). 

Column method 
In the column experiment, each metal was 

quantitatively adsorbed adjusting the solutions 
pH according to the values found in the previ- 
ous batch method. In every run, the effluent 
was collected and a quantity of metal ion 
analysed. Elution of the metals from the 
column were made passing 20cm 3 of hy- 
drochloric acid of different concentrations. The 
results are shown in Fig. 4. 

It can be observed that, in the experimental 
conditions used, only Zn(Ii), Cd(II) and 
Mn(II) could be quantitatively eluted with 
0.2 M HCI while 49% of Pb(II), 27% of Cu(II) 
and 19% of Hg(II) were eluted. Quantitative 
elution of Pb(II) was achieved passing 20 cm 3 
of 4 M HCl solution while using this condition, 
47% of Hg(II) and 73% of Cu(II) were eluted. 
Quantitative elution of Hg(II) and Cu(II) was 
possible by passing 20 cm 3 of 0.2 M thiourea 
solution acidified with 1 M HCI solution (Fig. 
5). 

100 ~A) 

8O 

o~O 

E 60 

4 - *  

40 

20 

0 ~ I 
0 5 10 15 20 25 

3 
E f f l u e n t ,  cm 

Fig. 5. Elution of (A) Cu(H) and (B) Hg(l l) adsorbed on 
MBT-clay by 0.2 M thiourea solution in HC1 (l.0 M). 
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Table 2 
Recovery of metal ions from a mixture 
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Ion Concentration,10 3 M 

Recovery (%) ~' 

Zn(ll) Cd(ll) Hg(II) Pb(ll) Cu(ll) Mn(II) 

Zn(lI) 0.2 
2.0 

Cd(ll) 0.2 
2.0 

Hg(ll) 0.2 
2.0 

Pb(ll) 0.2 
2.0 

Cu(II) 0.2 
2.0 

Mn(ll) 0.2 
2.0 

Co(l l) 0.2 
2.0 

Ni( l l )  O.2 
2.0 

97 100 96 91 94 
-- 67 100 54 66 47 
95 100 96 100 92 
24 100 59 96 43 
97 93 91 90 98 
92 61 62 43 43 
94 95 100 100 96 
44 66 97 - 78 68 
98 97 98 94 100 
94 65 92 63 100 
98 98 100 97 95 
70 82 100 78 82 

100 100 100 95 100 100 
97 97 100 71 67 97 
98 100 100 93 89 100 
95 98 98 19 58 98 

Concentration of each ion was 0.1 x 10 _3 M. 

3.4. Adsorption and recovery o f  a mixture o f  

ions 

Adsorp t ion  and elution studies of a mixture 
of metal ions as well as interference of Co(II)  
and  Ni(II) were also carried out. In these stud- 
ies, a series of solutions were prepared in which 
the metal ions concentra t ions  were fixed at 
0 . 1 × 1 0  3M except for one of them fixed at 
2 .0×  10-3 or 0.2 x 10 3M. The results are 

presented in Table 2. 
Recovery of Hg(II) in the presence of other 

metal ions in concentra t ions  twice or 20 times, 
was not  significantly affected. However, Hg(II)  
at 2.0 × 10 -3 M significantly affected the recov- 
ery of  Zn(II) ,  Cd(II),  Pb(II), Cu(II)  and Mn(II)  
in a mixture conta in ing  these six ions. In the 
presence of t ransi t ion metal  ions at a concen- 
t ra t ion of  2.0 × 10 3 M, only the recovery of 

Hg(II)  was not  affected. 

4. Conclusions 

MBT clay has been shown to be an effective 
solid-phase selective sorbent  for Hg(II). For-  
mat ion  of a stronger metal  to sulphur  donor  
a tom bond  accounts  for the high affinity shown 
by MBT for Hg(II)  on the basis of  the Pearson 
h a r d - s o f t  a c i d - b a s e  rule. The material  can 
selectively adsorb Hg(II)  from a solut ion and 
the presence of other heavy metals or some 
t ransi t ion metals do not  significantly interfere. 

An advantage in using this material  as sorbent  

is the abundance  of natura l  clay and the facility 
of prepara t ion  of the modified clay. 
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Abstract 

The cationic surfactant hexadecyltrimethylammonium bromide enhances the fluorescence intensity of both 
molybdenum and tungsten complexes obtained with Alizarin Red S. This characteristic has been used for a 
sensitive simultaneous spectrofluorimetric determination of both ions over the range 32-4000 ng/ml and 
49-2500ng/ml for Mo and W, respectively. Good selectivity is achieved applying the well known 
synchronous derivative technique with a minucious pH selection. The proposed method has been applied to 
a certified steel sample with recoveries between 96 and 102%. 

1. Introduction 

Micellar media, primarly those formed by 
synthetic detergent molecules, have been used 
in luminescence analysis to enhance or other- 
wise modify the luminescence properties of 
molecules [1-3], especially improving the sensi- 
tivity of many spectrofluorimetric methods 
which already exist [4,5]. In the literature, sev- 
eral organic ligands for the individual spec- 
trofluorimetric determination of molybdenum 
[6-8] and tungsten [6,9-13] have been pro- 
posed. 

Alizarin Red S (ARS, the sodium salt of 
1,2-dihydroxyanthraquinone-3-sulphonic acid) 
is a widely used reagent for the spectrophoto- 
metric and spectrofluorimetric determination of 
several inorganic species [14,15], including W 
and Mo [16,17]. Because of the similar spectral 
features of the inorganic complexes obtained 
with the same spectrofluorimetric reagent 
(Alizarin Red S), the determination of these 

* Corresponding author. 
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ions in binary mixtures is not feasible. How- 
ever, there are some simple and rapid instru- 
mental approaches which allow the 
simultaneous determination of both complexes 
with overlapping spectral profiles without prior 
separation. Synchronous spectrofluorimetry 
offers improved selectivity over conventional 
spectrofluorimetry thanks to the narrower 
spectral bandwidth, which depends greatly on 
the wavelength increment chosen. Also, the 
application of derivatives to synchronous 
fluorescence spectrometry has proved a highly 
useful analytical technique for the direct reso- 
lution of mixtures, especially of two compo- 
nents of different compounds [18-22]. 

In this paper, the influence of several surfac- 
tants (anionic, cationic and non-ionic) on the 
fluorescence of the complexes of Mo(VI) and 
W(VI) with Alizarin Red S have been studied. 
The combination of these effects and the appli- 
cation of the synchronous derivative methodol- 
ogy have allowed the simple resolution of 
molybdenum and tungsten mixtures in real 
samples. 

reserved 
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2. Experimental 

2.1. Apparatus 

Fluorescence was monitored with a Perkin- 
Elmer Model MPF-66 spectrofluorimeter, 
equipped with a 150 W xenon arc lamp and a 
R-928 photomultiplier. All measurements were 
performed in standard 10-mm path length 
quartz cells, thermostatically controlled at 
25 + 0.5 °C with a water-bath circulator (Frig- 
iterm S-382). Excitation and emission 
monochromators were locked together and 
scanned simultaneously with a wavelength con- 
stant difference A2 = "~em- 2ex- The scanning 
speed and response time of the spectrophoto- 
meter were set at 480 nm/min and 0.5 s respec- 
tively. 

The spectrophotometer was connected to a 
Perkin-Elmer Model 7300 Professional com- 
puter provided with a PETLS application soft- 
ware (C 646-0280). A 101 Rhodamine quantum 
counter sample (Perkin-Elmer) was used for 
source intensity adjustment. Fluorescence data 
are given without spectral correction. 

A Crison Digit-501 pHmeter was used for all 
pH measurements. 

2.2. Reagents 

All experiments were carried out with analyt- 
ical reagent grade chemicals using doubly dis- 
tilled and demineralized water. 

Alizarin Red S solution (1.0 x 10 -3 M) was 
prepared by weighing exactly 0.171 g of the 
reagent (Carlo Erba) and diluting to 500 ml 
with doubly distilled water. 

Stock solutions of the following surfactant 
agents were prepared: sodium dodecylsulphate 
(SDS) (Merck, 0.18 M), polyoxyethylenedode- 
cylether (Brij-35) (Merck, 4.2 x 10 .2 M), and 
hexadecyltrimethylammonium bromide 
(HTAB) (Merck, 0.14 M). 

Molybdenum stock solution (0.1 mg/ml) was 
prepared from (NH4)6Mo~O24.4H20 (Merck) 
in doubly distilled water and standardized 
gravimetrically [23]. 

Tungsten stock solution (0.1 mg/ml) was pre- 
pared from Na2WO 4 • 2H20 (Merck) in doubly 
distilled water and standardized gravimetrically 
[24]. More dilute solutions were prepared by 
appropriate dilutions with doubly distilled wa- 
ter. 

Buffer solutions of the required pH (4.3) 
were prepared from 1 M acetic acid and 1 M 
sodium acetate. 

2.3. Procedure 

General 
An aliquot of sample containing 0.5-2.5 gg 

of  molybdenum and 0.3 3.0 gg of  tungsten 
with 0.3 ml of Alizarin Red S standard solution 
(1 x 10-3M) or 4.7 40.0gg Mo and 2.6 
25.0 gg W with 0.5 ml Alizarin Red S standard 
solution (1 x 10 -3 M) was added to 2ml  of 
1 M acetic acid/acetate buffer solution 
(pH4.3),  2ml  of 0 .14M HTAB solution and 
the mixture diluted to a final volume of 10 ml 
with demineralized water. A blank solution 
containing all the reagents, except both molyb- 
denum and tungsten, was prepared and treated 
in the same way as described above. The syn- 
chronous fluorescence spectrum was recorded 
against the reagent blank, thermostatting the 
samples at 25 _+ 0.5 °C with the following fixed 
instrumental parameters: A2 = •em - -  2ex  = 

110 nm; scan speed, 480 nm/min and a spec- 
trometer response time of 0.5 s. The spectra 
were then archived on a disk file and the 
first-derivative was calculated by the Savitzky- 
Golay [25] method with 25 derivative points. 

First-derivative measurements were taken as 
the vertical distance from the first-derivative 
synchronous spectrum at 486 nm to the base 
line for molybdenum and at 502 nm to the base 
line for tungsten. 

The fluorescence intensities of these deriva- 
tive signals are directly related to the concen- 
tration of each ion in their individual 
calibration graphs. 

Analysis o f  steel samples 

A BCS/SS Carbon Steel No. 451/1 with a 
certified content of C (0.054%), Si (0.116%), 
Mn (0.62%), P (0.009%), S (0.014%), Cr 
(0.104%), Mo (0.039%), Ni (0.016%), As 
(0.041%), Cu (0.47%), Sn (0.002%), Ti (0.105%) 
and W (0.099%), was analyzed. The sample 
(0.5 g) was dissolved in 25 ml of concentrated 
hydrochloric acid, 10ml of nitric acid was 
added, the oxides of nitrogen boiled off and 
diluted to 50 ml. It was cooled, filtered and the 
filter washed with hot dilute hydrochloric acid 
and finally with hot water and diluted to 
100ml. The interference from Fe(III) was 
avoided by its precipitation as hydrated 
iron(III) oxide [26-28] by adding a 2 M NaOH 
solution to 10ml sample solution. The result- 
ing solution was filtered, neutralized and di- 
luted to 100 ml. Aliquots (4 ml) of this solution 
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were used for the spectrofluorimetric determi- 
nation of  both ions. 

3. Results and discussion 

3.1. Effect of experimental variables 

Alizarin Red S forms fluorescent complexes 
with Mo(VI) and W(VI) in aqueous media. The 
molybdenum complex has an excitation maxi- 
mum of 488 nm and the tungsten complex at 
478 nm. The emission spectra show maxima of 
618 and 605 nm, respectively. 

In order to choose an appropriate micellar 
medium to enhance the analytical signal of 
both complexes and to achieve the best separa- 
tion between fluorescence maxima, cationic, 
anionic and non-ionic surfactants were tested. 

Of the various surfactants tested, the greatest 
increase in the emission intensities of both 
complexes are obtained in the presence of the 
cationic surfactant (HTAB) and, for that rea- 
son, all further research has been carried out in 
this medium. 

The fluorescence spectra of both complexes 
in the micellar medium selected are shown in 
Fig. 1. When these spectra were compared with 
those obtained without the micellar medium, a 
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Fig. 1. Fluorescence spectra of  molybdenum (1, 1') and 
tungsten (2, 2') complexes with Alizarin Red S in the 
presence of  HTAB, with respect to the reagent blank. 
[Mo] = 250 ng/ml, [W] = 250 ng/ml, [ARS] = 3 x 10 -5  M, 
[HTAB] = 2.8 × 10-2M,  pH 4.3. 
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Fig. 2. Influence of pH on the fluorescence intensity of  the 
Mo complex (1) and W complex (2). [Mo] = [W] = 250 ng/ 
ml, [ A R S ] = I  × 10 -SM,  [ H T A B ] = I . 4 x  10 - 'M. 

considerable increase in the fluorescence inten- 
sity of both complexes was obtained, but no 
appreciable changes in wavelength maxima 
were observed. For this reason, in this particu- 
lar case an increase in sensitivity of the analyt- 
ical determination of both ions using micellar 
medium is achieved, but they closely overlap 
and, consequently, the selectivity of  the deter- 
mination is not improved. 

Once the surfactant medium was selected, a 
minucious study of the appropriate pH to ob- 
tain the highest fluorescence intensity of each 
complex was carried out. 

The reaction between molybdenum and 
tungsten with Alizarin Red S in the presence of 
the micellar medium selected (HTAB) in a 
concentration over its c.m.c, requires, in both 
cases, an acidic medium between 3.5 and 5.5 
(Fig. 2). The greatest fluorescence intensity for 
both complexes simultaneously is obtained at a 
working pH of 4.3, which was selected for the 
rest of the experimental work. An acetic acid/ 
acetate buffer solution of pH 4.3 gave the 
desired acid medium. The concentration of  this 
buffer solution was studied and no effect on the 
fluorescence intensity of both complexes was 
observed, for which a final concentration of 
0.2 M was therefore used. 

Once the optimum pH for the formation of 
two complexes in the presence of the cationic 
surfactant HTAB was selected, the influence of 
its concentration on their fluorescence intensity 
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was studied. Different concentrations of  HTAB 
around its c.m.c, were tested, showing that a 
concentration of 2.8 x 10 2M gave the best 
results. 

The effect of  the Alizarin Red S concentra- 
tion was examined, over the concentration 
range 2 x 10 6 - 6  X 10 5 M. A 2:1 (ARS:Mo) 
and 3:1 (ARS:W) molar  ratio was needed to 
ensure maximum fluorescence intensity of  both 
complexes and to avoid the decreased repro- 
ducibility of  the measurements observed at 
higher concentrations. 

The formation of both complexes is instanta- 
neous and the fluorescence intensities remained 
constant almost 3 h after sample preparation, 
for which no precautions in fluorescence mea- 
surement have to be considered. 

The dependence of the fluorescence intensity 
of  both complexes on the temperature is criti- 
cal. A temperature of  25 _+ 0.5 °C gave the best 
results and it was chosen to carry out fluores- 
cence measurements. The temperature control 
was carried out by thermostatting the sample 
compartment  for the rest of  the experimental 
work. 

As was observed after different order of mix- 
ing of the different reagents for the complex 
formation, the addition of the surfactants be- 
fore or after the complexes are formed did not 
play any significant role in the fluorescence 
intensity. Despite this absence of fluorescence 
modifications, an order of mixing of ions, 
Alizarin Red S, buffer solution and surfactant 
solution was chosen as the most convenient for 
the rest of the experimental work. 

3.2. Synchronous derivative spectrofluorimetric 
conditions and instrumental variables 

propriate to obtain the narrowest spectral 
shape and the best separation between fluores- 
cence maxima (Fig. 3). 

Despite a quite good separation of both 
synchronous spectra maxima being achieved, a 
considerable spectral overlap already existed. 
For this reason, the use of  the additional reso- 
lution capability offered by derivative spec- 
troscopy, is also needed. The synchronous first 
derivative spectra of  two series of solutions 
containing increasing amounts of  Mo and W 
complexes are shown in Fig. 4a. At the base 
line two isodifferential points at 486 and 
502 nm can be observed for W and Mo com- 
plexes, respectively. Preliminary experiments 
showed that the fluorescence signals of  the 
synchronous first derivative at 486 nm (work- 
ing zero-crossing wavelength of W) are propor- 
tional to the Mo concentration and the 
fluorescence signals of  the synchronous first 
derivative at 502 nm (working zero-crossing 
wavelength of Mo) are proportional to the W 
concentration. 

Owing to the fact that at these wavelengths 
the changes in the fluorescence signal values 
with changing concentrations arise from each 
chelate while the other is zero, one compound 
can be determined without the interference of 
the other. 

The zero-crossing method used in this paper 
to discriminate the overlapping bands needs 
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Analytical advantages offered by syn- z ° 100 
chronous derivative spectrofluorimetry have 
been made use of  to analyze a mixture contain- 5o 
ing these two ions without any prior separa- 
tion. For  this purpose, a detailed study of the 

0 
synchronous spectra for each complex alone in 
a range of wavelength intervals near the Stokes 
shift of  each ion (130 and 127 nm for Mo and 
W, respectively), was performed. After careful 
observation of the spectral shapes of  the differ- 
ent synchronous spectra, we selected a 110 nm 
wavelength scanning interval as the most ap- 
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Fig. 3. Synchronous fluorescence spectra for the Mo com- 
plex (curve 1), W complex (curve 2) and a mixture of both 
complexes (curve 3) at A 2 = l l 0 n m .  [Mo]=[W]=  
1000 ng/ml. Wavelength scanning speed =480 nm/min, re- 
sponse time =0.5 s. 
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Fig. 4. (a) First-derivative synchronous spectra of the Mo 
complex (curve 1), W complex (curve 2) and a mixture of 
both complexes (curve 3) and (b) superimposed first- 
derivative synchronous spectra of two series of molybde- 
num and tungsten complexes covering the ranges for Mo 
(0.5, 1.0, 2.0, 3.0, 4.0 gg/ml) and W (0.5, 1.0, 1.5, 2.0, 
2.5 gg/ml). Arrows indicate graphical measurements based 
on isodifferential points. Analytical parameters as in Fig. 3. 

Beer's law to be obeyed in the full concentra- 
tion range studied. This fact was proved with 
two solutions containing each analyte and a 
mixture of  both. The resolution of the two 
equations satisfactorily resolves the mixture, 
indicating that the law is satisfied in the con- 

centration range studied. The measurement 
wavelengths for both compounds using 
A2 = 110 nm are indicated in Fig. 4b. 

The use of  the zero-crossing method in syn- 
chronous derivative spectrofluorimetry for re- 
solving a mixture of  chromophores with 
overlapped spectra produces a considerable 
loss of  accuracy and sensitivity. This problem 
arises because the measurements are taken at a 
very critical wavelength, the localization of 
which is sometimes very difficult (see Fig. 4b). 

The instrumental variables to be optimized 
when applying the derivative technique to the 
synchronous spectra are wavelength scanning 
speed, differentiation constant, spectro- 
fluorimeter time constant and slit widths. All of  
them have a critical effect on the sensitivity and 
selectivity of  the determination as they affect 
both the resolution and the fluorescence signal 
intensity because they modify the wavelength 
ranges and the relative intensity of  derivative 
peaks. 

Different values for these variables were 
tested, observing that the best resolution with 
the better signal-to-noise ratio was obtained 
when using a scan speed of 480 nm/min, a 
differentiation constant of  25 points (convolut- 
ing according to the Savitsky and Golay al- 
gorithm), a spectrofluorimeter time constant of  
0.5 s and slit widths of  10 and 5 nm, depending 
on the calibration graph. 

3.3. Analytical parameters 

Having established the experimental and in- 
strumental conditions, calibration graphs for 
the determination of Mo were prepared by 
measuring changes in the fluorescence signal at 
486 nm, i.e. the isodifferential point of  tungsten 
complex. Similarly for W, changes in the 
fluorescence signal at 502 nm, the isodifferen- 
tial point of  molybdenum, were measured. 

These calibration graphs obtained by plot- 
ting fluorescence signal vs. molybdenum and 
tungsten concentrations are linear for 32-  
4000 ng/ml for Mo and for 49 2500 ng/ml for 
W. For  concentrations of both ions higher than 
500 ng/ml, a 5 z 10 .5 M reagent concentration 
should be used in order to retain the required 
ARS/ion molar ratio. Also, owing to the high 
fluorescence intensity of  both complexes, a re- 
duction of slit band width from 10 to 5 nm 
when applying higher concentrations is also 
needed. 
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Table 1 
Analytical parameters of  the proposed methods 

Element Dynamic range Sensitivity, S A LOD LOQ RSD ~ 
(ng/ml) (ng/ml) (ng/ml) (ng/ml) (%) 

Mo 50 250 3.2 9.5 31.6 1.4 
500 4000 49.0 141.0 471.0 3.3 

W 50-300 8.1 14.7 49.0 3.1 
500 2500 36.0 77.4 258.0 2.3 

"Relative standard deviations for Mo and W at 150 ng/ml (lower ranges) and 1000 ng/ml (higher ranges), calculated from 
the calibration data set, n = 3. 

Three replicates for each concentration 
value, with the blank signal included, were 
used in all cases to calculate the following 
equations of the corresponding equation lines 
[29,301. 

Lower dynamic range 

RFI=-2.43[Mo]+8.67 x 10 2 r 2 =  99.8% 

RFI = 4.95[W] + 4.63 × 10 - 2  r 2 = 99.4% 

Higher dynamic range 

RFI = 3.05[Mo] + 1.65 r 2 = 99.9% 

RFI = 2.13[W] + 7.78 r 2 = 99.8% 

As is evidenced by their determination co- 
efficients (r2),  the linear regression analysis of 
the change in fluorescence signals at the iso- 
differential points selected shows good linear 
fit. 

The main analytical parameters of the indi- 
vidual methods developed for Mo and W by 
using the derivative synchronous fluorescence 

Table 2 
Determination of molybdenum and tungsten in binary 
mixtures 

Mo/W Taken Found Recovery 
ratio (lag/ml) (lag/ml) (%) 

Mo W Mo W Mo W 

spectrometry are summarized in Table 1. The 
analytical sensitivity, SA, characteristic of the 
instrumental calibration method (calculated 
through the expression S R . c / b ,  where SR.c indi- 
cates the regression standard deviation of in- 
strumental response to concentration and b, 
the slope of the regression line) [30] and the 
precision expressed by the relative standard 
deviation calculated from the data set of cali- 
bration experiment for any concentration value 
[30], and detection (LOD) and quantitation 
limits (LOQ) [31], are indicated. 

As can be observed from Table 1, very simi- 
lar values of detection limits and other analyti- 
cal parameters were obtained for both ions 
using first-derivative synchronous spec- 
trofluorimetry. The relative standard deviation 
(RSD), also given in Table 1, shows good 
precision of both Mo and W determination. 

Studies with mixtures of Mo and W at differ- 
ent concentration ratios (Table 2) revealed that 
the amplitude selected for the individual quanti- 

Table 3 
Effect of  foreign species on the simultaneous determination 
of molybdenum and tungsten (200 ng/ml) 

Tolerance Molybdenum Tungsten 
ratio DS 1 DS 1 
(w:) 

1000 

500 
20:1 4.0 0.2 4.26 0.16 106.5 80.0 
10:1 2.0 0.2 2.20 0.22 110.0 110.0 100 
7:1 1.4 0.2 1.27 0.19 90.7 95.0 
5:1 1.0 0.2 0.91 0.19 91.0 95.0 50 
3:1 0.6 0.2 0.57 0.20 95.0 100.0 25 
2:1 0.4 0.2 0.35 0.20 87.5 100.0 10 
I:1 0.2 0.2 0.18 0.20 90.0 100.0 5 
1:2 0.2 0.4 0.18 0.35 90.0 87.5 3 
1:3 0.2 0.6 0.19 0.52 95.0 86.7 1 
1:5 0.2 1.0 0.21 0.88 105.0 88.0 
1:10 0.2 2.0 0.14 1.67 85.0 83.5 0.5 

S C N - ,  Mn 2+, 103,  SCN , Mn 2+, NO~-, 
NO 3 ,  Br - ,  SO ] -  103,  SO42 
Ca 2+ , Ni 2+, SiO~-, Ca 2+, Ni 2+, Br , 
PO 3 SiO7, PO~- 
Zn 2+, Mg 2+, Cr042-, Zn 2+, Mg 2÷, Cr042 , 
Co 2+, Ba 2+ Co 2+, C204 ~-,  Ba 2+ 
Sr2+ Sr2+ 
Cu 2+, C20~- Cu 2+ 
F , BO~- F - ,  Sb 3+, BO 3 

pb 2+ 
Zr 4+, As s+ Zr 4+, As s+, A1 s+ 
Fe 3+, pb 2+, V s+, Fe 3+, Sn 4+ 
Sn 4+, Sb 3+, AI 3+ 
citrate citrate, V 5+ 
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Table 4 
Simultaneous determination of molybdenum and tungsten in a BCS carbon steel 

1043 

Element Content ~ (RDS%) Found b (RSD%) Recovery (%) 
(P-g/g) (gg/g) 

Mo 390 (4.2) 399.4 (1.8) 102.4 
W 990 (6.0) 950.9 (3.4) 96.1 

Certified values (mean of five determinations). 
b Mean of three determinations. 

tation of the ions is appropriate. It can be 
concluded that with the application of the 
synchronous derivative technique, good recov- 
eries of  Mo are obtained when W is in a 
10-fold excess, and W with a 20-fold excess of  
Mo if present in the same solution. Although 
mixtures of  these compounds in higher pro- 
portions could cause some interference, the 
application of synchronous derivative using 
the zero-crossing graphical model would per- 
mit the simultaneous determination of  these 
ions in the usual proportions found in real 
samples. 

3.4. Interference study 

Quantitative recovery is only one aspect 
to be considered in evaluating the applicabil- 
ity of  the method to these ions. The other 
aspect is selectivity. Selectivity is a function of 
the ability to eliminate components which 
would be detected with the determination 
procedure. 

To test the efficiency and selectivity of  the 
proposed analytical procedure to real samples, 
a systematic study was made of the effect of  
various species, in a wide range of concentra- 
tions, on the determination of Mo v~ and W vl 
at the 200 ng/ml level by synchronous first 
derivative spectrofluorimetry. 

I f  interference occurred, the ratio was pro- 
gressively reduced until interference ceased. 
The tolerance criterion used was a deviation 
of  twice the standard deviation, Ss, of  the 
mean value of three measurements of  200 ng/ 
ml of  molybdenum and tungsten by the differ- 
ent methods proposed. 

The results obtained are shown in Table 3. 
The analytical signal corresponding to each 
ion was converted into concentration using 
their corresponding equation lines. These re- 
sults show that the great tolerance ratios of  
many ions frequently accompanying Mo and 

W in real samples are well tolerated without 
any prior separation technique. 

4. Applications 

4.1. Determination o f  molybdenum and tung- 
sten in a certified steel 

A British Chemical Standard (B.C.S) carbon 
steel No 451/1 containing certified amounts of  
molybdenum and tungsten of 390 and 990 ~tg/g, 
respectively, was analyzed directly by measuring 
the fluorescence signal of  the first derivative 
synchronous spectra. The average molybdenum 
and tungsten contents in the sample studied, 
based on three determinations, are shown in 
Table 4. In all cases there is very good agree- 
ment between officially certified values and 
those obtained by the method proposed. 

In conclusion, the present paper shows a 
practical application of  the synchronous deriva- 
tive spectrofluorimetric technique in combina- 
tion with the use of  micellar media, which 
permitted an accurate and precise determination 
of two complexes with very similar fluorescence 
spectra, in only one simple scan, without any 
prior separation technique. The method could 
be easily applied to the analysis of  both ions in 
different real samples. 
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Abstract 

Chemiluminescent reagents for the determination of residual ozone were compared. Each method was 
automated using gas diffusion flow injection analysis. The luminol method gave a four order of magnitude 
working range with an LOD of 0.008 mg O3/1. The luminol method has better analytical characteristics than 
the standard colorimetric Indigo Blue methods 

1. Introduction 

In 1986 the United States Environmental 
Protection Agency (USEPA) enacted the safe 
drinking water act amendment. Some of  the 
changes affecting water disinfection are: 99.9% 
inactivation of Giardia lamblia cysts; 99.99% 
inactivation of  enteric viruses, legionella bacte- 
ria and heterotrophic plate count organisms; 
and trihalomethanes (THMs) must be kept be- 
low a yet to be determined range (possibly 
0.10-0.01 rag/l). These specific changes apply 
to all surface water and surface water affected 
drinking water supplies [1]. These regulations 
mean that of the over 200 000 drinking water 
treatment plants in the United States, at least 
30% will be affected. Many speculate that the 
drinking water treatment plants will change 
from chlorination, to one of the following dis- 
infecting agents: ultraviolet radiation, ozone, 
chlorine dioxide, or chloramines [2]. 

For  the past 90 years chlorine has been the 
predominant drinking and wastewater disinfec- 
tant and biocide used in the United States [3]. 
The use of chlorine as a disinfectant is primar- 
ily based on its strong germicidal properties, 
high oxidizing power, ease of application, mea- 
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surement and control properties, and its rela- 
tively low cost. However, chlorination exhibits 
some significant shortcomings in satisfying the 
1986 safe drinking water amendment, such as 
ineffective Giardia lamblia cyst inactivation and 
THMs production. 

In many situations, ozone is the best choice 
as a replacement for chlorination since it has 
the potential to satisfy all criteria for potential 
alternative oxidants. These criteria were pro- 
posed by Symons for the USEPA [2]. 

1. The oxidant must be easily generated and 
in widespread use. 

2. The oxidant must be an effective biocide. 
3. The oxidant must provide an easily mea- 

sured residual. 
4. The oxidant must produce fewer undesir- 

able by-products than choline. 
5. The oxidant must be cost effective. 
Current analytical methods for the determi- 

nation of residual ozone are: standard iodome- 
try [4], amperometry [4], arsenic(III) back tit- 
ration [5], diethyl-p-phenylenediamine (DPD) 
[6] and Syringaldazine (FACTS) [7] all based 
on the oxidation of iodide ion to iodine, mak- 
ing them highly susceptible to interference 
from other oxidizing agents, such as atmos- 
pheric oxygen and hydrogen peroxide. These 
methods are not recommended [8]. The Acid 

reserved 
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Chrome Violet K (ACVK) [9], the Leuco Crys- 
tal Violet [10] the arsenic(III) direct oxidation 
[11] the bis(terpyridine) iron(II) [12] and the 
Indigo Blue method [13,14] are colorimetric 
methods. In these methods, interferences from 
strong oxidizing agents other than ozone, such 
as chlorine and oxidized forms of manganese, 
are of some concern. For many of these meth- 
ods, masking reagents like malonic acid and 
glycine, are used to minimize the interferences. 
The Indigo Blue method is currently the ac- 
cepted method [15]. Two other methods are 
direct UV absorption at 260 nm [16,17], and an 
amperometric electrode method [18]. Under ul- 
tra-pure laboratory water conditions the direct 
UV measurement of ozone is recommended. 
However, dissolved organic and inorganic mat- 
ter present in the ozone samples may interfere 
by absorbing in the 200 300 nm wavelength 
region [19]. Also, the detection limit for direct 
UV absorption in high [16,17]. 

The objective of this paper was to investigate 
chemiluminescent methods for the determina- 
tion of residual ozone. Although there have 
been numerous publications about gas phase 
ozone chemiluminescent methods, the number 
of investigations for aqueous phase chemilu- 
minescent measurements is limited. In particu- 
lar the work of Takeuchi and Taskashi [20], 
which suggested that indigo disulphonate was 
an excellent choice for a chemiluminescent 
ozone method, did not investigate the obvious 
reagents. All methods are designed as gas diffu- 
sion flow injection analysis (GD-FIA) methods 
since FIA is inherently more precise especially 
for fast reactions like the chemiluminescence 
and volatile analytes like ozone. The reagent 
chemistries tested were indigo disulphonate 
(IDS), indigo trisulphonate (ITS) and luminol. 
Each system was optimized with respect to 
sensitivity, working range and LOD evaluated. 
Comparison to the previously reported colori- 
metric GD-FIA indigo method is made. 

2. E x p e r i m e n t a l  

All ozone methods examined were auto- 
mated using GD-FIA. A diagram of the typical 
GD-FIA manifold used in these experiments is 
shown in Fig. 1. The gas diffusion manifold 
consisted of two PVC blocks with small chan- 
nels bored as mirror images. A microporous 
teflon 0.45 micron gas diffusion membrane 
(W.L. Gore) is placed between the blocks. 

Teflon was chosen because of its excellent 
diffusion characteristics, resistance to the oxi- 
dizing capabilities of ozone and nonwetting 
characteristics which only allow a gas to be 
transferred through the membrane. Gas diffu- 
sion was incorporated into the FIA system to 
increase selectivity and matrix optimization for 
ozone measurements. Some of the decomposi- 
tion products of ozone 0 3 ,  HO2,  O2,  OH, 
HO2, and H202 will interfere by initiating 
chemiluminescence. However, the gas diffusion 
membrane allows only gaseous species to pass. 
Matrix modification allows a sample to be 
transferred from a matrix that may not be 
favorable for the chemistry being performed 
into a matrix that is more favorable toward 
that particular chemistry. In other words the 
solution in the donor stream side of the mani- 
fold inhibits the desired reaction, while the 
solution in the acceptor stream is optimized for 
the desired reaction. 

A spiral-T-cell was positioned in a front of  
the PMT. One conduit carries the chemilu- 
minescent reagent, while the other conduit (the 
accepter stream side of the gas diffusion mani- 
fold), carries the sample. The sample, ozone, 
and the reagent merge and the chemilumines- 
cent reaction takes place in the spiral. The 
spiral-T-cell was designed using quartz tubing, 
which greatly enhanced the transmission of 
produced photons. Also, the back of the spiral 
was mirrored in order to increase, even further, 
the number of photons striking the PMT. The 
PMT signal was amplified through a Keithly 
electrometer. 

The procedures for the experiments are as 
follows. Ozone was generated by an Ozone 
Research and Equipment model 03V9-9 ozona- 
tot. The generated ozone was then allowed to 
contact a 0.1 M phosphate buffer solution of 

MANIFOLD DIAGRAM 

SPIRAL T - CELL 
REAGENT: DETECTOR 
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SAMPLE; nm 
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Fig. 1. Typical GD-FIA manifold for the residual ozone 
determinations. 
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pH 2.12 by bubbling the ozone into a 3000 ml 
contractor vessel containing the solution. The 
solution in the vessel was used to make the 
standard ozone solutions. A 0.1 M phosphate 
buffer solution of pH 2 was chosen to minimize 
the instability of ozone. Ozone stability is great- 
est at this concentration and pH of buffer. 
Standard ozone solutions of  varying concentra- 
tions were prepared by bubbling air, from a 
compressed air tank, into the contractor [21]. 
The bubbling of the air was then stopped and 
the solution was then standardized by direct UV 
absorption at 260 nm. The bubbling of  air was 
then resumed in order to obtain a standard 
containing a lower concentration of ozone than 
the previous sample. This was continued until 
the method under investigation produced no 
signal above background. Depending on ozone 
concentrations, solutions were standardized in 
2.5, 5.0, or 10.0 cm cuvettes. Ozone standards 
were then pumped directly out of  the cuvettes 
into the FIA system. In this way, ozone stan- 
dards were not allowed to come in contact with 
the laboratory environment. Lower concentra- 
tions of ozone standards (<  10 6 M) were made 
by using a shrinking bottle device. The shrink- 
ing bottle is simply a large syringe into which 
previously standardized ozone of  a higher con- 
centration is placed. Known volumes of  the 
standardized ozone from the shrinking bottle 
are then injected into sealed vessels of known 

volume. The injected standard is then diluted 
to a known volume with ozone demand free 
solution of the same buffer concentration and 
pH. 

All carrier streams in these experiments were 
0.1 M phosphate buffer of pH 2. The first 
reagent investigated, IDS, previously been opti- 
mized and these parameters were incorporated 
into the FIA system. The optimum IDS concen- 
tration is 2.14 x 10 5 M (10 mg/1). This solution 
was prepared by dissolving 10 mg IDS in 1 1 of 
2 mM phosphate buffer, pH 7.2. The phosphate 
buffer was prepared by dissolving 0.174g 
KaHPO4 and 0.136 g KH2PO4 in 1 I water. This 
buffer also comprised the acceptor stream. 

The second reagent investigated, ITS, needed 
reaction conditions to be optimized. The ITS 
concentration was varied from 2 to 20 mg/1. A 
1009mg/1 ITS stock solution was made by 
dissolving 100mg ITS in 11 2 m M  pH 7.2 
phosphate buffer. Concentrations of 2 -20  mg/1 
were made by diluting the appropriate amount 
of stock solution with the 2 mM, pH 7.2 buffer. 
The buffer solution pH was then varied in order 
to determine the optimum pH. The pH was 
varied from 5.2 to 10.28 in order to determine 
its optimum concentration. This was accom- 
plished by dilution of a 50 mM stock solution. 
The acceptor stream was the buffer whose con- 
centration and pH were determined to be opti- 
mum. 
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Luminol concentration, buffer pH, and 
buffer concentration for the reagent were pre- 
viously optimized [21]. The opt imum luminol 
concentration is 1 x 1 0 - 4 M  (17.70mg/1). This 
solution was prepared by dissolving 17.70mg 
in 11 0.1 M, pH 12.3 phosphate buffer. The 
buffer was prepared by dissolving 6.0g 
NaH2PO4 and 3.4 ml H3PO 4 in 1 1 water. The 
acceptor stream in this experiment was deion- 
ized water. 

Interference studies used diluted 30% hydro- 
gen peroxide in the same sample matrix as the 
ozone and permanganate ion (from potassium 
permanganate) which is the reaction product 
between ozone and lower valence state man- 
ganese compounds. 

All water in this experiment was distilled 
and deionized by a model D3600 Barnstead 
Nanopure  double still system with a UV at- 
tachment. All chemicals were reagent grade. 

3. Results and discussion 

The data for the IDS experiment are shown 
graphically in Fig. 2. The results of  three sepa- 
rate runs, five injection per data point, are fit. 
A nonlinear fit was observed but was not unex- 
pected since a chemiluminescent event is not 
governed by Beer's Law. Unfortunately, a 
working range of only 5.20 x 10 5 to 
1.24 x 10 -4 M is observed. A working range at 
least three orders of  magnitude wide is needed. 
The LOD of the method, as defined by three 
times signal-to-noise, was 5.20 x 10 -5 M. 

For the ITS experiment, an optimization of 
the chemistry was required. The first optimiza- 
tion was that of  the ITS concentration. Con- 
centration of ITS were varied from 2 to 
30 mg/I while the buffer solution pH and con- 
centration were held constant at 7.2 and 
2 m M  respectively. The opt imum concentra- 
tion seems to be 14 mg/1. This ITS concentra- 
tion was used throughout the investigation. 
The next variable to be optimized was the pH 
of the buffer solution. Solutions of  varying 
pHs, 6.87-11.58, where made by the addition 
of dilute HC1. The ITS concentration was 
kept constant at 14 mg/1 and the buffer con- 
centration was also kept constant at 2 mM. 
The opt imum pH seems to be between 7 and 
9.5, therefore, it was decided to use a pH 7.2 
buffer. For  the optimized of the buffer con- 
centration solutions were made with varying 
buffer concentrations, 0 .28-10.28mM. The 

concentration of ITS in the solutions was kept 
constant at 14 mg/l and the pH was kept con- 
stant at 7.2. The opt imum buffer concentra- 
tion seems to be in the range 1 5.28mM. It 
was, therefore, decided to maintain the buffer 
concentration at 2 mM. 

The data for the optimized ITS experiment 
are shown graphically in Fig. 3. The data rep- 
resents three separate experiments with each 
data point representing five injections. This 
data did produce a linear fit, R 2 = 0.993; how- 
ever, again the working range is limited. In 
this case the working range is 1.72 × 10 -5 to 
1.03 x 1 0 - 4 M  with the lower concentration 
being the actual LOD. 

The luminol method was investigated using 
the conditions previously used [21]. An accep- 
tor stream of pH 3.0 phosphate buffer was 
reported as optimum. However, an acceptor 
stream of  water was not examined. Upon ex- 
amining the use of  water it was discovered 
that the signal was increased 5.5 times that of  
the previously used acceptor stream. This is 
most likely due to the fact that luminol reacts 
best in highly alkaline conditions. However, 
when an acceptor stream having any buffer 
capacity of  low pH is merged with the reagent 
stream the conditions for the luminol reaction 
become less than optimized, thereby resulting 
in a smaller signal. 

The data for the luminol experiment are 
shown graphically in Fig. 4. It should be 
noted that both the IDS and ITS graphs have 
y-axis in the 10-100 intensity range while the 
luminol y-axis intensity is 100-500,000. The 
emission intensity of  the luminol system is su- 
perior to IDS and ITS. The data represents 
three separate experiments and each data 
point is an average of five injections. The 
luminol method offers a much larger work- 
ing range than either the ITS of IDS method. 
The working range is 4.84 x 10 5 to 1.55 x 
10 4M ozone. The lower concentration is the 
actual LOD. The working range encompasses 
approximately four orders of  magnitude. The 
luminol system is measured at an electrometer 
setting of 10 -SA while the other two are at 
10 .8 A. Lower detection of ozone does appear 
to be possible. 

A comparison of the manual standard 
method, the FIA automated standard method, 
the G D - F I A  automation of the standard 
method and the G D - F I A  luminol method is 
gives in Table 1. As can be seen the luminol 
method has lower detection, long working 
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range and less interferences than the other meth- 
ods. Its sample throughput is the second largest. 
Given the simplicity of the hardware and the 
selectivity of  the procedure, the luminol method 

Table 1 
Comparison of  FIA based ozone methods 

Method Manual  FIA indigo GD-FIA GD-FIA 
indigo indigo luminol 

Linear 0.05-0.5 0 .2 -4  0 .03-4  0.002-8 
range 
(mg O3/1) 
Sample/hr 20 120 65 100 
Interferences a 
H202 none none none none 
Mn I mg/l 0.8 rag/1 0.44 rag/1 none none 

The specified interference level produced a signal equal to 
the stated amount  of  ozone. 

should be given some consideration as a stan- 
dard method for residual ozone. 

4 .  C o n c l u s i o n  

If one was to compare the three chemilu- 
minescence methods the results would show that 
luminol is better than ITS and ITS is better than 
IDS. However, realistically neither ITS nor IDS 
compare in any manner to luminol. Two advan- 
tages of the luminol method over other reported 
methods are a direct result of automation with 
FIA. First, the response time is very fast when 
compared to the batch methods and second the 
sample volume required for the analysis is very 
small, allowing for conservation of a limited 
amount. Finally, there is the potential for gas 
phase detection incorporating reverse dual 
phase gas diffusion FIA. 
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Abstract 

A highly sensitive photometric flow-injection method is described for the determination of iron(II, III) 
based on the catalytic action on the oxidative coupling of N-phenyl-p-phenylenediamine with m-phenylene- 
diamine in the presence of hydrogen peroxide. The sensitivity of the method was enhanced by the addition 
of Tween 80 as a surfactant. The dynamic range was 0.5 30 ng/ml of iron(II, IIl) with the relative standard 
deviations below 3% at a sampling rate of 30 h-~. The proposed method was subject to few interferences 
from coexisting metal ions and was successfully applied to the determination of iron in natural water 
samples. 

1. Introduction 

The kinetic-catalytic method has proved to 
be an attractive means for trace analysis. Ultra- 
trace levels of chemical species which act as 
catalysts on an appropriate indicator reaction 
can be determined under the optimal condi- 
tions with simple instrumentation [1,2]. The 
addition of a ligand as an activator to the 
metal-catalyzed reaction improves the sensitiv- 
ity and/or selectivity of these methods [1 3]. 
Another way for improving the sensitivity is 
the use of a surfactant which has the ability to 
form organized assemblies (micelles, micro- 
emulsions, monolayers, bilayers and vesicles) 
and can accelerate the rate of the catalyzed 
reaction [4,5]. 

Many batch procedures for the catalytic de- 
termination of  iron have recently been re- 
ported, based on its catalytic action on the 

* Corresponding author. 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights 
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oxidation of organic substrates with hydrogen 
peroxide [6-9], perdisulfate [10] or periodate 
[11,12]. Though these methods allowed the de- 
termination of iron at sub-ppb and/or ppb 
levels, they include time as a variable to be 
strictly controlled and measured. 

Flow-injection analysis (FIA) is well suited 
for kinetic-based methods, because it can easily 
control the reagent addition and the reaction 
time [1-3,13]. The catalytic flow-injection 
methods offer better accuracy, precision and 
speed, as well as higher sensitivity. Some 
iron(II, III)-catalyzed redox reactions have 
been applied to the flow-injection systems 
[3,14-18]. The oxidation of leuco Malachite 
Green with hydrogen peroxide was employed 
for the determination of 0.1-1.0 ~tg/ml of iron 
[14,15]. Cerda et al. [16] reported a flow-injec- 
tion determination method for iron(Ill) based 
on the catalytic effect of  i ron( I I I ) -EDTA com- 
plex on the oxidation of hydroxylamine by 
dissolved oxygen, by detecting nitrite produced 

reserved 
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by the Griess reaction. Iron(Ill) at 3.5-150 ng/ 
ml was determined. An iron(II)-catalyzed 
chemiluminescent reaction of brilliant sul- 
foflavin with hydrogen peroxide was adopted 
to the flow-injection determination of iron(II) 
[17]; iron(II) and total iron in sea-water were 
determined using this reaction system after pre- 
concentrating iron with a cation-exchange 
column in the sample loop [18]. The oxidative 
coupling of p-anisidine with N,N-dimethylani- 
line was adopted to a F1A system [3]; levels as 
low as 0.5 ng/ml of iron(III) can be determined. 
However, the calibration curve was not linear. 

In an earlier paper [19], we reported a cata- 
lytic method with a batch mode for the deter- 
mination of 0.6-6 ng/ml of iron(II, III) using 
an oxidative coupling of N-phenyl-p- 
phenylenediamine (PPDA) with N,N-dimethyl- 
aniline (DMA) in the presence of hydrogen 
peroxide. This method had a high sensitivity, 
but needed care in the mixing of sample and 
reagents at regular time intervals to obtain 
reproducible results. On the basis of this iron- 
catalyzed reaction, the highly sensitive and 
selective flow-injection photometric determina- 
tion of iron has been developed. In the present 
system, m-phenylenediamine (PDA) was re- 
placed with DMA owing to the higher solubil- 
ity of PDA. Furthermore, the reaction was 
carried out in a micellar medium in order to 
accelerate the rate of the catalyzed reaction and 
to prevent the adsorption of the reaction 
product in the reaction coil. In the presence of 
Tween 80 as a surfactant, the sensitivity and 
sampling frequency of the method was in- 
creased. The concentration of hydrogen perox- 
ide used was several orders of magnitude larger 
than the total iron concentration in the sample 
so that the iron was predominantly in the 
iron(III) form regardless of the initial amounts 
of iron(II) and iron(III). The proposed method 
could determine the total iron concentration in 
the range 0.5-30 ng/ml at a sampling rate of 
30h i 

Standard iron(II) and iron(III) solutions 
(1.0 mg/ml) were prepared by dissolving 
weighted amounts of ammonium iron(II) sul- 
fate and ammonium iron(III) sulfate in sulfuric 
(0.05 M) and hydrochloric (0.1 M) acids, re- 
spectively. These solutions were standardized 
by EDTA. The working standard solutions 
were prepared daily by diluting the stock solu- 
tions with the same acids. 

N-Phenyl-p-phenylenediamine hydrochloride 
(PPDA) was obtained from Aldrich and used 
without further purification. A 2.0 × 10-3M 
PPDA solution containing polyoxyethylene(20) 
sorbitan monooleate (Tween 80, 0.2 wt%) was 
prepared, m-Phenylenediamine dihydrochloride 
(PDA) was purified by recrystallization from 
hydrochloric acid and a 1.0 x 10-2M PDA 
stock solution was prepared. A hydrogen per- 
oxide solution (0.4 M) was prepared by dilu- 
tion of a 30% solution (Mitsubishi Gasu 
Kagaku) with water. Ammonium acetate (2 M) 
and triethylenetetramine (trien, 1.0 x 10 2 M) 
stock solutions were also prepared. Surfactants 
such as decyltrimethylammonium bromide 
(DETAB), dodecyltrimethylammonium bro- 
mide (DOTAB), tetradecyltrimethylammo- 
nium bromide (TTAB), tetradecyldimethyl- 
benzylammonium chloride (zephiramine, TD- 
BAC), hexadecyltrimethylammonium bromide 
(HTAB), hexadecylpyridinium chloride (HPC), 
sodium dodecylsulphate (SDS), potyoxy- 
ethylene(23) dodecanol (Brij-35), polyoxy- 
ethylene(9.5)p- 1,1,3,3,-tetramethylbutylphenol 
(Triton X-100), polyoxyethylene(20) sorbitane 
monolaurate (Tween 20) and Tween 80 were 
used as received. 

A working mixed solution of PDA (4.0 x 
10 -4 M), ammonium acetate (0.5 M) and trien 
(1.2 x l0 4M) was prepared by mixing the 
stock solutions; the pH of the solution was 
adjusted to about 5.1 with 1.0 and 0.1 M hy- 
drochloric acid. 

2.2. Apparatus 

2. Experimental 

2.1. Reagents 

All reagents used were of analytical-reagent 
grade. All solutions were prepared with deion- 
ized water purified with a Millipore Milli-Q 
system. 

A diagram of the flow-injection system for 
iron(II, III) determination is shown in Fig. 1, 
together with appropriate experimental 
parameters. The system was assembled from 
Teflon tubing (0.5mm i.d.) and constructed 
using two double-plunger micropumps (Sanuki 
Kogyo, DMX-2400T), a sixway injection valve 
(Sanuki Kogyo SVM-6M2) with a loop, a cir- 
culating thermostatted bath (Toyo LH-1000C), 
a spectrophotometer (Soma Kougaku S-3250) 
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with a 10-mm micro flow-cell (8 ~tl) and a 
recorder (Nippon Denshi Kagaku V1250). A 
Hitachi 200-10 double-beam spectrophotome- 
ter with 10-ram cells and a Toa Model HM- 
5S pHmeter were also used. 

2.3. Flow injection analysis 

A carrier solution (R1, 0.1 M hydrochloric 
acid) was pumped into the analytical line at a 
flow rate of 0.8 ml/min (Fig. 1). At the same 
flow rate, the reagent solutions in the reservoirs 
R2 (hydrogen peroxide), R3 (PPDA and 
Tween 80) and R4 (PDA, trien and acetate) 
were pumped to the carrier stream at conflu- 
ence points downstream. An aliquot of the 
sample solution (1801al) was introduced into 
the carrier flow line by a loop-valve injector, 
and then merged in the reagent solutions. The 
color-forming reaction of PPDA with PDA 
proceeded in the reaction coil (RC, length 5 m) 
kept at 55.0 + 0.1 °C. The absorbance of the 
colored product was monitored at 620 nm. 

3. Results and discussion 

Table 1 
Effect of  surfactants on the 
iron(Ill) solution injected a 

peak height for 10ng/ml of 

Surfactant b C M C  ~ Relative 
(10 -3  M) peak height 

None - -  1.0 
Cationic (5.0 × 10 -3  M) 

DETAB 65 1.1 
DOTAB 15 0.9 
TTAB 3.5 1.6 
TDBAC 1.9 1.9 
HTAB 0.92 1.7 
HPC 0.9 1.5 

Non-ionic (0.2 wt%) 
Brij-35 0.091 2.3 
Triton X-100 0.3 2.2 
Tween 20 0.059 1.9 
Tween 80 0.012 2.4 

Conditions as in Fig. 1 except for iron(III) and surfactant 
concentrations. 
b See text for names and abbreviations. 
c From Refs. [20-22]. 

The absorption maximum of the dye was at 
620 nm in the presence of Tween 80. The ab- 
sorbance at this wavelength was, therefore, 
measured in the FIA system. 

In the presence of hydrogen peroxide, PPDA 
reacts with PDA to form a blue dye, which is 
thought to be N-phenyl-N'(2',4'-diaminoben- 
zene- 1,4-benzoquinone diiminonium ion. 
Iron(III) catalyzes this color-forming reaction 
in the slightly acidic medium. Iron(II) also 
catalyzes the reaction, being oxidized to 
iron(III) by hydrogen peroxide. Thus, the 
above two species of iron can act as the cata- 
lyst in the coloration and the total amounts of 
iron can be determined by measuring the ab- 
sorbance of the dye produced at a constant 
time. 

R1 : ........................................ 

R2 I .... I i 

R3 

R4 

Fig. 1. Flow diagram for the determination of iron(ll,  Ill). 
RI,  carrier (0.1 M HCI); R2, 0.4 M H202; R3, mixture of  
2.0 x 10 3 M PPDA and 0.2 wt% Tween 80; R4, mixture 
of  4.0 × 1 0 - 4 M  PDA, 0 .5M  ammonium acetate and 
1.2 x 10 -4  M trien; P, micropump (0.8 ml/min); S, sample 
injector (180 ~d); RC, reaction coil (5 m); T, thermostatted 
bath (55 °C); D, spectrophotometer (620nm); Rec, 
recorder; W, waste (pH 4.6). 

3. I. Choice of  surfactant 

As iron(Ill) standard solutions were injected 
to the FIA system in the absence of a surfac- 
tant, it appeared that the peaks were broader 
and the tailing of the peaks became apprecia- 
ble. It seemed to be a result of the adsorption 
of the dye produced on the inner surface of the 
reaction coil and led to lower sampling fre- 
quency. To overcome the drawbacks, an at- 
tempt was made to add a surfactant to the 
reaction system. Furthermore, it was expected 
that micelles modified the rate of the iron-cata- 
lyzed reaction through the large electrostatic 
potential at the micellar surface or through 
hydrophobic forces [4,5]. Since the addition of 
SDS to the reaction system was observed the 
precipitate formed, cationic and non-ionic sur- 
factants were tested. The relative peak heights 
in the absence and presence of surfactants are 
shown in Table 1. As can be seen in this table, 
the surfactants at the concentrations above 
critical micelle concentration (CMC) have an 
enhancing effect. In addition, the tailing of the 
peaks became smaller. The peak height for 
iron(III) increased as the concentration of 
Tween 80 increased and eventually became less 
dependent on the surfactant concentrations; on 



1054 S. Nakano et al. / Talanta 42 (1995) 1051 1056 

0.6 

0.12 
2 

--G 0 0 0 

~ 0.4 
0.08 

c 

J~ 1 0 . 2 ~  

i r i i 8 
0 011 01.2 01.3 0,4 

CTween 80 / wt°/° 

Fig. 2. Effect of Tween 80 concentration on the uncata- 
lyzed (1) and catalyzed (2) reactions. Conditions as in Fig. 
1, except for Tween 80 concentration. Cve(,t), 10 ng/ml. 

the other hand, the height of  baseline was 
almost constant (Fig. 2). The effects of concen- 
tration of other surfactants were similar to that 
of Tween 80. In this system, Tween 80 
(0.2 wt%) was used as a surfactant. To check 
whether the micelle accelerated the catalyzed 
reaction or not, the absorbance-t ime curves 
were prepared in the absence and presence of 
Tween 80 (Fig. 3). The initial rate of the cata- 
lyzed reaction in the presence of  the surfactant 
was slightly raised compared to that in the 
absence of surfactant, and the higher stability 
of the dye produced was obtained by adding 
surfactant. The above results suggest that the 
surfactant accelerates the iron-catalyzed reac- 
tion and stabilizes the dye produced. Further- 
more, it suppressed the adsorption of the dye 
on the reaction coil. 

3.2. Effect of reaction variables 

To obtain the Optimum conditions for the 
determination of iron(II, III), FIA variables 
were examined in the presence of Tween 80. 
Some preliminary experiments showed that 
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1 • z • * = L 
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T i m e  / m i n  

Fig. 3. Absorbance-t ime curves for the uncatalyzed (1, 2) 
and catalyzed (1', 2') reactions in an aqueous (1, 1') and 
Tween 80 (2,2') medium. CFe(m ), 10ng/ml; Cppt~A, 
2.0 x 10 -4  M; CpD A 1.0 × 10 -4 M; CH202 2.0 x 10 -2 M; 
Cacetate, 0.13 M, CT . . . .  so, 0.5 wt%. All at pH 4.6 at 55 °C. 
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Fig. 4. Effect of pH on the uncatalyzed (1) and catalyzed 
(2) reactions. Conditions as in Fig. 1, except for pH. 
Cve(m), 10 ng/ml. 

heights of peak and baseline increased at the 
lower flow rate, owing to increase in the reac- 
tion time. By considering the stability of base- 
line and the sampling frequency, a 0.8 ml/min 
flow rate of carrier and reagent streams was 
selected for the procedure. By lengthening the 
reaction coil, the heights of peak and baseline 
were increased because of the longer reaction 
time. Since the lower height of baseline owing 
to the uncatalyzed reaction was favorable, a 
5 m reaction coil was used. The peak height 
and peak width increased with increasing sam- 
ple size; a 180-pl sample volume was adopted 
for the method. As the reaction temperature 
was elevated, there was an increase in the rates 
of the uncatalyzed and catalyzed reactions. For  
the sake of sensitivity, the temperature of the 
reaction coil was kept at 55 °C. 

The effect of pH on the uncatalyzed and 
catalyzed reactions in the range 3.3-5.8 is 
shown in Fig. 4; a maximum peak height owing 
to the catalyzed reaction exists at about 
pH 4.6-4.7. The reaction was carried out in 
this pH range. Acetate was chosen as a buffer 
because it acted as an activator [19]. The peak 
height increased with increasing acetate con- 
centration up to 0.4 M, above which it gradu- 
ally increased; a 0.5 M acetate concentration 
was selected for the procedure. 

An increase in the concentration of PPDA 
caused an increase in the rates of uncatalyzed 
and catalyzed reactions (Fig. 5). A concentra- 
tion of 2.0 × 10 -3M PPDA was chosen be- 
cause of the desire to minimize the baseline 
readings owing to uncatalyzed reaction. With 
an increase in PDA concentration, the rate of  
the catalyzed reaction increased, reaching a 
maximum at a concentration above 2.0 × 
10 - 4  M; on the other hand, the rate of the 
uncatalyzed reaction gradually increased. A 
4.0 × 10 4M PDA solution was used for the 
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procedure. As the hydrogen peroxide concen- 
tration increased, the rates of uncatalyzed and 
catalyzed reactions also increased. At concen- 
trations above 0.3 M, the peak height for the 
catalyzed reaction was kept constant. A 0.4 M 
hydrogen peroxide concentration was selected 
as optimal. 

3.3. Calibration graph 

The calibration graphs for iron(II) and 
iron(III) were prepared by the recommended 
procedure using the flow system as shown in 
Fig. 1. The graphs were linear up to 30 ng/ml 
of  both species of iron. The slopes of both 
graphs agree with each other within experimen- 
tal error; the present method allows the deter- 
mination of  total iron. The detection limit for a 
signal-to-noise ratio of  two was 0.2 ng/ml. The 
coefficients of  variation for the determination 
of 5 and 10 ng/ml of iron(III) were 2.6 and 
1.4%, respectively. The sample rate throughout 
was about 30 h-~. In general, catalytic flow-in- 
jection methods have a lower sensitivity than 
batch methods as a result of shorter reaction 
time. The proposed flow-injection method, in 
which the reaction is carried out in a micellar 
medium, has a higher sensitivity, wider dy- 
namic range and better reproducibility than the 
batch method reported previously [19]. 

3.4. Interference study 

From preliminary experiments, copper(II) 
also catalyzed this indicator reaction. Some 
complexing agents for copper(II) were exam- 
ined such as trien, N-(dithiocarboxy)sarcosine 
and triethanolamine. Among them, trien effec- 
tively suppressed the catalytic effect of cop- 
per(II) at concentrations below 100 ng/ml and 

Table 2 
Tolerance limits for foreign ions on the determination of 
5 ng/ml of iron(Ill)  

Tolerance Ion added 
limit 
(ng/ml) 

100 000 

10 000 

1000 

500 

100 
50 

5 

As(V), Ba(ll), Ca(II), K(I), Mg(II), Na(1), 
Sr(ll), BO 3 , Br , CIO4,  NO -3, SO 4-  
Ce(lll), Hg(ll), Se(IV), Te(IV), W(VI), 
PO~- 
AGO), As(Ill), Bi(Ill), Mo(Vl), Zn(II), 
F - ,  I , NO2 
AI(III), Ce(IV), Cd(II), Mn(II), Ni(ll), 
Pb(ll), V(V), tartrate 
Co(IlL Cu(ll), Cr(IIl), Cr(Vl), Ti(IV) 
Sn(il), Sn(1V), oxalate 
P20~ , citrate, EDTA 

did not affect the iron(III)-catalyzed reaction 
up to 2.4 × 10 2 M; 1.2 x 10-4M trien was 
used. 

The effect of other coexisting ions on the 
determination of 5.0 ng/ml iron(III) was exam- 
ined in the presence of trien. The tolerance 
limits with an error of 5% are summarized in 
Table 2. Most of the ions listed in the table did 
not interfere in concentrations up to at least 
100-fold excesses (by weight). Positive interfer- 
ences were observed for Co(II), Cr(VI) and 
Ti(IV) at concentrations indicated in Table 2. 
Chromium(III) and tin(II, IV) caused negative 
error; however, these ions were allowed to co- 
exist in up to 10-fold excesses. The selectivity 
of the proposed method is higher than that of 
the previous one [19]. The tolerance limits for 
these metal ions are greater than the levels 
normally present in natural water samples. 
Diphosphate, citrate, EDTA and oxalate inter- 
fered with the catalytic action of iron by the 
formation of complexes with iron(III). 
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Fig. 5. Effect of PPDA concentration on the uncatalyzed 
(1) and catalyzed (2) reactions. Conditions as in Fig. 1 
except for pH. Cveom, 10 ng/ml. 
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3.5. Application 

The proposed method was applied to the 
determination of iron in natural water to evalu- 
ate its usefulness. River, lake and sea-water 
samples were filtered through a Millipore filter 
(pore size 0.45 gm) and the filtrates were acid- 
ified with hydrochloric acid to about pH 1. 
Then iron was determined according to the 
recommended procedure by applying the cali- 
bration curve and standard addition methods. 
The results which were obtained from the cali- 
bration curve and the standard addition meth- 
ods were in good agreement (Table 3). 
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Table 3 
Determination of iron in river, lake and sea-water samples 

Sample" Dilution Iron in sample b (ng/ml) 

(I) ~ (IX) ~ 

method offers a higher sensitivity and a more 
extended dynamic range. 

References 

River water 
Gamou-gawa 1 : 10 49.4 + 0.8 49.9 + 
Sendai-gawa 1:2 11.5 + 0.4 11.3 + 
Tenjin-gawa 1:5 32.6 + 0.7 32.4 _+ 
Hino-gawa 1:5 28.2+0.1 28.1 + 

Lake water 
Tanega-ike 1:10 38.1 + 0.6 38.0 + 
Hatiman-ike 1:2.5 17.2 _+ 0.4 17.6 _+ 
Koyama-ike 1:2 8.9 + 0.2 8.6 _+ 
Togo-ike 1:2.5 13.6 + 0.3 13.2 _+ 

Seawater 
Uradome 1:1.25 2.4 + 0.1 2.3 + 
Karo 1:1.25 3.4+0.1 3.5+ 
Kaike 1:2 6.9 + 0.2 6.8 + 
Yonago 1:2.5 12.5 + 0.2 12.1 + 

a Collected in Tottori Prefecture, Japan. 
b Corrected for addition (n = 3). 
c Calibration graph method. 
d Standard addition method. 

4. Conclusions 
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A simple and rapid flow-injection method is 
proposed for the determination of iron in the 
range 0.5-30 ng/ml by using the iron-catalyzed 
reaction of PPDA with PDA in the presence of 
hydrogen peroxide and Tween 80. The addition 
of the surfactant to the reaction system has 
some advantages, viz. the catalyzed reaction 
can be accelerated, and the dye produced can 
be stabilized and its adsorption suppressed to 
the inner coil surface, leading to a higher sensi- 
tivity and sampling frequency. The proposed 
method can be applied to the analysis of natu- 
ral water without preconcentration and separa- 
tion. Compared with other catalytic 
flow-injection methods [3,14-18], the present 
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Abstract 

Solid-phase spectrophotometry has been applied to analysis for trace amounts of vanadium. Vanadium 
was sorbed in a styrene-divinylbenzene-type anion-exchanger Dowex l-X8 as a vanadium-4-(2-pyridy- 
lazo)resorcinol complex. Resin phase absorbances at 562 and 800 nm were measured directly which allowed 
the determination of vanadium in the range of 0.1-2.4 ng/ml with a RSD of 1.5%. The method has been 
applied to the determination of vanadium in different samples, namely toadstool tissue, mussel tissue, 
petroleum crudes and swamp water. 

1. Introduction 

There are several biological systems which 
contain significant levels of  vanadium-contain- 
ing compounds. Plants have a baseline mean 
vanadium content of  about  1 -2  gg/g, and ani- 
mals of  less than 1 lag/g [1]. Comparisons be- 
tween these levels and those in certain plants 
and animals indicate large accumulations of  
vanadium. So, the toadstool Amani ta  muscaria 
was found to contain unusually large concen- 
trations of  vanadium [2] and certain species of  
marine animals, Ascidians, concentrate vana- 
dium in their blood to a level comparable to 
that of  iron in the human blood [3]. The accu- 
mulation by tunicates and Amani ta  toadstools 
may have started at an earlier stage, with at- 
mospheric oxygen still at a rather low level. 

Vanadium's role in physiological systems in- 
cludes participation in various enzyme systems 

* Corresponding author. 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights 
SSDI 0039-9140(95)01516-7 

as an inhibitor and a cofactor [4], catalysis of  
the oxidation of various amines [5] and nor- 
malization of sugar levels. Vanadium in trace 
amounts is an essential element for all cell 
growth, but is toxic in high concentrations [6]. 
The toxicity of  vanadium to humans through 
industrial exposure increases with the oxidation 
state of  the vanadium compound, with the + 5 
oxidation state being the most toxic [7]. The 
dumping of  petroleum crudes is one of the 
most important marine pollution sources. 
Vanadium, together with nickel, is always 
present in petroleum crudes, especially those 
from Canada and Venezuela, in the form of 
vanadium porphyrins [7]. Since some marine 
animals, such as molluscs, grow in places where 
this effect is especially strong, the determina- 
tion of vanadium in the tissue of these species 
can be used as a control parameter  of  the 
pollution levels. 

Thus it is of  importance to develop sensitive 
methods for determining vanadium. Spec- 

reserved 
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trophotometry is the most common technique 
used for vanadium determination, owing to its 
high sensitivity and selectivity. The most useful 
method involving complex formation in 
aqueous solution appears to be that using the 
chromogenic agent 4-(2-pyridylazo)resorcinol 
(PAR) [8] in the presence of the masking agent 
CDTA. However, for the spectrophotometric 
determination of V(V) at sub-ng/ml levels in 
solution a previous preconcentration step is 
required. In this paper we have developed a 
very sensitive and selective method for the de- 
termination of vanadium with PAR by using 
solid-phase spectrophotometry (SPS). This 
technique introduced in 1976 [9] presents vari- 
ous important advantages: the sensitivity (ex- 
pressed as molar absorptivity) is much higher 
(from 103 to 104 times) than the corresponding 
spectrophotometry in solution, it does not re- 
quire an expensive instrumentation and the 
species interfering in spectrophotometry in so- 
lution can be excluded from the ion-exchanger 
in adequate conditions. Solid-phase spec- 
trophotometry (SPS) combines the use of a 
solid support, usually an ion-exchanger, to pre- 
concentrate the analyte with the aid of a chro- 
mogenic reagent and subsequent direct 
measurement of the absorbance of solid phase 
[10]. 

The proposed method has been satisfactorily 
applied to the determination of vanadium in 
diverse natural samples. 

Buffer solution HOAc/NaOAc of pH 3.8, 
was prepared by dissolving 2.7216 g of  sodium 
acetate trihydrate, NaOAc.  3 H 2 0  (Merck), 
and 8 ml of acetic acid in 1000 ml of water. 

4-(2-pyridylazo)resorcinol solutions (PAR): 
solutions of various concentrations were pre- 
pared by dissolving 4-(2-pyridylazo)resorcinol 
monosodium salt (monohydrate) (Merck), in 
water. These solutions were stored under refrig- 
eration and in absence of light. In these condi- 
tions they are stable for at least 4 days. 

2.2. Apparatus 

A single beam GBC 911A microprocessor- 
controlled UV-Vis spectrophotometer, from 
GBC Scientific Equipment Ply Ltd, with 1 mm 
glass cells was used for all spectral measure- 
ments. The spectra were obtained with a scan 
rate of 250nm/min. The GBC 911A UV-Vis 
spectrophotometer was connected to a 
BRAVO AST/286 microcomputer by means of 
a serial port. The program GBC SCAN MAS- 
TER V 1.62 was used for data acquisition and 
treatment. A COMX PL80 plotter was used for 
graphical representations. Other apparatus 
consisted of an Agitaser 2000 rotating bottle 
agitator, a Selecta Model S-240 desk centrifuge 
and a Crison Model 2002 pH-meter fitted with 
a glass-saturated calomel electrode assembly 
and a temperature probe for pH measure- 
ments. 

2. Experimental 

2. I. Reagents 

Analytical-reagent grade chemicals and dou- 
bly distilled water were used throughout. All 
experiments were carried out at room tempera- 
ture. 

Vanadium(V) stock solution was 1000 rag/l, 
as chloride (Aldrich). Solutions of lower con- 
centration were prepared by dilution with dou- 
bly distilled water. 

Ion exchanger: Dowex l-X8 (200-400 mesh) 
anion-exchange resin (Aldrich) was used in the 
chloride form. The resin was washed several 
times with doubly distilled water, then treated 
with 2 M HC! for 4 h and finally with doubly 
distilled water until the washing was free from 
chloride. It was air-dried and stored in a 
polyethylene container. 

2.3. Absorbance measurements 

The absorbance (really attenuation) of the 
PAR V complex sorbed on the resin was mea- 
sured in a 1 mm cell at 562 nm (corresponding 
to the absorption maximum of the coloured 
species) and 800 nm (the latter is in the range 
where only the resin absorbs light), compared 
with a 1 mm cell packed with resin equilibrated 
with blank solution. The net absorbance was 
calculated as in a previous report [11]. 

2.4. Procedures 

(A) For 100 ml samples, an appropriate vol- 
ume of sample containing 0.15 2.1 lxg (1.5- 
21 ng/ml) of vanadium(V) was transferred into 
a 1 1-polyethylene bottle and then 10ml of 
1.47×10 5M PAR solution, 10ml o f p H 3 . 8  
HOAc/NaOAc buffer solution and 70 mg of 
Dowex l-X8 (200-400 mesh) resin were added, 
after levelling off to 100 mi. 
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The mixture was stirred mechanically for 
15 min and the coloured resin beads were col- 
lected by filtration under suction and, with the 
aid of  a small pipette, packed into a 1 mm-cell 
together with a small volume of the filtrate. 
The cell was centrifuged at 5000 rpm for 2 min. 
A blank solution containing all reagents except 
vanadium was prepared and treated in the 
same way as the sample. The absorbance differ- 
ence between sample and blank, measured as 
described under Absorbance measurements, 
provides an estimation of the net absorbance. 

(B) For 500 ml samples, an appropriate vol- 
ume of sample containing 0.125-2.25 ~tg 
(0.25-4.5ng/ml)  of  vanadium(V) was trans- 
ferred into a 1 1-polyethylene bottle and then 
10 ml of  2.64 × 10 5 M PAR solution, 50 ml of  
pH3 .8  HOAc/NaOAc buffer solution and 
70 mg of Dowex l-X8 (200-400 mesh) resin 
were added, after levelling off to 500 ml. The 
mixture was shaken mechanically for 50min,  
operating as indicated in the above procedure. 

(C) For  1000ml samples, an appropriate 
volume of sample containing 0.125-2.4~tg 
(0.125-2.4ng/ml)  of  vanadium(V) was trans- 
ferred into a 21-polyethylene bottle and then 
10 ml of  3.53 x 10 -5 M PAR solution, 100 ml 
of  pH 3.8 HOAc/NaOAc buffer solution and 
70 mg of Dowex l-X8 (200-400mesh)  resin 
were added, after making up to volume. The 
stirring time was increased to 60rain. Other 
details were as above. 

The calibration graphs were constructed in 
the same way, using vanadium solutions of 
known concentration. 

2.5. Treatment of samples 

Water 
Natural  water was filtered through a 0.45 ~m 

membrane filter (Millipore) and collected in a 
polyethylene container carefully cleaned with 
nitric acid. The samples were stored at 4 °C 
until analysis. Analyses were performed with 
the least possible delay. The usual general pre- 
cautions were taken to avoid contamination. 

Toadstool tissue (Amanita muscaria) 
Firstly all foreign matter, especially adhering 

soil, was removed from the sample by means of  
successive washings with distilled water, 0.1 M 
HC1 and doubly distilled water (we avoided an 
excessive washing to prevent leaching). The 
sample was immediately dried into a forced- 
draft oven for 24 h at 70 °C to prevent decom- 

position or weight loss by respiration and 
ground in a hand-mill. A suitable aliquot was 
weighed (1.0659 g dry material) into a quartz 
crucible and placed in a cool furnace; the min- 
eralization was carried out by heating slowly to 
450 °C for 2 h and holding at this temperature 
for a further 2 h. The sample was removed and 
cooled and the ashes were wet carefully with a 
fine stream doubly distilled water, then adding 
1 ml of  4 M NaOH;  the crucible was covered 
with a watch glass, heated cautiously on a hot 
plate to boiling and finally let stand for a few 
rain. Then, the solution was filtered through 
Whatman no. 42 paper over a 100 ml standard 
flask, diluting to volume after addition of 
0.75 ml HCI. The vanadium content was deter- 
mined on an aliquot, as described in the 100 ml 
procedure. 

Mussel tissue (Mytilus galloprovincialis) 
The sample was dried in a forced-draft oven 

at 70 °C to constant mass and then ground into 
a fine powder. A suitable aliquot was weighed 
(19.6253 g dry material) into a quartz crucible 
and placed in a cool furnace; the mineraliza- 
tion was carried out by heating slowly to 
550 °C for 2 h and holding at this temperature 
for a further 2 h. The sample was removed and 
cooled and the ashes were wet carefully with a 
fine stream doubly distilled water, then adding 
2 ml of  4 M NaOH; the crucible was covered 
with a watch glass, heated cautiously on hot 
plate to boiling and finaly let stand for a few 
minutes. Then, the solution was filtered 
through Whatman no. 42 paper over a 100 ml 
standard flask, diluting to volume after addi- 
tion of 0.8 ml HC1. The vanadium content was 
determined on an aliquot, as described in the 
100 ml procedure. 

Petroleum crudes 
A suitable weight of  petroleum sample (from 

0.501 to 7.529 g, depending on the vanadium 
content) was treated in a Vycor vessel with 
sulphuric acid (1 ml for each gram of  sample) 
in a sand-bath with continuous agitation to 
avoid foam formation, followed by combustion 
of carbonaceous ash at 525 + 25 °C. The inor- 
ganic residue was treated with 1:1 hydrochloric 
acid and heated to effect complete dissolution. 
After concentration, a few drops of  nitric and 
sulphuric acids were added and the solution 
was heated gently until white fumes were 
formed and the small carbonaceous residue not 
ignited was destroyed. After, the Vycor vessel 
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was washed carefully, the solution was heated 
to boiling and neutralized and pH was fixed 
between 3 and 5 with sulphuric acid. Finally, 
the solution was diluted to 50 ml with doubly 
distilled water. 

2.6. Distribution measurements 

PAR solution, buffer solution and 70 mg of  
Dowex 1-X8 (200 400 mesh) were added to a 
100 ml water solution containing 3.93 ~tmol of  
V(V). After 30min equilibration, the resin 
beads were separated by filtration under suc- 
tion. Then, the equilibrium concentration of 
V(V) in the solution was determined as de- 
scribed in the 100 ml procedure. The distribu- 
tion ratio D was calculated from the initial and 
equilibrium concentrations in the solution. An 
average value of (218.2 _+ 3.2) × 103 ml/g was 
obtained from five replicate determinations. 

3. Results and discussion 

3. I. Absorption spectra in solid phase 

PAR reacts with V(V) in solution to give a 
1:1 violet complex [12], with an absorption 
maximum at 533 nm, suitable for colorimetric 
determination of the latter. Between pH 2 and 
8 this complex is sorbed on Dowex l-X8 anion- 
exchange resin shifting the absorption maxi- 
mum at 562nm. PAR is fixed on this resin 
showing a yellow-orange colour with an ab- 
sorption maximum at 409 nm (415 nm in solu- 
tion). The spectra of  the complex in solution 
and resin phases, from which the increase of  
the sensitivity in the resin phase is evident are 
shown in Fig. 1. 

A 
0 .7  

0.6 / 

0 .4  

0.3 1 
0.2 

0"11 / I 
0 ~ 

475 525 575 625 675 725 
wavelength (nm) 

Fig. 1. Net absorption spectra of V(V) PAR species. (1) in 
solution [V(V)] = 1.96 × 10 -5 M, [PAR] = 3.93 × 10 -4 M, 
pH=3.9, 10mm optical path length; (2) on resin. 
[V(V)] = 2.94 × 10 -v M, [PAR] = 5.88 × 10 -6 M, pH 3.9, 
70rag of resin, 1 mm optical path length, stirring 
time= 15 min, V= 100ml. 

values the absorbance decreased quickly as 
usual in SPS studies, probably owing to com- 
petition between the anions of  the buffer for 
the anionic sites of  the resin. 

P A R  concentration 
Absorbance increases together with PAR 

concentration, up to a molar [PAR]/[V(V)] ra- 
tio 4 (for 100ml sample). Consequently, a 
[PAR]/[V(V)] ratio of  5 was chosen for 100 ml. 
Similarly, for 500 and 1000 ml molar [PAR]/ 
[V(V)] ratios of  9 and 12 were chosen, respec- 
tively. 

Other experimental conditions 
The opt imum stirring times were 15, 50 and 

60 min for 100, 500 and 1000 mi sample vol- 
umes, respectively. The fixed complex was sta- 
ble for at least 120 min after equilibration. The 
order of  addition of reagents did not affect the 
results obtained and the one used here was: 

3.2. Optimization o f  variables 

p H  dependence 
This variable was studied by applying the 

100 ml procedure. Opt imum pH for the forma- 
tion and fixation of the species fell in the range 
3-4.5 (Fig. 2). At pH values below 3 and 
above 6 the absorbance decreased significantly. 
Different buffer solutions ( H C O O H / H C O O - ,  
potassium phthalate/HC1, HOAc/NaOAc)  were 
tested. The HOAc/NaOAc buffer (pH 3.8) was 
found to yield the best results. 

Absorbance was independent on ionic 
strength, adjusted with the buffer solution, up 
to a concentration of  3.2 × 10 2 M. For  higher 

0,8 

0 .7  

0.6 / ~  
0.6 

A 0.4 
0.3- 
0.2 
0.1- I 

o I , , , J 
0 2 4 6 8 10 t2  

pH 

Fig. 2. Influence ofpH. [V(V)] = 2.94 x l0  - 7  M ,  70mg of 
resin, stirring time= 15min, V= 100ml, 1 mm optical 
path length. 
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Fig. 3. Influence of the amount of resin. (1) A vs. mass of 
resin; (2) A vs. l/mass of resin. IV(V)] = 2.94 x 10 -7 M, 
[PAR] = 2.94 x 10 6 M, pH 3.8, stirring time= 15 rain, 
V= 100 ml, 1 mm optical path length. 

sample-PAR buffer-resin. The use of a large 
amount of  resin (mr, in g) lowered absorbance 
values, as usual [10]. The minimum amount of  
dry resin required to fill the cell and facilitate 
handling, i.e. 70 mg, was used for all the mea- 
surements. The reduction of  absorbance was 
according to the empirical equation 

. 0 .958  Actor =0.051 (Fig. 3, curve 1). When ab- 
sorbance Ac is represented vs. 1/m r (Fig. 3, 
curve 2) we found that absorbance decreased 
according to the equation A¢ = 0.020 + 0.044/ 
mr (r = 0.999). 

We can calculate the agreement of the slope 
with molar absorbance as follows [13]: 

A c = E c l R C  o VlOOO/(m r q- V/D) (1) 

where ec is the molar absorptivity of  the sample 
species in the ion-exchanger phase (15.700 kg 
mol ~cm-l) ,  lR the mean light-path length 
through the solid phase (cm), Co the initial 
concentration of V(V) (M), V the volume of 
sample solution (1), D the distribution ratio 
(l/g) and mr the mass of ion-exchanger (g). In 
our case, owing to the large value of D, the 
fraction V/D can be neglected as compared 
with mr for all the values of this latter and then 
we obtain the equation which relates the ab- 
sorbance with the mass of ion-exchanger: 

Ac = GIR Co VlOOO/mr = K/mr (2) 

where K=eclRCoVlO00 is the slope of the 
graphic representation of Ac vs. 1~mr. Suppos- 
ing IR = 0.1 cm, the expected value for K =  
15.700 x 0.1 x 2.94 x 10 -7 x 0.100 x 1000 
= 0.046 which is in excellent agreement with 
the experimental value 0.044. 

Nature of the fixed complex 
The composition of  the fixed V(V)-PAR 

complex on Dowex l-X8 resin was studied at 
the working pH 3.8 using the molar ratio 
[14,15] and the Job [16] methods. 

The plot A vs. [PAR]/[V(V)] molar ratio, 
obtained by varying the PAR concentration, 
showed an inflexion at 1 molar ratio indicating 
the presence of one molecule of PAR in the 
fixed complex. Moreover, the Job method 
shows a ratio [PAR]/[V(V)] = 1. Consequently, 
these results indicated that the stoichiometry is 
[V(V)]:[PAR]=I:I  and agreed with those 
found in aqueous solution [12]. 

PAR may be considered to act as terdentate 
ligand having three donor atoms in a plane. 
The metal is coordinated through the pyridinic 
nitrogen, the azo nitrogen further from the 
heterocyclic ring, and the ortho hydroxyl group 
of the reagent [17,18]. 

Corsini [19] studying the formation of  com- 
plexes between PAR and various metalic ions 
in aqueous solution found that the pK,2 value 
of the p -OH group of PAR increases notably 
by the chelation. On the other hand, other 
authors who have utilized a PAR-like chro- 
mogenic reagent in SPS admit that the fixation 
of the meta l -PAR complex on an anion-ex- 
change resin promotes the dissociation of the 
para-hydroxyl group [20]. 

According to this, the global complexat ion-  
fixation process could be presented in this case 
by the following scheme: 

VO2 + + H2L + X -  ~-VOzLHX- + H + 

(complexation process) 

VO2LHX +CI,~ R m+ ~VO2LX2-CI ,~_aR ' '+  

+ 2C1- + H + (fixation process) 

VOW- + H2L + X -  + CI,~ R "+ 

VO2LX2- CI,~_ 2R m+ +2C1-  + 2 H  + 

(global process) 

where X represents an unidentate anion, (e.g. 
C1 , AcO-) ,  which would be fulfilling the sixth 
coordination position of the vanadium(V) 
atom, and C1,; R "+ the anionic resin. 

In fact, the V(V)-PAR complex is appar- 
ently anionic in nature, whereby it is extracted 
into methyltrioctylammonium chloride solution 
(Adogen 464) in toluene, whereas it is not 
extracted into toluene of  tetrachloromethane. 
The above proposed structure for the V(V)- 
PAR complex in the resin phase is in agree- 
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Table 1 
Analytical parameters for SPS vanadium(V) determination 

Volume of sample system 

100 ml 500 ml 1000 ml 

Intercept 0.014 0.016 0.002 
Slope 0.043 0.212 0.406 
Linear dynamic range (ng/ml) 1.5 21.0 0.2 4.5 0 .1-2.4  
Correlation coefficient 0.9997 0.9993 0.9989 
Detection limit ( K =  3) " (ng/ml) 0.29 0.023 0.018 
Determination limit ( K =  10)b (ng/ml) 0.96 0.077 0.060 
RSD (%) (n = 10) 1.4 1.7 1.5 

(15) c (3) ~ (l.5) ~ 

a From Ref. [34]. 
b From Ref. [35]. 
c Vanadium (V) concentration (ng/ml) used for the determination of reproducibility. 

ment with that proposed in solution for com- 
plexes 1:1 between PAR and metallic ions with 
coordination index [21]. 

3.3. Analytical data 

The analytical parameters are summarized in 
Table 1. It was verified that one of the main 
contributions to the RSD comes from the vari- 
ability of the packing of the ion-exchanger. The 
relative standard deviation (RSD) was 7.0% 
without centrifugation for the 100 ml sample 
and 10 determinations. With centrifugation for 
2 min at 5000 rpm before the absorbance mea- 
surements were carried out, the RSD decreased 
at 1.4% and the absorbance values increased at 
about 9%. 

The sensitivity, expressed as apparent molar 
absorptivity, of the proposed methods, is com- 
pared with that of spectrophotometric proce- 
dures in the literature (Table 2). It is shown 
that the increase in sensitivity obtained with 
the proposed methods is substantial, especially 
in relation to the solution methods using the 
same reagent. 

According to the equation Ao = 
EclRCo VlOOO/(mr + V/D), the sensitivity in SPS 
methodology can be enhanced by increasing 
the sample volume. In our case, the fraction 
V/D can be neglected as compared with m r for 
all the values of  V lower than 11 and then we 
obtain the equation which relates absorbance 
with sample volume: 

Ac = eclR Co VlOOO/mr = K 'V  (3) 

where K' = eclR Co 1000/mr is the slope of Ac vs. 
V (for V values lower than 11). The expected 
value for K ' = 1 5 . 7 0 0 x 0 . 1  x 2 . 9 4 x 1 0  8x  

1000/0.07 =0.659 1 
The increase of absorbance with sample vol- 

ume can be evaluated by measuring the ab- 
sorbance of  resin equilibrated with different 
volumes of solutions containing the same con- 
centration of vanadium (V) and proportional 
amounts of the other reagents. Fig. 4 shows the 
increase in the absorbance with sample volume 
V. Absorbance increases according to the em- 
pirical equation A c = 0.634V (r = 0.997), for V 
values lower than 11. The experimental value 
of the slope, 0.634 1 ~, is in excellent agreement 
with the theoretical value 0.6591- 

The factor m r can be neglected compared 
with V/D at higher sample volume values and 
then the absorbance becomes independent of 
sample volume: Ac= eclRColOOOD= K". In 
practice, absorbance becomes independent of 
sample volume for V values lower than values 
predicted theoretically (Fig. 4); probably owing 
to the stirring time required for high volumes 
being greater than the experimental one used. 

In practice, the increase in the absorbance 
with sample volume can be also predicted from 
the slope of the calibration graphs. The sensi- 
tivity ratios (S) for the samples analysed here 
are: Slo0o/soo = 1.92; Siooo/lo0 = 9.44 and 
Ss0o/~oo = 4.93. The theoretical expected values 
obtained using the distribution ratio value [33] 
D are 1.94, 9.45 and 4.87, respectively. 

The standard deviations of the background 
absorbance for the blanks, necessary for calcu- 
lating the IUPAC detection limit (K = 3) [34], 
measured as the average of 10 determinations 
and expressed as SD units, were 0.004, 0.002 
and 0.002, for 100, 500 and 1000ml sample 
volumes, respectively. The detection limits of  
the proposed methods are similar to those ob- 
tained by other sensitive techniques such as 
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Table 2 
Comparison of  sensitivities for determination of  vanadium(V) 

1063 

Reagent Molar absorptivity Ref. 

Tungstophosphovanadic  acid a 
8-Hydroxyquinoline b 
N-Benzoyl-N-phenylhydroxylamine ~ 
4_(2_Pyridylazo)resorcinol_ HzO2 a 
1 -(2-Pyridylazo)-2-naphthol a 
4-(2-Pyridylazo)resorcinol " 
2-(3,5-Dibromo-4-methyl-2-pyridylazo)-5- 
die thylaminophenol-  H z 02 a 
Malachite Green-molybdovanadophospha te  c 
Benzohydroxamic acid d 
(500 ml) 
5-Br-Salicylhydroxamic acid a 
(1000 ml) 
4-(2-Pyridylazo)resorcinol a 
(100 ml) 
4-(2-Pyridylazo)resorcinol a 
(500 ml) 
4-(2-Pyridylazo)resorcinol a 
(1000 ml) 

1.4 × 103 22 
3.0 x 103 23 
4.8 × 103 24,25 

1.64 × 104 26 
1.7 x 104 27 
3.6 x 104 28 

5.43 × 104 29 

1.8 x 105 30 
3.9 x 105 ~ 31 

1.1 × l0 TM 32 

2.2 × 107 ¢ proposed 
method 

1.1 x 108 e proposed 
method 

2.1 x 108 e proposed 
method 

a Solution method.  
b Extractive method.  
c Method based on extractable ion-pair with basic dye. 
a Solid phase spectrophotometry. 
e Apparent  molar absorptivity (absorbance value of  the complex sorbed on the resin from a 1 M aqueous solution of  V(V) 
and supposing that it was measured in a 10 mm optical path length cell). 

EAAS, AFS and ICPS (Table 1). The accuracy 
and precision of the proposed SPS methods are 
similar to the ones obtained by the techniques 
indicated above. 

3.4. Effect of foreign ions 

A detailed study o f  interference effects was 
carried out for cations and anions, in amounts 
ranging up to 1000 ~tg, with 1.5 ~tg o f  vana- 
dium. Ions were considered as not interfering if 

they produced an error of less than + 5% in 
the determination of analyte. The tolerance 
limits for the ions studied are shown in Table 
3. 

Of the ions tested, the only major interfer- 
ences were from Co(II) and Cu(II) owing to the 
formation of complexes with PAR which fix on 
the solid phase and absorb at the working 
wavelength [10,36]. Therefore, we can confirm 
that the proposed methods are sufficiently se- 
lective. 

A 
1 

0 . 8  

0 . 0 "  

0 . 4 "  

0 . 2 -  

0 I I I I 
o o,s 1 1.s 2 2.s 

Volume of sample (I) 

Fig. 4. Influence of  the sample volume on colour develop- 
ment. [V(V)] = 2.94 x 10 - s  M, [PAR] = 2.94 x l0 -7  M, 
70 mg of  resin, pH 3.8, stirring time = 15-160 min. 

Table 3 
Effect of  foreign ions on the determination of  15 ng/ml of 
vanadium(V) ( V =  100 ml) 

Foreign ion or species Tolerance level 
(ng/ml) 

N O r ,  NO~-, CI - ,  Mn(II), I - ,  C2042- , > 10000 
H2PO~- , SO42- 
C O l - ,  Ca(II), Mg(lI) 5000 
F - ,  Zn(ll)  2000 
AI(III) 1000 
Cr(ll l)  500 
Fe(Ill), EDTA 50 
Cu(lI) 5 
Co(lI) 2 
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Table 4 
Analytical applications 

Sample Vanadium content Vanadium content 
found found 
(gg/g) by standard method 

(gg/g) 

Toadstool f 
(Amanita 
muscaria ) 

Mussel ~ 
(Mytilus 
galloprovincialis ) 

Petroleum crudesc Arabia 
ligero 

Qatar 
Terrestre 

Zueitina 

Ir/m Ligero 

8.32 _+ 0.20 a 8.01 _+ 0.48 ~ 

0.802 + 0.026 ~ 0.827 _+ 0.030 ~ 

15.9 + 0.2 b 15.9_+0.1 ~ 

5.3_+0.1 b 5.2_+0.1 d 

1.06 ± 0.01 b 1.06 + 0.02 d 

19.0 + 0.3 b 18.6+0.4 d 

Average values of three determinations. 
b Average values of four determinations. 

Electrothermic atomic absorption spectroscopy. 
d ASTM. 

e Standard addition calibration graph method; 100 ml sample. 
r Standard calibration graph method; 100 ml sample. 

3.5. Analytical applications 

The proposed method has been applied to 
the determination of vanadium in toadstool 
tissue, mussel tissue, petroleum crudes and 
swamp water. The determination of vanadium 
in toadstool tissue (Amanita muscaria) was per- 
formed using the standard calibration graph 
method, since no matrix effect was observed 
(Table 4). Sample was collected from near the 
city of  Viso del Marqu6s (Ciudad Real, Spain). 
Mussel tissue (Mytilus galloprovincialis) came 
from Galicia (Spain) and was analysed by the 
standard addition calibration graph method 
(Table 4). The loss of sensitivity caused by 
matrix effects (evaluated by the slope's quotient 
between the standard addition calibration 
graph and the standard calibration graph) was 
0.77. The results obtained in both cases are in 
excellent agreement with those found by 
EAAS. 

The vanadium content in four petroleum 
samples of different origin, composition and 
density was analysed by the standard calibra- 
tion graph method (Table 4). As a reference 
method, the ASTM procedure, based on 
tungstophosphovanadic acid formation and ab- 
sorbance measurement at 436 nm [37], was em- 
ployed but, in this case, a larger amount of 

sample than in the SPS method (from 20.050 to 
301.180g) was used. The statistical study of 
precision and accuracy of the proposed method 
and the reference ASTM method was made 
from F-criterion and the t-test, respectively. 
The results showed that both methods have the 
same precision and accuracy. 

The method was also applied to the determi- 
nation of vanadium in Quiebrajano swamp 
water (Ja6n, Spain) by the standard addition 
calibration graph method obtaining an average 
content (n = 3) of 0.49 + 0.02 ng/ml of vana- 
dium. The loss of sensitivity caused by the 
matrix effect (evaluated as indicated above) 
was 0.68. In this case, in order to check the 
accuracy of the proposed method a study of 
recovery was performed. For this, 0.75 and 
1.05 ng/ml of vanadium were added to 1000-ml 
water samples, obtaining recovery precentages 
of 98.7 and 96.2%, respectively. 
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Abstract 

The stability constants of the complexes of glycinate ion with copper(II), nickel(II) and hydrogen(I) and 
of nitrilotriacetate ion with calcium(II) and hydrogen(I) and the ionic product of water (Kw) were 
determined potentiometrically, The measurements were carried out at 25.0 °C in four different ionic 
strengths up to I (= lc)= 2.50 and two different ionic media (KNO 3 and (CH3)4NNO3). Extrapolation of 
equilibrium constants to zero ionic strength and ionic strength corrections to equilibrium constants were 
carried out with the data obtained from both media using the TEC (thermodynamic equilibrium constant) 
equation and computer program. The constants of the potassium complexes with nitrilotriacetic acid at low 
ionic strength are also given. Successful attempts to predict equilibrium constants for other ionic media using 
TEC parameters and the procedure of the specific ion-interaction theory (SIT) are given. The variations of 
equilibrium constants with the ionic strengths and ionic media are demonstrated. 

1. Introduction 

One of the most  important tasks in aqueous 
solution chemistry is speciation, i.e. the exact 
description of  a system with different metal 
ions and ligands in terms of  the concentrations 
of  the species present at given conditions (tem- 
perature, ionic strength L and inert salt) and 
known total concentrations of  the components. 
This is only possible if the equilibrium con- 
stants for all the species present in the system 
at the chosen conditions are known. As this is 
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t Permanent address: Alexandria University, Faculty of 
Science, Chemistry Department, Horreya Avenue, 
EIchatby, Alexandria, Egypt. 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights 
SSDI 0039-9140(95)0151 8-3 

not always possible, the unknown constants 
can still be estimated starting from known val- 
ues evaluated under other experimental condi- 
tions. Two of  the important parameters 
affecting the values of  the equilibrium con- 
stants are the ionic strength and the inert salt, 
Their dependence may be described using ex- 
pressions containing terms for the activity co- 
efficients of  the species involved in equilibrium 
[1]. We have recently published a paper [1] 
introducing the TEC (thermodynamic equi- 
librium constant) equation for use with such 
calculations. The results obtained by TEC us- 
ing the literature data were discussed and com- 
pared with those obtained by the SIT (specific 
ion-interaction theory) equation or its synonym 
the BGS (Brons ted-Gugenheim-Scatchard)  
equation. 

reserved 
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In this paper, our own experimental results 
of some simple systems are analysed with the 
above equation using statistical quantities 
defined in our earlier paper [1] and given in the 
footnotes of Table 4. The values of some equi- 
librium constants with glycinate and nitrilotri- 
acetate ions in presence of two inert salts and a 
wide ionic strength range have been obtained 
( I =  0.050-2.50 M). This allows the interpola- 
tion of the same stability constants for arbi- 
trary conditions at I < 3 and the extrapolation 
of the same values to I =  0. The resulting val- 
ues are discussed in terms of their precision 
and reliability as well as the possibility equi- 
librium constants values in presence of other 
inert salts. 

The practical standard state for a solute B in 
a solution is a hypothetical solution at the 
standard state pressure with concentration 
c~-- 1 M and activity coefficient YB = 1. To 
avoid using activity coefficients, the measure- 
ments are always done in presence of an inert 
electrolyte that should not react with the stud- 
ied species but maintain the activity coefficients 
of all investigated species as constant. From 
measurements at different I values, it is often 
possible to calculate the equilibrium constant 
at I = 0 in the standard state studied by extrap- 
olation using extended Debye-Hiickel  equa- 
tions referred to the molar ionic activity 
coefficients 7i. 

Recently, a critical survey on equilibrium 
constant data of glycine and its metal com- 
plexes has been published [2]. Some mentioned 
papers give exact values for the protonation of 
glycinate ion in solution [3-5] at different ionic 
strength (I-~0.01-0.1) with a few recom- 
mended values also for the metal complex for- 
mation with the same anion. Another critical 
survey on equilibrium constants data of nitrilo- 
triacetate and its metal complexes is found in 
the literature [6] and includes recommended 
values for the protonation constants of nitrilo- 
triacetate (NTA) at I =  0.1(KC1 or KNO3) and 
for the stability constant of the complex with 
calcium at I=0 .1(KNO3) .  In both cases, the 
number of values is too limited to allow an 
exact evaluation of the involved constants re- 
quired for the inert salt concentrations with 
I<~3 M. 

While a single article appeared on the subject 
of the K + complex with glycine [7], a few 
articles [8-10] have reported a complex of K + 
with NTA (KL z- where L - - N T A )  at I =  0.1. 
Only one article [8] reported the constant of  the 

protonated species K H L -  at the same ionic 
strength with a large standard deviation. As the 
stability constants of the potassium complexes 
are small in magnitude and difficult to be eval- 
uated, it is important to know their values at 
all ionic strengths because of  the applications 
of potassium salts as supporting electrolytes in 
potentiometric titrations. Similar remarks can 
be generalized for Na ÷ normally forming 
more stable complexes with polyaminopoly- 
carboxylate ligands than K ÷ and present in 
biological systems (I=0.15(NaC1)) and sea- 
water (I = 0.7). 

2. Experimental 

2. I. Reagents 

Glycine (HL) and nitrilotriacetic acid (H3L), 
Fluka puriss 99%, were checked for purity 
using elemental analysis. Potassium nitrate, 
Merck pro analysi 99% was dried in an oven at 
80 °C. Potassium hydroxide solution was pre- 
pared from a Titrisol Merck ampoule and stan- 
dardized against three different standard 
solutions of potassium hydrogen phthalate. 
The solid potassium hydrogen phthalate was 
Merck pro analysi titration grade 99.95- 
100.05%. Nitric acid solutions were prepared 
from a Titrisol Merck ampoule. The disodium 
salt of ethylenediarninetetraacetic acid (EDTA) 
was standardized against standard zinc chlo- 
ride solution prepared from zinc metal, Fluka 
99.999%. Copper nitrate and nickel nitrate, 
both AnalaR grade, were standardized by titra- 
tion against standard EDTA solution. Te- 
tramethylammonium nitrate (Fluka), was 
checked for purity using elemental analysis. 
Tetramethylammonium hydroxide (Fluka) was 
standardized against standard potassium hy- 
drogen phthalate. Both tetramethylammonium 
compounds were checked for the presence of 
metal impurities. Mercury (Merck) analysis 
and polarography grade was used. 

2.2. Potentiometric system 

The measuring system consists of a 10ml 
thermostated jacket cell (temperature adjusted 
using a Lauda MS M3 thermostat) containing 
a micro glass electrode and an external 'home- 
made' calomel electrode (P t lHg ,  Hg2CI2, 
xM(NC1), x 'M(NN03) ,  where x = 10% of the 
total solution concentration ( x + x ' ) M  and 
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N = K + or (CH3)4 N+)  connected to the mea- 
suring solution through a salt bridge filled with 
the aqueous solution of the inert salt alone at 
the given I ( = x + x ' )  value. Its cell potential, 
E0 was measured at 25.0 °C using an Orion SA 
720 potentiometer. The strong base was added 
stepwise from a 1.000ml motor burette 
(Metrohm 665 Dosimat) to 5.00 ml of the mea- 
sured acidic solutions. The whole titration sys- 
tem was monitored using an IBM AT 
computer and the TIT212 data acquisition-ti- 
tration control software [11]. 

2.3.  P r o c e d u r e  

The cell was calibrated by titrating 5.00 ml 
standard nitric acid solutions at •=0.050, 
0.300, 1.00 and 2.50 against either standard 
potassium hydroxide or tetramethylammonium 
hydroxide. The calibration parameters (the ap- 
parent standard electrode potential E °' and the 
negative logarithm of the ionic product of  wa- 
ter pKw) were computed [12] using the experi- 
mental data obtained, i.e. E value for each base 
addition. An extra term was added to the 
Nernst equation accounting for the Hender- 
son's liquid junction potential correction [13] 
owing to H ÷ and OH concentrations. All 
measured solutions and titrants were main- 
tained at a given ionic strength with the same 
ionic medium used. During the alkalimetric 
titration, a reduction in the concentration of 
the inert salt and I occurs becuase of  the 
neutralization of  H ÷ and dilution. The maxi- 
mum reductions of the ionic strnegth computed 
from a strong acid-strong base titration is 
0.002 and 0.004 at the ionic strengths of 0.050 
and 2.50, respectively. It is in general possible 
to reach the exact ionic strength in the pH 
range from which the constants are deter- 
mined. The calibration parameters were later 
used to convert the E(mV) reading (by the 
glass electrode) of  the measured solutions un- 
der investigation to pH. The Nernst slope is set 
constant to 59.16 mV and the errors obtained 
for E °' were between ___ 0.04 and 0.2 mV corre- 
sponding to 0.0007 and 0.003 pH unit, respec- 
tively. The deionized water used was previously 
degassed for 2 h and then saturated with pure 
argon or nitrogen gas. The gas was first passed 
through a solution with the same ionic medium 
and ionic strength of  the whole system and 
then allowed to evolve above the measured 
solution in the covered measuring cell. The 
glycinate ion in its fully protonated form 

(H2 L+) was titrated alone and in presence of 
copper or nickel metal nitrates, the nitrilotriac- 
etate ion as H3L was titrated alone and in the 
presence of calcium nitrate in KNO3 and 
(CH3)4NNO 3 media at I values of  0.050, 0.300, 
1.00 and 2.50M. The weighted equilibrium 
constants were then computed using both 
KONST [14] and SUPERQUAD [15] com- 
puter programs. The differences between the 
constants computed using both programs are 
negligible (mainly owing to differences in the 
weighting procedures) and within the uncer- 
tainties of the constants. Each equilibrium con- 
stant is computed from three or more different 
solutions and hence three or more different 
titration curves in ml-mV.  

3. Extrapolation model 

The extrapolation of equilibrium constants 
to zero ionic strength and the ionic strength 
correction of equilibrium constants in KNO 3 
and (CH3)nNNO 3 were carried out using the 
TEC approach [1] (Eq. (3)) for equilibrium (1), 
where *fin,p,,. and , f l op . , .  are the 

m M + n L + p H 2 0 ~ M , . L . ( O H ) p + p H  + (1) 

[Mm L. (OH)p][H+~ ' 
* fl~,p.m -- [M]m[L]~ (2) 

log *fl.,p,m --  P log aHz O 

A z Z A w / I  ~- A C I +  A D I  z + " • " 
= log . f l op . , ,  1 + B o ~ - I  

(3) 

equilibrium constant and the thermodynamic 
equilibrium constant, respectively, aH2o is the 
activity of  water, A z  2 ( A z 2 = m z 2  + n z ~  - 

Z~lmLn(OH)p --  p ) is the net charge, A and B are 
the Debye-Hiickel  (D.H.) constants and the 
quantities log ,flO.p .... ~, AC and/or optionally 
AD are adjustable parameters and defined else- 
where [1]. 

4. Results and discussion 

4.1. E q u i l i b r i u m  c o n s t a n t s  da ta  a t  d i f f e ren t  
ionic  s t r e n g t h s  

The weighted mean equilibrium constants of 
glycinate ion with hydrogen, copper and nickel 
and nitrilotriacetate ion with hydrogen and 
calcium at different ionic strengths in KNO 3 
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and (CH3hNNO3 media at 25.0 °C are col- 
lected in Tables l and 2, the pKw are collected 
in Table 3 and the literature values for the 
same conditions are given in the footnotes. The 
individual constants are those computed using 
SUPERQUAD program. The stability con- 
stants of copper and nickel glycine complexes 
or calcium NTA complexes determined in 
KNO 3 medium and given in Tables 1 and 2 are 
computed as usual without allowing for the 
potassium complex with the mentioned ligands. 

For  glycine (Table 1) it is, however, very 
difficult to discuss the reliability of the litera- 
ture data obtained in Ref. [16] with H +. In- 
deed, the extrapolated data at I =  0 given in 
that paper with log * ° fl l.o,t = 9.85 and 
log * ° flLo,2 = 12.39 differ strongly from those 
obtained by different authors [3-5] (all lying 
within 0.01 log unit) that systematic errors can- 
not be excluded. The above values are fully 
beyond the limits of those recommended by the 

IUPAC [2]: log *fll.o,~ = 9.78 + 0.01 and 
log*fll.o.2= 12.14+0.02. The other values in 
the footnotes of  Table 1 were given with the 
classification of the IUPAC critical survey [2]. 
The three values of Ni 2+, log *fli.o,t (i = 1, 2, 3), 
at I--- I(KNO3) lie within the limits given in a 
publiction [19] based on the measurements of  
several laboratories for the same system 
(log*fll,o,l" 5.64-5.68; log*fl2,O,l" 10.24-10.4 
and log *fl3,0A = 13.9 at I =  I(NaCI)). By com- 
paring our own values obtained in both inert 
salts at the same ionic strength, it was found 
that, for I =  0.05 and 0.3, the same values for 
all constants with Cu 2+ and Ni 2+ are obtained 
within _+0.04log unit. For  the equilibrium 
constant values of nitrilotriacetate ion with hy- 
drogen or calcium, no literature data at the 
experimentally measured ionic strength in 
KNO3 or (CH3)4NNO3 media were found for 
comparison. However, interpolated values at 
I =  0.1 and 0.5 using TEC are compared with 

Table 1 
Experimental stability constants of glycinate ion with H +, Cu 2+ and Ni 2+ at different ionic strengths in KNO s and 
(CH3hNNO3 media and 25.0 °C 

Medium M I n, p, m ~ log * fln,p .... M I n, p, m a log *ft,,p,,, 

KNO~ H + 0,050 1, 0, 1 Ni 2+ 0.050 1,0, 1 5.827(8) 
(0.02) 

1,0, 2 2, 0, 1 10.647(7) 
(0.02) 

0.300 1, 0, 1 3, 0, 1 13.973(4) 
(O.Ol) 

1,0, 2 0.300 1,0, 1 5.678(1) 
(0.004) 

1.00 1,0, 1 2, 0, 1 10.448(5) 
(0.01) 

1, 0, 2 3, 0, 1 13.84(1) 
(0.04) 

2.50 1, 0, 1 1.00 1, 0, 1 5.682(8) 
(O.O2) 

1, 0, 2 2, 0, 1 10.48(2) d 
(0.05) 

Cu 2+ 0.050 1, 0, 1 3, 0, 1 13.94(3) d 
(0.08) 

2,0, 1,0, 1 5.82(1) e 
(0.02) 

1, 0, 2, 0, 1 10.74(2) 
(0.07) 

2, 0, 3, 0, 1 14.31(4) 
(o.1) 

1,0, 

2,0, 

1,0, 

2 ,0,1 

0.300 

1.00 

2.50 

9.589(3) b 
(0.007) 
11.92(1) b 

(0.04) 
9.5546(4) 

(0.001) 
11.956(7) 
(0.02) 

9.640(4) 
(0.007) 
12.090(8) 
(0.01) 

9.880(5) 
(O.Ol) 
12.50(1) 
(0.04) 

8.230(7) 
(O.Ol) 
15.10(1) 
(0.02) 

8.074(2) 
(0.006) 
14.884(4) 
(O.Ol) 

8.074(1 ) 
(0.004) 
14.939(3) 
(0.008) 

8.304(2) ¢ 
(0.005) 
15.380(4) 
(O.Ol) 

2.50 
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Table  1 (cont inued)  

Medium M I n, p, m ~ log *ft,,p,,, M 1 n, p, m ~ log *fl,.p.,, 

(CH3)4NNO 3 H + 0.050 1,0, 1 9.5943(6) Ni  z+ 0.050 1, 0, 1 5.850(2) 
(0.001) (0.006) 

1,0, 2 11.958(5) 2, 0, 1 10.691(2) 
(0.01 ) (0.006) 

0.300 1,0, 1 9.509(1) 3,0,  1 14.118(7) 
(0.004) (0.02) 

1, O, 2 11.86(2) 0.300 1, O, 1 5.683(4) 
(0.05) (O.Ol) 

1.00 1, O, 1 9.527(3) 2, O, 1 10.441(5) 
(0.009) (0.01) 

1, O, 2 12.051(2) 3, O, 1 13.78(1) 
(0.007) (0.04) 

2.50 1, O, 1 9.6594(4) 1.00 1, O, 1 5.7489(4) 
(o.ool) (o.ool) 

1, O, 2 12.5052(4) 2, O, 1 10.605(1) 
(0.001 ) (0.004) 

Cu  2+ 0.050 1, 0, 1 8.220(2) 3, 0, 1 14.16(2) 
(0.006) (0.06) 

2, 0, 1 15.094(1) 2.50 1, 0, 1 6.064(6) 
(0.002) (0.02) 

0.300 1, O, 1 8.064(8) 2, O, 1 11.275(15) 
(0.02) (0.01) 

2 ,0 ,  1 14.864(9) 3,0,  1 15.17(1) 
(0.02) (0.02) 

1.00 1, O, 1 8.16(1) 
(0.04) 

2 ,0 ,  1 15.06(2) 
(0.06) 

2.50 1, O, 1 8.56(1) 
(0.02) 

2, O, 1 15.82(2) 
(0.07) 

The values in parentheses  are the s tandard  deviat ions and  those beneath  them are the confidence intervals at  95% 
confidence level. 
a m M  + n L  + p H 2 0  ~ M,,  Ln(OH)  p + p H ;  L = glycinate. 
b log *fl].O,t = 9.721(6); log *ilk0.2 = 12.023(8) [16]. 
c log *ill,0,1 = 8.38[D] [17]. 
a log *fl2,o,I = 10.55[T]; log *fl3,o.I = 14,06[T] [181. 
e log *ilk0,1 = 5.33[D] [17]. 
The reviewer classification [2] are: [D] = doubtful  and  [T] = tentative.  

the literature data in the next section. For the 
ionic product of  water (Table 3), it is important 
to find literature values in (CH3)aNNO3 or 
KNO3 (I t> 0.2) to be compared with ours. This 
is also needed to detect any eventual systematic 
errors due to our glass electrode or the Nernst 
slope. In dilute solutions (I~< 0.1), the activity 
coefficients of the uni-univalent electrolytes 
may be considered practically independent of  
the electrolyte type dissolved. Therefore, the 
corresponding values for the equilibrium con- 
stants should be the same and independent of 
the inert salt used as far as the ionic strength is 
the same. Thus the pKw value obtained with 
each alkali halide salt at I = 0.05 [20] should be 
identical to those in our two inert salt solu- 
TAI. 4Z-8-F 

tions. The value in (CH3)4NNO 3 is within the 
limits of  error and that in KNO 3 is a little bit 
low. 

Some information about the stability of the 
potassium complexes with the two ligands can 
be obtained by comparing the values of 
log*ill.O.,, (M = H  +) in presence of the two 
inert salts (glycine: m =  1, 9.589(7); m = 2 ,  
11.92(4) in KNO3 and 9.594(1) and 11.958(10) 
in (CH3)4NNO3, respectively; nitrilotriacetic 
acid: m = l ,  9.726(20); m = 2 ,  12.32(6) in 
KNO3 and 9.867(20) and 12.527(10) in 
(CH3)4NNO3, respectively). Already at 
I = 0.050, for which the medium effect is negli- 
gible, low values are found in presence of  K +. 
This may be explained by the formation of  K + 
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Table 2 
Experimental stability constants of nitrilotriacetate ion with H + and Ca 2+ at different ionic strengths in KNO 3 and 
(CH3)4NNO 3 media and 25.0 °C 

KNO 3 (CH3)4NNO3 

M I n, p, m a log *fl,,,p .... M 1 n, p, m ~ log *fin.p,,, 

H + 0.050 1, 0, 1 9.729(7) H + 0.050 1, 0, 1 9.867(7) 
(0.02) (0.02) 

1,0, 2 12.32(2) 1, 0, 2 12.527(3) 
(0.06) (0.01) 

1, 0, 3 14.24(5) 1,0, 3 14.490(9) 
(0.1) (0.02) 

0.300 1, 0, 1 9.441(4) 0.302 1, 0, 1 9.648(2) 
(0.01) (0.005) 

1, 0, 2 11.82(1) 1, 0, 2 12.064(5) 
(0.03) (0.01) 

1, 0, 3 13.72(5) 1, 0, 3 13.89(3) 
(o.1) (0.08) 

1.00 1, 0, 1 9.284(3) 1.00 1,0, 1 9.592(6) 
(0.008) (0.01) 

1, o, 2 11.616(7) 1, o, 2 12.006(7) 
(0.02) (0,02) 

1, O, 3 13.34(2) 1, O, 3 13.79(2) 
(0.05) (0,05) 

2.50 1, O, 1 9.410(2) 2.50 1, O, 1 9.785(6) 
(0.005) (0.01) 

l, O, 2 l 1.82(1) 1, O, 2 12.41(1) 
(0.02) (0.02) 

1, O, 3 13.72(2) 1, O, 3 14.47(2) 
(0.07) (0.05) 

Ca 2+ 0.050 1, 0, 1 6.72(1) Ca 2+ 0.050 1, 0, 1 6.743(5) 
(0.04) (0.01) 

2, O, 1 9.31(4) 2, O, 1 9.35(2) 
(0.1) (0.05) 

0.304 1, o, 1 6.007(1) 0.301 1, o, 1 6.245(6) 
(0.004) (0.01) 

2, o, 1 8.873(4) 2, o, 1 8.97(2) 
(0.01) (0.07) 

1.00 1,0, 1 5.554(4) 1.00 1, 0, 1 5.92(3) 
(0.01) (0.07) 

2, 0, 1 8.669(4) 8.80(6) 
(0.01) (0.2) 

2.50 1, 0, 1 5.32(1) 2.50 1,0, 1 6.01(1) 
(0.04) (0.04) 

2, 0, 1 8.47(4) 2, 0, 1 9.35(3) 
(0.1) (0.08) 

The values in parenthesis are the standard deviations and those beneath them are the confidence 
confidence level. 
amM + nL + p H 2 0  ~- Mm L~ (OH)p +pH;  L = nitrilotriacetate. 

intervals at 95% 

c o m p l e x e s  wi th  the  l i g a n d  species  a c c o r d i n g  to  
Eq.  (1). Th i s  effect is p a r t i c u l a r l y  ev iden t  fo r  
n i t r i l o t r i ace t i c  ac id  f o r m i n g ,  in its d e p r o t o -  
n a t e d  fo rm,  c o m p l e x e s  wi th  s t ab i l i ty  c o n s t a n t s  
t h a t  a re  a t  leas t  five o r d e r  o f  m a g n i t u d e  l a rge r  
wi th  r e spec t  to  t h o s e  o f  g lyc ine  ( log *flLo,1 
fo r  g lyc ina te  [2]: C a 2 + ~  1.4 a n d  C u  2+ ~ 8 . 1  
a n d  n i t r i l o t r i a c e t a t e  [6]: C a  2+ ~ 6.5 a n d  
Cu2+- - ,  13). O n  the c o n t r a r y ,  in the  case  o f  
g lyc ine  in the  t w o  ion ic  m e d i a  s t u d i ed  the 

c h a n g e  o f  log  *ill,0,1 is wi th in  the e s t i m a t e d  
e r ro r s  o f  the  values .  F o r  log  *ill,0.2 the  c h a n g e  
is l a rge r  b u t  a lways  wi th in  the  e s t i m a t e d  e r ro r s  
o f  the  cons t an t s .  T h e  pos s ib l e  ex is tence  
o f  K H L -  m a y  be  e x c l u d e d  a f t e r  e x a m i n i n g  the  
d a t a  o f  N i  2+ a n d  C u  2+ o b t a i n e d  in the  two  
iner t  sa l t  so lu t ions  a t  I = 0.050 t h a t  are  p rac t i -  
ca l ly  iden t ica l .  I f  K H L -  was  p re sen t  in the  
so lu t ion ,  l ower  va lues  o f  *fiE0,1 fo r  the  c o m -  
plexes  in 0 . 0 5 0 ( K N O 3 )  w o u l d  be expec ted .  
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Table 3 
The negative logarithm of the ion-product of water, pKw, at 25.0 °C in KNO3 and (CHs)aNNO 3 

1073 

KNO 3 (CHs)4NNO3 

1 pK w 1 pK w 

0.050 13.808(8) a 0.050 13.823(5)" 
(0.006) (0.005) 

0.300 13.733(2) 0.300 13.76(1) 
(0.002) (0.008) 

1.00 13.762(2) 1.00 13.93(1) 
(0.003) (0.01) 

2.50 13.953(2) 2.50 14.451 (8) 
(0.004) (0.009) 

a At I ~< 0.1, the activity coefficients are independent from the inert salt used. Using the data of Harned and Mannweiler 
[20], for 1= 0.05: log(roll ' rnou) = - 13.8285 which corresponds to - 13.8288 in the molarity scale. 

The use of this large concentration of K + in 
detecting its complexes is due to the fact that 
monovalent alkali ions form weaker complexes 
with respect to other metal ions of larger 
charge, i.e. the divalent alkaline earth or 3d 
metal ions. This is also the reason for using 
salts of  the alkali metal ions as inert salts in 
ionic equilibrium studies in order to minimize 
the effect of  the components of  the inert salts 
on the equilibria investigated. In case of nitrilo- 
triacetate ion, the stability constants of the 
potassium complexes at I =  0.050 M are ob- 
tained from the corresponding *]~l,0,m with the 
assumption [21] that the decrease of their val- 
ues are only due to K + complex formation 
giving for log([KLZ-]/([K+][L3-]))=0.83(8) 
and Iog([KHL ]/([K +][HL2-])) = 0.47(20), 
with the errors in parentheses calculated at 
90% confidence. The percentage of KHL , cal- 
culated using the latter constant, is 12% in 
0.050 M KNO3 solution but already 45% in 
0.30 M (KNO3) solution. For  this reason the 
constant *fll.o.1 with Ca 2+ (Table 2) at 
I =  0.304(KNO3) is only 10 6.007 with respect to 
106.245 at I =  0.301((CH3)4NNO3). 

At I > 0 . 1 ,  the use of different inert salts 
results in different activity coefficient values 
specific for each salt. Thus a quantitative deter- 
mination of a stability constant of  K + complex 
cnanot be obtained from the results in Tables 1 
and 2. The use of  a K + electrode or the 
solubility measurements with a K ÷ salt at high 
ionic strength can give more exact information 
on this important problem. 

A discussion about the reasons of variation 
of  *fl~,p,m values with the ionic strength and the 
inert salt is not a quite simple problem because 
of the different types of  possible interactions 

among all species present in the given solution. 
The first problem that needs to be resolved is 
an explanation of the values of the activity 
coefficients ~i of single inert salts at different I 
values. This should also explain the reasons for 
the different 7~ values obtained by changing the 
inert salt. Indeed the fit of  ~i values at different 
I with the calculated values using the preferred 
D.H. expression is attained by adjusting some 
constant parameters in the selected expression. 
An interpretation of the parameters obtained 
stand out. The D.H. expressions take into con- 
sideration only the electrostatic cation anion 
interaction without inclusion of other resulting 
species. Without this preliminary step, each 
intuitive interpretation of the variation of 
*fln,p,m with I can only be considered as specu- 
lation. On the basis of  the known studies in 
this direction it is not certain that the interpre- 
tation of  the activity coefficients of pure inert 
salts at different I values can be considered a 
fully resolved puzzle. 

4.2. Extrapolation to zero ionic strength and 
interpolation to a given I value 

The extrapolation of equilibrium constants 
to zero ionic strength and the ionic strength 
correction of equilibrium constants in KNO3 
and (CH3)aNNO3 were carried out using a 
TEC approach (Eq. (3)) for Az2:~0 and 
Az 2= 0 [1] as well. The thermodynamic equi- 
librium constants (log * ° fl,.p.,,) computed to- 
gether with the parameters of Eq. (3) are 
collected in Table 4. 

A comparison of our data with those recom- 
mended elsewhere-IUPAC critical survey [2,6] 
or 'critical' stability constants of  Martell and 
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Table 4 
Thermodynamic equilibrium constants fl,°,.p.m, TEC parameters [1] of different equilibrium systems at 25.0 °C in KNO 3 
and (CH3)4NNO 3 media 

Medium M L n,p,  m log ,flop.,, 7 x 108 AC AD SSR ~res t P 

KNO3 H ÷ O H -  1,0, 1 13.993 a 5.4(2) 0.165(3) 0 0.442 0.0015 0.51 
(0.008) (0.4) (0.005) 

H ÷ gly 1,0, 1 9.743 a 8.7(5) 0.183(4) 0 1.41 0.00093 0.23 
(0.01) (0.91) (0.008) 

1, 0, 2 12.03(5) 13(6) 0.27(2) 0 7.71 0.023 0.0055 
(0.1) (12) (0.04) 

Cu 2+ gly 1, 0, I 8.55(1) 6.0(2) 0.218(5) 0 2.90 0.0027 0.088 
(0.02) (0.3) (0.009) 

2, 0, 1 15.554(7) 6.3(1) 0.383(4) 0 0.421 0.0026 0.52 
(0.01) (0.2) (0.007) 

Ni 2+ gly 1,0, 1 6.11(2) 7.5(7) 0.15(1) 0 2.93 0.0033 0.087 
(0.04) (1.3) (0.02) 

2, 0, 1 11.07(1) 7.9(3) 0.25(1) 0 0.646 0.0062 0.42 
(0.02) (0.5) (0.02) 

3, 0, 1 14.363(7) 9.4(4) 0,31(1) 0 0.361 0.0044 0.55 
(0.01) (0.7) (0.02) 

H + NTA 1,0, 1 10.19(1) 6.7(1) 0 0.047(1) 1.48 0.0036 0.22 
(0.02) (0.2) (0.002) 

1, O, 2 13.13(2) 5.4(2) 0.32(1) 0 0.870 0.0090 0.35 
(0.04) (0.3) (0.02) 

1,0, 3 15.2(1) 6.4(5) 0 0.12(1) 2.33 0.040 0.13 
(0.2) (1.0) (0.02) 

Ca 2+ NTA 1,0, 1 7.699(2) 5.38(1) 0,070(1) 0 0.0141 0.00078 0.90 
(0.003) (0.02) (0.002) 

2,0, 1 9.66(3) 6.3(3) 0 0 11.1 0.013 0.0037 
(O.04) (0.4) 

H + O H -  1, 0, 1 13.982(5) 3.6(3) 0.41(1) 0 0.518 0.0052 0.47 
(0.009) (0.5) (0.02) 

H + gly 1, 0, 1 9.749(3) 5.6(2) 0.128(4) 0 7.20 0.0016 0.0072 
(0.005) (0.4) (0.008) 

1, 0, 2 12.11(2) 4.5(4) 0.350(8) 0 5.74 0.0018 0.016 
(0.03) (0.8) (0.02) 

Cu2+ gly 1,0, 1 8.527(6) 5.6(3) 0.35(2) 0 1.80 0.0050 0.18 
(0.01) (0.6) (0.03) 

2, 0, 1 15.566(5) 4.9(2) 0.65(2) 0 1.14 0.0021 0.28 
(0.01 ) (0.4) (0.04) 

Ni  2+ gly 1, 0, 1 6.15(1) 6.1(4) 0.28(2) 0 20.9 0.0035 <0.001 
(0.02) (0.8) (0.04) 

2, 0, 1 11.15(1) 5.3(3) 0.56(2) 0 27.2 0.0090 <0.001 
(0.02) (0.5) (0.04) 

3, 0, 1 14.62(7) 3(I) 1.0(2) 0 48.3 0.067 <<0.001 
(0.1) (2) (0.3) 

H + NTA 1,0, 1 10.31(3) 7.4(6) 0.19(2) 0 7.90 0.0098 0.0049 
(0.05) (1.1) (0.03) 

1, 0, 2 13.305(9) 5.8(2) 0.45(2) 0 3.39 0.0086 0.065 
(0.02) (0.3) (0.03) 

1, 0, 3 15.471(8) 4.8(1) 0.72(2) 0 0.336 0.0085 0.56 
(0.02) (0.2) (0.03) 

Ca 2+ NTA 1, 0, 1 7.62(3) 7.6(4) 0.14(3) 0 8.82 0.021 0.0029 
(0.05) (0.8) (0.06) 

2, 0, 1 9.857(5) 4.81(8) 0 0.140(2) 0.0356 0.0047 0.85 
(0.009) (0.1) (0.004) 

CH3)4NNO3 

Values in parentheses are the least-squares unbiased estimates (estimated standard error of the parameters) and the values 
in parentheses beneath them are the 68.3% confidence or the estimate of la. 
SSR = Weighted sum of squared residuals. 
aest = Estimated standard deviation of equilibrium constant using the TEC equation. 
P = Computed probability based on SSR and the degrees of freedom. 
a For correction see text. 
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Smith [22] for given I vlaues-is only possible if 
the inert salt used is also given. The known 
experimental data show different ionic strength 
dependence of the involved constant with the 
inert salts. Thus the use of the same *ill,0,1 
value for a constant at the same ionic strength 
[8] for salts of the same cation (or alkali metal 
cation) as claimed by Martell and Smith [22] as 
well as for all salts as assumed by Kiss et al. [2] 
cannot be accepted. For  this reason, their rec- 
ommended values have scarce importance and 
are not further considered. On the basis of the 
literature data given in the IUPAC critical 
survey, after using statistical estimations of 
their precision (Table 5a), it was possible to 
obtain the required quantities for the extraola- 
tion and interpolation in other inert salts 
(Table 5b). The corresponding results for the 
formation of HL in case of glycine are repro- 
duced in Fig. 1. The values of log *flT,O,l for the 
same I value in different inert salts given in the 
figure show a large variation and are not equal. 
This is partly due to systematic errors in the 
different values. In general, the quantity of 
information given by the authors in the experi- 
mental part of the published papers is not 
complete enough to allow a clear identification 
of  the type of  calibration used and the precau- 
tions taken to avoid liquid junction potentials 
errors of  some 0.01 pH units. In this context, 
one has to realize that the more accurate 
known value for log *ill,01 of  the system under 
consideration is 9.778 and values in the limit of 
+0.03 can be considered acceptable in consid- 
eration of the large errors of extrapolation and 
large change of log *fl~,o,~ caused by small vari- 
ation of I at I < 0 . 1 .  By comparing all our 
values obtained with the accepted ones, it ap- 
pears that at the lowest I in KNO 3 they are 
lower by 0.02 to 0.03 log unit for the case of  
glycine (log * ° fl1,0,1=9.718) and the ionic 
product of water (log *fl~.O,l = 13.968). Increas- 
ing our values by 0.025 log unit results (Tables 
4 and 6) in an excellent agreement among all 
data. This can be explained by a small system- 
atic error owing to the strict use of the Nernst 
value (RT/F)In  10 that is 59.159 mV for every 
one pH unit. As shown in Table 6, the agree- 
ment of  the literature experimental mean val- 
ues treated statistically and our results is then 
satisfactory for both glycine and NTA equi- 
librium systems. Other thermodynamic stability 
constant values are found in the literature. For  
glycine [7]: log* o /~1,0,2 = fll,o,1 = 9.75 and log * ° 
12.08 extrapolated from a medium in 

(C2Hs)4NI. They are in good agreement 
with our values in Table 6. For  NTA [8], the 
calculated thermodynamic constants are: 
log *fll,O.l = 10.39, log *fll,o.2 = 13.33 and 
log *ilL0.3 = 15.31 extrapolated from media in 
(C2H5)4 N+ or (C3H7)4 N+ with the anions of  
bromide and iodide. They show slight devia- 
tion from our values extrapolated in 
(CH3)4NNO 3 medium and given in Table 6. 

4.3. Estimation of  AC parameters 

The parameter AC of Eq. (3) may be esti- 
mated from other individual C parameters. 
This treatment help estimating equilibrium 
constants in ionic media other than those mea- 
sured presuming that the thermodynamic equi- 
librium constant is known. The combined AC 
parameters for the equilibrium systems in this 
work are given in Table 4. 

The combined AC parameter of  the pKw in 
KNO 3 and (CHa)4NNO 3 media may be repre- 
sented by the following relations, 

AC = C~:on + CHNO~ (4) 

A C  = C(CH3)4NO H + CHNO3 (5) 

From Eq. (5), the individual parameter 
C(cn3)4YOn amounts to 0.35(2) where CHNO3 is 
computed separately from mean activity co- 
efficient data [23,24] at different ionic strengths 
and 25.0°C using the P D H E computer pro- 
gram and the polynomial Debye-Hiickel  equa- 
tion (6) for the molar mean activity coefficient 

7_+. 

-_Az + z x / I +  
log 7+ - 1 + BTx/~ C I + D I 2 +  . . .  (6) 

The computed parameters of Eq. (6) for 12 
common electrolytes are given in Table 7 and 
are valid in the range 2.50~>I>~0 in molar 
scale. The activity coefficients required are ob- 
tained from those in the molal scale, which are 
identical with the values in molar scale but 
setting the concentration c =  (1000. d.  m)/ 
(1000 + M w • m), where d is the density of the 
involved solution. To avoid confusion in Eq. 
(6), the molar ionic strength Ic is used. It is 
noticed that two different parameters C and D 
are obtained. By examining their values, only 
the first one is important; the second being 10 
times smaller except for the cases of  NaCI, KCI 
and HC104. For  the equilibria investigated, the 
values of  AD in Table 4 are negligible. The 
standard deviations obtained for C and D de- 
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Table 5 
(a) Mean values of the stability constants of glycine in different ionic media at 25 °C using literature data with statistical 
estimation of  their precision 

1 NaCIO 4 KCI NaC1 

log *fl,,o.1 log *fl,.o,2 log *flt.o.I log *ill,0,1 log *fl,,o,2 

0.050 9.61(5) ~ 
0.0995 9.60(2) b l 1.96(4) b 

0.1 9.61 (6) 11.95(6) 9.66(3) ~ 9.62(2) b 

0.15 9.58(6) 11.97(9) 9.60(2) b 11.97(4) b 
0.2 9.62(9) ~ 
0.297 9.58(2) b 11.94(4) b 
1.0 9.68(5) 12.13(6) 9.67(1 ) ~ 9.65(1) 12.08(3) 
3.0 10.14(10) 12.88(12) 

Interpolation between I = 0.2 and 1.0. 
b Errors assumed. 
Values in parentheses are the standard deviation of  the mean unless otherwise stated. 

(b) TEC parameters for the extrapolation of the literature data in Table 5a to zero ionic strength at 25 °C 

Electrolyte log *fl~,o., ~ x 108 AC log *fl~,o,2 ~ x 108 AC 

NaC104 9.79(2) 4.7(9) 0.28(2) 12.14(2) 4( 1 ) 0.42(3) 
(0.04) (2.0) (0.04) (0.04) (2.0) (0.05) 

KCI 9.77(9) 10(8) 0.13(7) 
(12) (10) (0.09) 

NaC1 9.80(2) 5 (2) 0.23(6) 12.16(6) 4(4) 0.35(18) 
(0.03) (2) (0.08) (0.08) (5) (23) 

Values in parentheses are the least squares errors and beneath them those adjusted to l~r. 

pend on their magnitude but in general are 
much lower with respect to those obtained 
using C and Eqs. (4), (5) and (7)-(13). 

. . . .  c ,o , / /~ 10.1 • (CI{0NNO~ (1og'~0,=9749) This'aork. Na 

+ KN(), (h,g ",~ ,,, = 9 7"IS) This ~ork. ~ / ~ /  
10,0 O KCI (log'~t,,=9769) ~ / / /  

~S. 9.80 "~ " /- • KC[ 

9 .70  ~ ~--'-/ N~Cl "~' / 

9.60 
9 . 5 0  " "O . . . .  _-- O-- ~ - - ~  (CI{3),NNO 1 

, i I , , 

12,8 ~ (CH0aNNO~ (log'[~[,,,=121I(I).Thiswork. / 

+ KN()~ (Iol~'[3;e~= 12.033) This~ork. ~ 
/ 

1 2 . 6  n NaCIO a (log '[3;, u = 12.141 / 

~Z 12.4 7 ~  

1 2 , 2  

, . _ J  -f,. ICHo, NN( h 12.0 ~_~_~,~,....~ ~ 
• Na('l 

1 1 . 8  ' ' ' ' ' 
0 . 0  0 . 5 0  1 .9  1 .5  2 . 0  2 . 5  3 . 0  

Ionic strength, M 

Fig. 1. Variation of  stability constants of  glycine with ionic 
strength I and ionic media at 25 °C. Extrapolated data 
obtained from this work are prompted in the legend of the 
figures otherwise the data are obtained from the literature 
and statistically treated to obtain mean values. 

The stability constants of copper glycine 
complexes are relatively high. Their ionic 
strength dependent parameters AC may be used 
to retrieve some individual C parameters as an 
example. For the first and second stability con- 
stant of copper glycine complexes, the ionic 
strength dependent parameters ACt and A C  2 

may be represented by the following relations, 

AG = CCu~NO3)2 + CNL -- CCuLNO3 (7) 

AC2 = Ccu~No3)2 + 2CNc -- Ccuc2 (8) 

where N = K + or (CH3)4 N+ and L is the fully 
deprotonated form of glycine. The difference 
between ACI[(CH3)4NNO3] and AG(KNO3), 
in which AC1 is expressed by Eq. (7), is found 
to be 0.13(3)Imol - t  and is expected to be 
totally due to the difference between QCH3)4NL 
and CKc. This is ascertained by the difference 
between AC2[(CH3)4NNOs] and AC2(KNO3) 
for the same equilibrium system in which AC2 is 
expressed by Eq. (8). This difference is 
again believed to be totally attributed to 
2C(CH3)4NL--2CKL and found to be 0.2671 
mol-1. Thus QcH3)aNC-- CKL is again 
0.13(4) 1 m o l -  t. 
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Table 6 
Interpolated logarithmic equilibrium constants of glycinate ion with H +, Cu 2+ and Ni 2+ and nitrilotriacetate ion with 
H ÷ and Ca 2+ using TEC in KNO3 and (CH3)4NNO3 medium and the numerically treated literature data in KNO3 
medium at 25 °C 

IUPAC publ. [2,6] TEC TEC 
KNO 3 KNO 3 (CH3)4NNO3 

M L I *il,o,i *ii,o,2 *fll,o,l *ill,0,2 *tl+0,1 *11,0,2 

H + gly ~ 0  9.778(2) i 12.133(8) ~i 9.74 ~ 12.03(10) 9.749(5) 12.11(3) 
0.10 9.574(7) ~ 11.94(2) iii 9.566(4) 11.92(3) 9.558(3) 11.93(2) 
0.11 9.54(1) ~ 11.89(2f v 9.564(4) 11.92(3) 9.553(3) 11.92(2) 
0.20 9.58(4) ~ 11.92(2) ~ 9.554(2) 11.93(3) 9.525(4) 11.91(1) 
0.50 9.570(2) 11.98(3) 9.501(2) 11.93(1) 
1.0 9.636(4) 12.10(3) 9.520(6) 12.051(9) 
3.0 9.97(1) 12.62(7) 9.714(4) 12.667(5) 

*l,,o,, *&,o.~ *&.o,, *l,,o., *&,o,~ *&.o., *l,,o., *&o., *&.o., 

Cu 2+ gly --*0 8.59(2) v 15.78(7) v 8.55(2) 15.55(1) 8.53(1) 15.57(1) 
0.10 8.17(2) ~ 15.08(2) ~ 8.17(1) 15.006(7) 8.152(6) 14.988(5) 
0.20 8.16 ~v 14.98 iv 8.103(7) 14.919(5) 8.09(1) 14.90(1) 
0.50 8.050(3) 14.866(3) 8.07(2) 14.88(2) 
1.0 8.074(3) 14.940(3) 8.15(2) 15.04(2) 

Ni 2+ gly ~ 0  6.175(8)" 11.12(1) ii 14.3(2) vi 6.11(4) 11.07(2) 14.36(1) 6.15(2) 11.15(2) 14.6(1) 
0.10 5.75(1) ~ 10.62(2y 14,1(2y ~ 5.76(2) 10.560(7) 13.907(2) 5.78(1) 10.59(2) 13.98(7) 
0.50 5.658(7) 10.428(9) 13.847(6) 5.69(1) 10.47(1) 13.8(1) 
1.0 10.55 iv 14.06 iv 5.67(1) 10.46(1) 13.933(7) 5.749(3) 10.60(I) 14.0(2) 

*i,,o,, *P,,o,2 *t,,o,3 *l,,o.~ *1,,o~2 */7,. .3 *t,.o., *t,,o,2 *1,.0.3 

H + NTA -+0 10.19(2) 13.13(4) 15.2(2) 10.31(5) 13.30(2) 15.47(2) 
0.10 9.62(9) ~ 12.3(1) ~ 13,9T v 9.62(1) 12.13(2) 14.0(1) 9.78(2) 12.342(9) 14,245(9) 
0.50 9.57(1) ~v 12.21(4) ~v 13.78(7) ~ 9.359(5) 11.70(1) 13.49(5) 9.61(1) 11.99(2) 13.77(2) 
1.0 9.285(6) 11.62(1) 13.35(6) 9.60(2) 12.00(2) 13.80(2) 

*&.o,, *&.o,~ *ll,o,, *&o,~ */7,,o,, *G.o,, 

Ca 2+ NTA --+0 7,699(3) 9.66(4) 7.62(5) 9.857(9) 
0.10 6.4(1) v~ 6,462(2) 9.08(1) 6.55(2) 9.212(5) 
0.50 5,807(1) 8.785(6) 6.12(4) 8,868(8) 
1.0 5.5539(8) 8.667(8) 6.00(4) 8.81(1) 

iN = 6, iiN = 5, iiiN = 8, iVN = 1, VN = 3, viN = 2. 
The values in parentheses are the estimates of l~r. All values of TEC are derived from four points (N = 4) and have one 
degree of freedom. 
The extrapolated values to I =  0 under ' IUPAC publication KNO 3' are calculated from different ionic media. 
a For correction see text. 

The AC constants of nickel glycine may be 
represented by the following relations, 

A C  1 = CNi(NO3)2 "-~ CNL --  CNiLNO3 (9) 

AC2 = CNi(No3)2 + 2CNL - C N i L  2 (10) 

A C  3 = CNi(NO3)2 + 3CNL - CNiL3N (11) 

The same result was observed for the first 
stability constant of the relatively strong nickel 
glycine complex. A difference between 
ACI((CH3)4NNO3) and ACI(KNO3), in which 
AC1 is expressed by Eq. (9), is found to be 
0.13(4) 1 mol-  i. The difference between 

AC2((CH3)4NNO3) and AC2(KNO3) , in which 
AC2 is represented by Eq. (10), shows slight 
deviation from the value of 0.13. The actual 
value is found to be 0.16(4)1 mol-1. However, 
this difference is within the estimated errors. 

The AC parameters for the system of glycine 
may be represented by the following relations, 

A C  1 = CHNO3 "-~ CNL - -  CNNO3 (12) 

AC2 = 2CHNo3 + CUE -- Cn2LNO 3 (13) 

The difference between ACE((CH3)4NNO3) and 
AC2(KNO3) in which AC2 is represented by 
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Table 7 
PDHE parameters for some electrolytes at 25.0 °C applicable until 1 = 2.50 

Electrolyte a x 108 C D 

HCI 4.596(7) 0.1063(3) 0.00772(8) 
NaCI 4.42(2) 0.0197(6) 0.0060(2) 
KCI 3.951 (2) - 0.0018( 1 ) 0.00376(3) 
HNO3 4.767(5) 0.0633(1) 
NaNO 3 3.84(2) - 0.0405(8) 
KNO 3 3.04(1) - 0.1092(8) 0.0052(2) 
HC104 5.31 (2) 0.0862(5) 0.0212(2) 
NaCIO4 4.48(2) 0.0028(7) 0.0032(2) 
NaOH 3.80(2) 0.0541 (7) 0.0018(2) 
KOH 3.50(1 ) 0.0998(6) 0.0034(2) 
Cu(NO3) 2 4.886(1) 0.0317(2) 0.00392(6) 
Ni(NO3) 2 4.855(1) 0.0587(2) 0.00265(7) 

Values in parentheses are the least-squares unbiased estimates or estimated standard error of the parameters. 
CcutNo3)2 and CN~(NO3)2 should be multiplied by three to be compatible with the E vlaues calculated using the SIT 
equation. 

Eq. (13), should also produce the value of  
0.13 1 mo1-1, however, it is found to be only 
0.08(4) that is still within the large error limits. 
The difference between AC1 ((CHa)4NNO3) and 
ACI(KNO3), in which ACI is represented by 
Eq. (12), is given as follows, 

C(CH3)4NL -- CKL -- C(CH3)4NNO3 + CKNO3 

= -0.055(11) (14) 

Substituting the value of 0.13 in relation (14), 
the value of C(CH3)4NNO3 is obtained. This value 
is found to be 0.076(31). It is then substituted 
in Eq. (12), in which N = ( C H 3 ) 4  N + ,  t o  obtain 
the value of C(CH3)4NL' This value is found to 
be 0.14(3). Consequently, the value of CKL is 
found to be 0.01(4). Similarly, the value of 
CCuLNO3 can be readily obtained from Eq. (7) 
for which N =  ( C H 3 ) 4  N +  o r  K +. A value of 
-0.11(4)  is then found. The other individual C 
parameters for the Ni 2+ system may be ob- 
tained in a similar way. The estimation of AC 
parameters are necessary to estimate or predict 
equilibrium constants in other ionic media. 

4.4. Prediction and estimation of  equilibrium 
constants 

The equilibrium constants for a system in a 
given inert salt at ionic strength I (~< 3) can be 
calculated using Eq. (3) if the thermodynamic 
constant * ° ft,.p.,, and the parameters ~ and AC 
are known. Sometimes AC can be estimated 
from known values of C for the same or similar 
electrolytes. In the last case, the knowledge of 

one suitable ~t~n,p,m in the range 0.2 < I <  2.5 is 
enough to obtain ~. Otherwise, two values for 
*fl,,p.m are required to obtain the two unknown 
parameters. 

As an example, the pKw in NaC104 medium 
at different I are estimated using the two proce- 
dures mentioned above. The pK°w = 13.982(9) 
computed from the data in this work measured 
in (CH3)4NNO 3 medium and the two literature 
data of pKw [25] (13.78(1) at I = 0 . 1  and 
13.97(1) at I =  2 in NaC104) are used. In the 
first procedure, the two TEC equations are 
solved for 7 and AC. The values found are: 
c~=4.14 × 10 -8 and AC=0.241.  The least- 
squares analysis for the set of literature data 
given in the ionic strength range of 0.1-3.8 M 
resulted in the following parameters: pK°w = 
13.99(2), ~ = 3.6(6) x 10 -8, AC = 0.26(2). Thus 
the calculated parameters from the two data 
points are within the errors computed by the 
least-squares analysis. The calculated constants 
using two data points at I=0 .10 ,  0.50, 1.00, 
2.00, 2.99 and 3.80 are: 13.78, 13.73, 13.79, 
13.97, 14.18 and 14.35, respectively. They are 
comparable to the experimental constants at 
the same ionic strength: 13.78(1), 13.74(1), 
13.80(1), 13.97(1), 14.20(1), 14.42(2). The selec- 
tion of a correct thermodynamic constant 
log * o fl,.p.m is of  particular importance. This 
method can also be used with most of the 
equations discussed previously [1] although 
they have not been tested for these procedures; 
a case that is beyond the scope of  this article. 
The reader is expected to consult Ref. [1] be- 
fore making the final choice. 
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In the second procedure, we assume that AC 
is known along with one equilibrium constant 
at I~>0.5 and log*f l ° , ,p ,m . The AC may be 
calculated from the individual C parameters 
obtained from Eq. (6) and given in Table 7. 
For this case, Eqs. (4) or (5) may be used as a 
guide. For  the pKw system in NaCIO4, the 
estimated AC=0.140  and AD=0.023.  The 
value may then be calculated using Eq. (15) 
obtained from Eq. (3) for p = 0. 

log * fl°.p,m - log * fl~.p,,, - A z 2 A  x / - I  

+ A C I  + A D I  2 
O ~ z  - -  

Bx/~(log , f lOp,, , ,  _ log ,fin,p,,,, 

+ A C I +  ADI 2) 

(15) 

Thus e is found to be 5.93 x 10 -8 using the 
pKw at I =  2.0. The estimated pKw at I =  0.10, 
0.50, 1.00, 2.00, 2.99 and 3.80 are: 13.80, 
13.75, 13.80, 13.97, 14.20 and 14.43, respec- 
tively, to be compared to the experimental 
values given above. If the pK,~ at I =  0.5 is 
used, the calculated e is 5.48 x 10 -8 and the 
estimated pKw at the same ionic strenths are: 
13.79, 13.74, 13.78, 13.95, 14.18 and 14.40 to 
be compared again to the experimental values 
above. Another possibility for calculating c~ in 
this procedure by using the pKw at I = 0 . 1 0  
and setting both AC and AD to zero in Eq. 
(15). In this case, :~ is found to be 5.78 x 10 -8. 
It is used beside the other estimated parame- 
ters AC, AD and log * ° fl,,.p.,, in Eq. (3) to esti- 
mate the pKw at the other ionic strengths given 
earlier. 

The choice of the ionic strength value, in 
which ~ is calculated, is not arbitrary. This 
ionic strength is selected in such a way to 
equal or exceed /crit to a certain limit. In most 
of  the time this is realized in the ionic strength 
range 1.5>1>70.2. The range of I < 0 . 1  is 
avoided because of  the large variation of  
with the ionic strength and the strong depen- 
dence of C on c~. 

When data in the literature are not enough 
to extract all individual C parameters required 

for a given system, the first procedure may 
then be used. 
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Abstract 

A flow injection on-line preconcentration technique, combined with graphite furnace atomic absorption 
spectrometry for the determination of gold in ore samples has been presented. An ~-amino pyridine resin 
(AP) was loaded onto a microcolumn as the preconcentration reagent and a solution of 90% acetone-5% 
HCI-5% H20 was used for the gold elution. The Scaled Simplex Method was employed to optimize the flow 
injection manifold. The selected factors were optimized by the simultaneous consideration of two responses, 
absorbance and column retention efficiency, with only 12 tests. A detection limit of 0.065 ~ag Au/1 (30) with 
a relative standard deviation of 4.YY,,, was achieved. Ore samples containing gold have been analysed 
successfully using the proposed method. 

1. Introduction 

On-line preconcentration techniques with 
flow injection analysis (FIA) have significantly 
increased the sensitivity of  flame atomic ab- 
sorption spectrometry (FAAS) for trace ele- 
ments [1-4]. The applications of  this technique 
to graphite furnace AAS are few, owing to the 
necessity of  non-continuous flow in the sample 
introduction stage, which causes difficulties in 
both the manifold design and the experimental 
optimization of  the FI system. The use of  
either a fraction collector or an autosampler as 
the interface between FIA system and GFAAS 
has been reported [5-9]. Such combinations 
have disadvantages in being time-consuming, 
and introduce a high risk of  contamination 
from the equipment and the laboratory envi- 
ronment. In addition, by collecting the total 
eluate volume and injecting only small pa r t  of  
it into the graphite tube, the effect of  the 
preconcentration is in part  lost by the inherent 
dilution. 

* Corresponding author. Fax: (61) 8-302-3390. 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights 
SSDI 0039-9140(95)01524-8 

Fang and coworkers described a unique FIA 
manifold for sorbent extraction preconcentra- 
tion systems using an autosampler arm and 
capillary as the sample collector and the inter- 
face between FIA and GFAAS.  A micro- 
column with a packing volume of only 15 ~tl 
and a very slow elution rate of  0.15 ml/min 
were used to limit the eluate volume so that the 
sensitivity was not reduced too much. All the 
procedures prior to the sample introduction 
were carried out in an enclosed stream to re- 
duce any contamination risk. The fraction of 
eluate containing a high concentration of the 
analyte was introduced into the furnace. Thus, 
a semi-on-line approach was developed which 
exhibited all the basic advantages of an onqine 
procedure [10-13]. 

Although the combination of the on-line pre- 
concentration technique with the GFAAS is 
more difficult than that with FAAS or ICP- 
AES, it is attractive for those systems where 
matrix influences are significant and where a 
sensitive determination is required, such as in 
the analyses of  rare or noble metals in mineral 
samples. As an extension of our previous work 
for noble metal analysis by on-line preconcen- 

reserved 
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tration with FAAS [14,15], we have attempted 
to apply the on-line preconcentration technique 
to GFAAS detection of trace gold in ore sam- 
ples. Since the gold content of mineral samples 
is normally at the parts per million level and 
gold-containing samples are also expensive, 
more attention has had to be paid to the 
column efficiency than previously, to insure 
that most of the sample treated in the column 
can be detected. Therefore, a larger column 
was selected, which has required us to carefully 
optimize the controlling parameters. 

A simplex method was adopted to optimize 
the FIA section of the manifold. The technique 
was initially proposed by Spendley [16] and 
used in analytical chemistry by Long [17]. Since 
then, some modifications of this method have 
been presented [18,19] and applications in FIA 
have also been reported [20-22]. In our experi- 
ments, the simplex method has been used to 
optimise the preconcentration and elution 
parameters in the FIA manifold, allowing 
flame AAS to be employed to monitor the 
changing response. This approach simplifies 
the operational procedure. The optimized 
configuration was, then, employed in the 
GFAAS determination for gold in reference 
ore samples with acceptable recoveries and pre- 
cision observed. 

2. Experimental 

2.1. A A S  determination 

A GBC 901 atomic absorption spectrometer 
fitted with a GBC 900 graphite furnace was 
used for trace gold analysis, whilst a GBC 905 
model flame atomic absorption spectrometer 
(GBC Scientific Equipment Pty Ltd, Australia) 
was used in the parameter optimization for the 
FIA preconcentration stage. Simultaneous 
background corrections were made using deu- 
terium lamps in both flame AAS and GFAAS. 
The graphs and data were printed with an 
Epson RX 80 printer (Epson Corporation, 
Japan) and the signals from the GFAAS were 
recorded by a OmniScribe recorder (Houston 
Instruments, Austin, TX, USA). The GFAAS 
parameters are listed in Table 1. GBC graphite 
cups were selected for the GFAAS determina- 
tion because larger volumes than usual samples 
were needed (about 50 gl). 

Table 1 
Parameters of GFAAS determination for gold 

Wavelength (nm) 242.8 
Slit (nm) 0.5 
Lamp current (mA) 10.0 
Dry temperature (°C) 140 240, 1.5 °C/s 
Ash temperature (°C) (1) 250-450, 15 °C/s 

(2) 500 1100, 50°C/s 
Atomization temperature (°C) 3000, 450 °C/s 

2.2. On-line preconcentration methodology 

The preconcentration FIA-GFAAS tech- 
nique used in this work employed a single 
column (Fig. 1) controlled by a Flow Injection 
Control System (FICS, homemade). Software 
which allows the time parameters to be set in 
the computer prior to the analysis was devel- 
oped to control the operations of both the 
preconcentration stage and the sample injec- 
tion into the graphite furnace. 

In the sampling stage, pump 2 (P2, Mini-S 
860, ISMATEC, Switzerland) started and car- 
ried samples through the column (C, home- 
made). After a selected period of time for 
sample introduction (60 s in this work), P2 was 
stopped and pump 1 (P1, multi-speed pump, 
Gilson, France) ran for 10 s. A 2 M HC1 solu- 
tion was then passed through the column to 
remove matrix elements (if required). Then, 
both P1 and P2 were stopped and a 5 s rest 
period was set to allow manual switching of the 
four-way rotary valve (V, Rheodyne Incorpo- 
rated, U.S.A.) from the sampling to the eluting 
position. P1 was then started again. The ana- 
lyte was washed out of the column and col- 
lected in a PTFE loop (L, 2.0m in length, 
0.5 mm i.d.). The initial fraction of the eluate 
went to waste, and P1 was stopped when the 
concentrated fraction of the eluate flowed to 
the end of the PTFE loop. This time interval 
obviously needed to be carefully optimised. A 
manual step was used here to insert the PTFE 

P! 
C L 

Wms¢¢ 
of 

GFAAS 

Fig. 1. The manifold of the preconcentration system com- 
bined with GFAAS. S, Sample: E, eluent and W, waste. 
The value is shown in the elution position. 
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Table 2 
Programmed sequence of the FI preconcentration of GFAAS determination 
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Step Time State of State of Position of Operation 
(s) pump 1 pump 2 the valve stage 

l 60 Stop Go Sampling 
2 I 0 Go Stop Sampling 
3 5 Stop Stop Switching 

4 8 Go Stop Elution 

5 5 Stop Stop Elution 

6 I Go Stop Elution 
7 20 Go Stop Elution 

Preconcentration 
Matrix removal 
Valve position 
change 
Elution and removal 
of the initial eluate 
fraction 
Capillary insertion 
into the GC" 
Sample injection 
Remaining eluate to waste 

GC: Graphite cup. 

loop into the graphite cup, and then Pl was 
restarted for l s to inject the sample (about 
50 ~tl) into the cup. After the loop was with- 
drawn for the graphite cup, the heating pro- 
gram could be started. The programmed 
operation steps are shown in Table 2. 

An organic solvent resistant tube (2.06 mm 
i.d., A.I. Scientific Pry Ltd, Australia) was used 
for the acetone-based eluent, and Tygon pump 
tubes (2.06 mm i.d.) for the sample solutions 
and matrix removal. The sample loading flow 
rate was 12.6 ml/min, and the elution flow rate, 
6.0ml/min. A microcolumn with the dimen- 
sions 3.0 (1)x 50 (i .d.)mm was used in the 
preconcentration stage. The manifold without 
the effluent collection loop (L) was used to 
optimize the preconcentration configuration 
and the elution step. The Scaled Simplex 
Method and flame AAS detection were selected 
for manifold optimization. 

2.3. Reagents 

A 1.00 mg/ml gold solution (BDH Chemicals 
Ltd, Poole, UK) was used as the stock solution X S -- 
for gold standards. An ~-amino pyridine (AP) 
resin (60-80 mesh, Institute of Polymer Chem- or 
istry, Nankai University, China) was employed 
as the preconcentration reagent. The eluent R s 
was a solution of 90% acetone-5% HC1-5% 
H20 [23]. The other chemicals used in this 
work were all analytical-grade. 

2.4. Ore sample digestion 

A 2 g ore sample was first heated in a porce- 
lain crucible at 600 °C in a Muffle Furnace for 
3 h. After cooling for 0.5 h, it was transferred 

into a porcelain evaporating dish, and then 
20 ml aqua regia (1:1) was added to the sample. 
The sample was dissolved on a hot plate in a 
fume hood and boiled for 1 h with regularly 
stirring. The dissolved sample was then filtered, 
and the residues were washed about five times 
with 0.1 M HC1 solution. The sample was 
finally diluted to the mark in a 100 ml volumet- 
ric flask. 

2.5. Application of scaled simplex method 

Although the Modified Simplex Method 
(MSM) [18] had been successfully applied to 
our previous work [14], in this present study, 
the Scaled Simplex Method (SSM) proposed by 
Morgan and Deming [19] was also used. It is 
particularly suited where the factors or re- 
sponses have different units or different regions 
of interest. The critical idea is one of scaling all 
factors and responses in such a way that their 
domains extend from 0 to 1 (or from 0% to 
100%). This is accomplished by the equations: 

Xs -- "~al (1) 

R~ - R~ (2) 
Rah -- Ral 

where Xs or R S, is the scaled value of factor or 
response; X~ or Ra, is the real value used, or 
obtained, in the experiment; "~tl o r  Ral  , is the 
lowest value; and "~,~h o r  Rah , is the highest 
value in the region of interest. 

There were two responses used in this study: 
absorbance (R 1) and the retention efficiency of 
the analyte on the column (R2). The weights of  
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these two responses were taken into account in 
the optimization. The response function used 
w a s  

Rtot~l = R l s x 0.7 + R2 s x 0.3 (3) 

where Rtot,j is the toal desired response, and 
R 1~ and R2s are the scaled absorbance and the 
scaled retention efficiency, respectively. Since 
the absorbance, which reflects sensitivity, was 
considered more important in this work, the 
weighting of 70% was given to it, and 30% to 
the column efficiency. 

A computer program which had been devel- 
oped for the MSM approach described in our 
recent work [14] was again used here to calcu- 
late new factor values by SSM. 

3 .  R e s u l t s  a n d  d i s c u s s i o n  

3.1. Preconcentration and elution 

The a-amino pyridine (AP) resin is formed 
by bonding c~-amino pyridine to a cross-linked 
poly-phenylethene support. Li investigated AP 
resin gold adsorption by infrared spectroscopy 
and proposed that the mechanism could in- 
volve a combination of coordination through 
the pyridine N lone pair, and ion pair forma- 
tion via the protonated amine group, - - N H / ,  
to the complex anion AuC14. The structure 
could be thus represented as shown. 

S u p p o r t  

/ 
H+ . y l  

'CI ~ Au ~ CI 
/ 

CI 

The planar structure of AuC14 provides 
sufficient space for the coordinating N, whilst 
the association of H + and C1- is favoured by 
the ring arrangement shown, reflecting the 
strong Au affinity observed for the resin. The 
adsorptive capacity for gold was found to be 
500-600 mg Au/g resin [23]. 

A fast initial reaction between AP resin and 
gold was observed by us during on-line precon- 
centration, and the retention efficiency of the 

microcolumn was still about 90% even with a 
fast sampling flow rate of 12 ml/min. The effect 
of sample acidity on the on-line preconcentra- 
tion stage was found negligible, there being no 
change in response with 0.1-4.0 M HC1 as 
sample media. A 0.1 M HC1 solution was se- 
lected in further experiments. 

AP resin had previously been used by us to 
preconcentrate Pd, Pt and Ir using on-line tech- 
niques [15]. A 0 .5M HC1-0 .5M HC104- 
0.5 M Mg(C104)2 solution was found suitable 
on that occasion as a group eluent for Pd, Pt 
and Ir. This solution could, however, not be 
used for elution here due to the strong combi- 
nation of gold with the resin. Even thiourea 
solution, which had also been successfully used 
previously as a gold eluent [14], did not per- 
form satisfactorily here. An organic-mixed so- 
lution, 90% acetone-5% HC1-5% H20, 
studied by some authors [24,25], was then se- 
lected as the gold eluent and brought success. 
Gold, with the concentration range 0.1 ppb 
1 ppm, could be fully eluted and the column 
could be regenerated using this solution. The 
column also possessed an excellent lifetime 
(over a hundred reuses). The acetone-HCl  elu- 
ent was thus selected for all further experi- 
ments in this study. 

3.2. Optimization of the preconcentration 
manifold 

In the optimization study, three factors, 
column length, sample flow rate and elution 
flow rate, were chosen, while two responses, 
absorbance and column retention efficiency, 
were taken into account. The selection was 
based on our previous experience, and on 
precedents in the literature [14]. 

To determine the column retention efficiency, 
the loss of gold in the sampling stage was 
measured. The retention efficiency (R2) was 
than calculated by Eq, (4). 

R2 Ct - Ca - - -  x 1 0 0 %  (4)  
Ct 

where Ct is the total amount of gold carried 
through the column, and Ca is the gold lost in 
the sampling stage. The factors, the column 
length (F1), the sample flow rate (F2), and the 
elution flow rate (F3), were selected, as stated 
above. The actual boundary values of the fac- 
tors (XaI, X,h) and the response values 
(Ral, R,h) are shown in Table 3. The basic 
parameters of the simplex optimization are 
shown in Table 4. 
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Table 3 
Actual boundary values for each factor and response 
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Factor Low value High value Response Low value High value 
()(al) (J(ah) (Ral) ( R a h )  

F1 (ram) 5 80 RI 0.020 
F2 (ml/min) 2.5 13.5 R2 (%) 50 
F3 (ml/min) 1.4 6.0 

0.200 
100 

Table 4 
Parameters of the scaled simplex method 

Factor Lower limit Upper limit Step size b 

Actual 'V,," Actual %" Actual %" 

Initial value 

Actual 'g,," 

Convergence 
coefficient 

FI (mm) 5.0 0 80.0 100 35 (20) 40 (20) 27.5 
F2 (ml/min) 2.5 0 13.5 100 6.9 (3.6) 40 (10) 5.5 
F3 (ml/min) 1.4 0 6.0 100 3.2 (2.1) 40 (15) 4.2 

30.0 
27.3 
60.8 

0.1 

% values are scaled by Eqs. (1) and (2). 
b The values in the parentheses are the small step sizes used 
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Fig. 2. SSM progression. (a-c) Progress of the factors, (d) 
total scaled response. LS, large step size; SS, small step 
size. 

As discussed by Yarbro  [26] and observed in 
our  earlier work [14] the step size chosen in the 
simplex method  is crucial to success in gaining 
optimization. In this present study, it was 
found that  rather than starting with an initial 
simplex using small step sizes, which may pro- 
long the time to reach an opt imum,  a large 
initial simplex covering more  factor  space led 
quickly to the op t imum area. In Fig. 2, the 
graphs ( a - c )  show the differences in the opti- 
mization o f  the factor  levels by using different 
step sizes. Al though the initial tests were 

in the initial test. 

started at the same factor levels, the progress o f  
optimizat ion was slow with small step sizes, 
and a large step size was found preferable and 
quickly led to optimizat ion (Fig. 2d). Only 12 
tests were needed using this approach.  The 
optimal areas are listed in Table 5. An  ob- 
served range of  8 5 - 9 4 %  for the retention 
efficiency was achieved, while the absorbance 
was maintained satisfactorily. 

3.3. Sample injection 

The interface between a F I A  system and 
graphite furnace A A S  is the critical area in 
linking these two techniques together, owing to 
the non-f low-through nature o f  G F A A S .  Initial 
efforts were made using a vessel to collect 
sample from the FI  stream, followed by normal  
G F A A S  procedures [1,9]. However,  an effective 
loss of  sample, and decrease in sensitivity, was 
observed with a large sample collection and, in 
fact, only a small por t ion reached the furnace. 
A better approach  was developed using an 
autosampler  arm as an interface. Only the con- 
centrated port ion in the stream was injected 
into the furnace, and subsequently sensitivity 
was increased and contaminat ion  risk reduced 
[10-13]. 

In this study, a P T F E  tube was employed to 
collect and directly introduce eluates into the 
furnace. The P T F E  tube was manual ly  in- 
serted, and all the solutions were kept in an 
enclosed stream prior to the injection, which 
both avoided any sample loss or  contamina-  
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Table 5 
Optimal factor areas obtained by the scaled simplex method 

Column length Sample flow rate Elution flow rate 

Scaled value 49 73% 78 100% 59 78% 
Actual value 42-60 (ram) 11.1 13.5 (ml/min) 4.1-5.0 (ml/min) 

tion, and kept the manifold and the program 
simple. We intend to fully automate this step in 
future work. 

It was most important to control the sample 
injection time into the furnace to insure that 
sensitivity and precision were not lost. A com- 
puter was used to operate the eluent pump (P1) 
to start and stop the sample injection. The 
elution curves obtained by determining the elu- 
ate during 1 s intervals are given in Fig. 3. It 
can be seen that each curve has a plateau in the 
range from 5s (0.5ppb) to 10s (5.0ppb), 
which was brought about by the use of a 
longer column. Although the gold in the 
plateau region does not in fact contribute to an 
improved sensitivity, it improves the reproduci- 
bility of the determination, and compensates 
for any variation in the position of the most 
concentrated fraction of the gold in the sample 
stream, in turn caused by any variation of flow 
rate (e.g. as pump tubing wears out). As shown 
in Fig. 3, the signal became stable after 8 sec 
elution, i.e. a period of 8 s were needed to 
elute the gold from the column, and remove 
the initial fraction of the effluent. Pump 1 was 
then stopped for 5 s, the PTFE loop inserted 
into the furnace, and the pump started again 
for 1 s to inject the sample (see steps 4-6 ,  
Table 2). 

0.8 

0.6 t 5.0gg/l 

0 . 0  • • . - .  .51.t__g/1 

0 5 10 15 20 
Elution time (s) 

25 

Fig. 3. The elution curves detected by the graphite furnace 
AAS method. The first sample was injected after 3 sec 
elution. All the samples were injected for 1 sec. 

3.4. Interference study 

As mentioned earlier, the noble metals, Pd, 
Pt and Ir, could be eliminated as potential 
interferents using a 0.5 M HC1 0.5 M HCIO 4- 
0.5 M Mg(C104)2 solution [15]. Furthermore, 
salt matrices such as, KNO3 (4000), NaC1 
(29 000), CaCI 2 (5000), MgSO 4 (6000), AIC13 
(800), Fe(NO3) 3 (100), CrCI3 (480), NiSO4 
(280), Pb(NO3)2 (200), and Cu(NO3) 2 (400 rag/ 
1), were studied and found not to markedly 
affect gold preconcentration or determination 
by the proposed method. The recoveries of 
gold in the presence of these elements were 
above 95%, which was considered satisfactory. 
All the above matrix elements could be elimi- 
nated using 2 M HC1 solution prior to the gold 
elution. 

3.5. Calibration standard, detection limit and 
precision 

A standard solution series, 0, 0.5, 1.0, 2.0, 
and 5.0 lag/l, in gold was determined. Each was 
passed through the column for 60 s and eluted 
for 8 s, using the graphite furnace AAS method 
outlined previously. A linear calibration with a 
good correlation coefficient was obtained, 
where: absorbance = 0.00206 (+0.00308) + 
0.119 (+0.00125) Au concentration (~tg/l); 
R 2 = 0.998. 

A solution containing 0.5 lag/1 of gold was 
determined for 10 replicates. The detection 
limit found was 0.065 gg/l (3~r) and the relative 
standard deviation (%RSD) was 4.3%. In our 
view, the key source of imprecision in this 
system was flow rate variation. Although a 
solvent-resistant pump tube was used in the 
elution stream, it was observed to soften with 
acetone contact, causing some stretching and 
flow rate change over time. 

3.6. Sample analysis" 

A mixed composition standard solution and 
two certified reference ore samples of gold were 
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Table 6 
Analysis results for a prepared mixed standard and ore samples 

1087 

Sample Reference value Observed value 

Concentration Standard deviation Concentration 
of Au (g/t) of Au (g/t) 

Standard deviation 
(n = 6) 

Mixed composition 0.50 - -  0.49 _+ 0.02 
standard a 
OREAS 1C b 0.200 _+0.022 0.189 _+0.032 
7814490 ~ 0.20 _+0.01 0.203 _+0.015 

All concentrations are given in g/t for comparison purposes, although the mixed composition standard was prepared in 
~tg/l. 

Prepared using a gold standard solution with 10 matrix elements, as listed in the Interference Study section. 
b Provided by the Chemistry Centre, Western Australia. 

Provided by Shandong Geological Exploration Company, China. 

determined under the conditions proposed. The 
results are shown in Table 6. The values ob- 
tained corresponded well with the certified val- 
ues. 

4. Conclusion 

The non-continuous aspect of graphite fur- 
nace AAS causes some difficulties in combina- 
tion with an on-line preconcentration FIA 
system. This combination is, however, still very 
attractive for trace element analysis. First of 
all, pre-matrix removal is a significant advan- 
tage of the on-line preconcentration technique. 
Matrix problems are often encountered in 
GFAAS determinations, and are removed in 
the procedure described. Secondly, effective 
preconcentration reagents and eluents also lead 
to increased sensitivity. The AP resin described, 
when combined with an eluent composed of 
90% acetone-5% HC1-5% HzO, has epito- 
.mized this ideal. Fast sampling and elution 
speed are added bonuses. Certified Au ore sam- 
ples have been analysed using the proposed 
method, and good agreement between the ref- 
erence values and determined values has been 
achieved. 

Thirdly, the scaled simplex method (SSM) 
has provided an excellent tool to optimize the 
control parameters. Although a complicated 
on-line preconcentration FIA system was in- 
volved, SSM allowed more than one response 
to be considered simultaneously, and signifi- 
cantly simplified the experimental procedure. 
Larger step sizes were found preferable to 
quickly reach the optimum area. Only 12 tests 
were needed to reach the performance plateau. 
A longer column (50.0 mm) was found benefi- 
TAL 42 -8..G 

cial in providing reproducible sample injection 
and determination. 

Finally, an enclosed environment was pro- 
vided for the sample by simply using the PTFE 
capillary of the FIA system as the interface 
between the FIA and GFAAS. FIA methods 
provided an obvious way to avoid contamina- 
tion from the laboratory surrounds, and thus 
furnish the experimenter with a 'poorman's 
clean room'. 
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Abstract 

The study describes a new wet chemical technique, termed ANM, for the isolation of secondary phases in 
magnesite processed at a temperature of 1650 °C. The major MgO (periclase) phase in processed magnesite 
was preferentially extracted as ammonium nitrate magnesium double salt by ammonium nitrate in ethanol 
medium. The residues containing enriched secondary phases were identified by XRD. 

1. Introduction 

Secondary phases and impurities present in 
small amounts control the behavior of many 
ceramic materials. Identification of these sec- 
ondary phases by X-ray powder diffraction is 
rather difficult owing to their low concentra- 
tions in the as-processed samples. Leipold [1] 
reported a technique for the detection of  grain 
boundary impurities in polycrystalline ceramics 
through the use of electron beam microprobe 
(EBM) techniques to determine the distribution 
of grain boundary impurities like Si, Al, Ca, 
etc., which are present in ppm levels. The na- 
ture of  electron techniques do not permit eval- 
uation of the entire matrix owing to the 
localized nature of the method. 

In refractories, secondary phases give rise to 
critical liquid-forming phase at lower tempera- 
tures that control processing behavior. The 
magnesia system is significantly affected by the 
presence of  such secondary phases, the deter- 
mination of which are quite difficult [2]. Alper 
[3] has suggested the use of  dilute hydrochloric 
acid to dissolve the major MgO phase in mag- 
nesite refractories in an attempt to concentrate 

* Corresponding author. 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights 
SSDI 0039-9140(95)01525-6 

impurities for further analysis and identifica- 
tion through X-ray studies. Methods to isolate 
metallic and oxide fractions of  magnesium in 
slags have been reported [4]. This paper de- 
scribes a new wet chemical method to concen- 
trate secondary phases in magnesite which 
enables easy identification through subsequent 
XRD. 

The method is dependent on ammonium ni- 
trate which has been used for the estimation of 
uncombined or free MgO (periclase) in cement 
and cement clinkers by Bogue and Taylor [5]. 
In the original method, free MgO was ex- 
tracted from cement clinker as a double salt of 
ammonium nitrate in the presence of e thanol-  
glycerol solvent medium. Later, the Bogue 
Taylor technique was modified [6] in which 
only ethanol was used as a solvent. It was 
observed that use of ethanol as the solvent 
enhanced the rate of reaction and the extrac- 
tion period reduced considerably. 

The present paper discusses a technique, 
which has been developed on the basis of previ- 
ous work [6] in Portland cement, to remove the 
major MgO phase in processed magnesite 
through preferential dissolution. The technique 
is termed the Ammonium Nitrate Method 
(ANM). The extracted residue can be analyzed 

reserved 
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by X-ray powder diffraction to identify sec- 
ondary phases. 

2. Experimental 

2.1. Raw materials 

Two natural magnesite samples from two 
different regions of India were selected for the 
experiments. The first was Salem magnesite, 
termed S, from the Salem region of Tamil 
Nadu, India. This magnesite is rich in silica, 
present as quartz veins or lenses within the raw 
magnesite [7]. The other was magnesite from 
the Almora region of Uttar Pradesh, India, 
termed A, with iron present as solid solution 
with magnesite [7]. 

The magnesities were crushed, ground and 
pelletized before processing. The pelletized 
magnesite samples were processed at 1650 °C 
with 1 h soaking at maximum temperature. This 
processing reduced the magnesium carbonate to 
the oxide and produced a compact mass. The 
compact processed mass was crushed and 
ground for phase analyses. Phase analyses of 
these processed samples was done with the help 
of X-ray powder diffraction technique using Cu 
K~ radiation with Ni filter at a scan speed of 2 ° 
20 per minute using a Philips PW-1730 XRD 
unit. Because these samples contained magnesia 
(periclase) as the major phase, the secondary 
phases did not appear in a reasonably iden- 
tifiable form as will be detailed later. To identify 
the secondary phases, the processed samples 
were ground to - 3 0 0  mesh BS ( - 5 2  ~tm) and 
taken for extraction by ANM. After extraction 
the residue was dried, and the secondary phase 
were identified using powder XRD. 

2.2. Apparatus fi)r extraction 

Standard chemical laboratory equipment 
was used for the extraction step in ANM. 
Refluxing assembly, consisting of a flat-bottom 
short neck Erlenmeyer flask 500 ml capacity. 
The water cooler refluxing condenser had a 
minimum length of 300mm. The flask and 
reflux condenser were connected with standard 
tapered ground glass joints. A heating assem- 
bly consisting of a heating mantle with a capac- 
ity of 1 1 attached with an energy regulator was 
used. A filtration unit consisting of a standard 
glass funnel set-up with Whatman No. 41 filter 
paper was used. 

2.3. Reagents and materials 

The following were used: ammonium nitrate, 
(AR/GR Grade); ethanol, (purity 99.5%); glass 
boiling beads; high temperature processed 
magnesite powder. 

2.4. Extraction technique 

In the ANM, for identification of secondary 
phases in processed magnesia, the following 
steps were conducted. About 5 g of powdered 
( - 5 2  lam) sintered magnesia sample was taken 
in a 500ml Erlenmeyer flask fitted with a 
refluxing condenser. About 300ml absolute 
ethanol and 20 g of ammonium nitrate and a 
few small glass beads to aid smooth boiling 
were added to the sample. The contents were 
refluxed at a controlled temperature of 70 °C 
on a heating mantle for about 10 15h. At 
regular intervals the flask was shaken well to 
disturb the settling of fine magnesite powders 
at the bottom of the flask. Intermittently, the 
condenser was removed from the flask to re- 
lease the ammonia formed from the reaction 
between MgO and ammonium nitrate. 

After completion of refluxing the contents 
were cooled to room temperature and filtered. 
The glass beads were carefully removed and the 
residue was washed three to four times in 
absolute alcohol. The residue was dried at 
100 + 5 °C for 1 h and taken for X-ray analy- 
sis. i f  necessary, the filtrate was collected and 
analyzed complexometrically to determine the 
total MgO extracted. 

3. Results and discussion 

3. I. Phases in as-sintered magnesite 

Initial phase analyses of raw materials using 
XRD and microscopy showed that natural 
Salem magnesites contain quartz and serpen- 
tine as the commonly associated minerals while 
Almora contains calcite and dolomite and both 
magnesites contain a minor amount of talc. 
These associated minerals in the raw material 
are bound to give rise to secondary phases in 
magnesite processed at high temperature. The 
composition of the secondary matrix varies 
depending on the composition of  raw materi- 
als. Identification of these secondary phases 
requires much attention, but at the same time 
this is difficult owing to the low phase concen- 
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Fig. I. Powder X-ray diffraction patterns for Salem mag- 
nesite processed at 1650 °C. (a) Before and (b) after extrac- 
tion of the major portion of the periclase phase (M) using 
ANM showing monticellite (O) to be the crystalline sec- 
ondary phase. 

tration compared to the large amount of peri- 
clase grains. 

The results of  powder XRD analysis of as- 
fired samples are given in Figs. l(a) and 2(a). 
The two patterns show the characteristic (200) 
and (111) reflections at d-spacings of 0.243 and 
0.210 nm respectively (at about 43 ° and 37 ° 20 
for Cu K~ radiation) for periclase (JCPDS 4- 
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Fig. 2. Powder X-ray diffraction patterns for Almora mag- 
nesite processed at 1650 °C. (a) Before and (b) after extrac- 
tion of the major portion of the periclase phase (M) using 
ANM showing enhanced magnesioferrite (MF) and monti- 
cellite (O) to be the crystalline secondary phases. 

Table I 
Periclase, MgO, extracted from processed magnesite 

Sample Material Refluxing 
code time 

(h) 

MgO 
Extracted 
(%) 

S Processed 9 86 
Salem magnesite 

A Processed 13 89 
Almora magnesite 

Solvent volume: 300 ml; sample weight: 5 g. Ammonium 
nitrate: 20 g. 

0829). The (220) reflection for d-spacing of 
0.149 nm was identified but this has not been 
reproduced in the figures for the sake of 
brevity. Other reflections for secondary phases 
were present at a low intensity level. It is 
evident from both figures that the dominant 
MgO phase does not permit the ready identifi- 
cation of secondary phases. However, even 
these powder patterns of the as-fired MgO do 
confirm the presence of secondary phases. 

3.2. Phases in periclase extracted samples 

The results of the chemical extraction using 
ANM on two samples are given in the Table 1. 
Alcoholic ammonium nitrate during refluxing 
with processed magnesite forms a double salt 
of magnesium with the extracted periclase ac- 
cording to the following equation: 

MgO + 4NH4NO3-~ Mg(NO3)a(NH4)2 

+2NH3 + H20 (1) 

An alcoholic solvent was used to prevent 
possible hydrolysis of magnesium and calcium 
bearing phases. The ethanol used for the exper- 
iments had a water content of less than 0.5%. 
The processed sample of Almora magnesite 
with high iron impurity required a longer 
refluxing period of 13 h compared to samples 
of processed Salem magnesite which required 
about 9 h to extract about 85--90% of the 
sample of MgO (Table 1). This slow reaction 
time may be attributed to the presence of iron 
as solid solution in all phases in Almora mag- 
nesite preventing easy dissolution of MgO 
phase. 

The solvent volume also affected the extrac- 
tion time in ANM. The solvent volume below 
an optimum level increases the extraction pe- 
riod considerably. The optimum solvent level 
here may be considered as the volume at which 
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Table 2 
Intensity of  powder X R D  reflections before and after extraction m processed magnesites 

Phases hkl  I l l  o Intensity ( cps ) 
(JCPDS) index 

Salem Almora 

Before After Before After 

Periclase 200 100 
(4-0829) i I I  l0 

Monticellite 131 100 
(11-0353) 130 35 

l l l  40 

Magnesio~rri te  311 a 100 
(17-0464) 220 40 

> 9000 > 5000 > 5000 > 2000 
850 420 460 200 

75 360 90 250 
50 170 70 180 
50 280 110 250 

130 > 700 
70 300 

a Overlaps with monticellite (041) reflection. 

the ammonium nitrate dissolves completely 
at room temperature. According to Eq. (1), 
1 g MgO requires 4 g of ammonium nitrate 
for the reaction. About 20 g of ammonium 
nitrate were taken for 5 g sample. The opti- 
mum solvent volume for 20g ammonium 
nitrate was found to be 300 ml ethanol. How- 
ever, no experiment was conducted to ascertain 
the effect of solvent volume above the opti- 
mum. The non-solubility of phases other 
than periclase was confirmed by analyzing the 
resultant filtrate after ANM extraction for 
elements like Ca, Fe, and Si and none were 
found. Through repeated trial experiments, 
it was determined that a minimum refluxing 
time of about 8h  is required to extract 
about 80 wt% of the periclase (MgO) phase. 
Extraction of MgO up to this level of about 
80wt% is considered satisfactory for subse- 
quent identification of secondary phases by 
XRD. 

Phase identification through powder XRD 
was done after the ANM magnesia extraction 
to identify the secondary phases present in the 
sintered magnesites. It was observed that the 
secondary phases were easily identifiable. The 
major secondary phase in processed cryp- 
tocrystalline Salem magnesite was monticellite 
with extremely minor amounts of forsterite. 
The level of forsterite is so low in the material 
that it is just detectable even after extraction of 
about 86% of the parent sample as MgO. The 
major reflections of monticellite (JCPDS 11- 
0353) are marked O in Fig. l(b). Dicalcium 
silicate present as an amorphous mass gave rise 
to the hump in the XRD pattern at around 20 ° 
20 Cu Ke, typical of silicate bearing amor- 
phous phases. 

In coarse crystalline Almora magnesite pro- 
cessed material, monticellite and magnesiofer- 
rite (JCPDS 17-0464) were the two major 
crystalline phases revealed after ANM extrac- 
tion as shown in Fig. 2(b). The iron impurity in 
this magnesite manifested itself as magnesiofer- 
rite after the high temperature processing. 
XRD of the processed magnesite itself before 
extraction (Fig. 2(a)) revealed the presence of 
magnesioferrite and monticellite through the 
presence of the (311) and (131) reflections of 
the two phases, respectively. After extraction, 
the intensity of the various reflections for the 
two crystalline secondary phases was enhanced 
considerably as shown in Fig. 2(b). This en- 
hanced XRD pattern through extraction confi- 
rmed the absence of significant quantities of 
any other crystalline secondary phase. 

The enhanced intensity of the major sec- 
ondary crystalline phase reflections and the 
reduction in intensity of the periclase reflections 
after the ANM magnesia extraction are given in 
Table 2. The background noise in the case of 
Almora magnesite after extraction was high 
owing to the fluorescence from the relatively 
large amount of iron in the magnesioferrite. 
The (200) and (111) reflections for MgO were 
reduced by over one-half, from over 5000 cps to 
over 2000 cps and from 460 to 200 cps for the 
two peaks, respectively (Table 2). The 100% 
reflection of the monticellite, CaMgSiO4, in- 
creased three to five times owing to extraction 
while magnesioferrite reflections were suitably 
improved by a factor of four. On the basis of 
these observations, it can be said that the ANM 
solution extraction technique was helpful in 
identification of small amounts of secondary 
phases in magnesia refractory material. 
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4. Conclusions 

A wet chemical technique has been estab- 
lished for the isolation of secondary phases in 
processed magnesite samples. In this technique, 
the major MgO phase (periclase) in high tem- 
perature processed magnesite was preferentially 
dissolved by ammonium nitrate in ethanol 
medium. The filtered residue containing iso- 
lated secondary phase concentrate enabled 
identification of mineral phases when subjected 
to powder XRD. The technique is easy to 
perform and requires minimum operational at- 
tention during the extraction step. 
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Abstract 

A new method has been developed for the determination of antimony, arsenic, bismuth, selenium, 
tellurium and tin by hydride generation-atomic absorption spectrometry in an electrically heated quartz 
tube furnace under sub-atmospheric pressure. The hydride generator, operating at a pressure lower than 
atmospheric, is used to generate and collect the hydrides of these elements. A certain volume (at atmospheric 
pressure) of air is then added to the generator after the formation of the volatile hydride. The gaseous 
mixture of the hydride and air is drawn into an evacuated, heated quartz tube by a vacuum pump. The 
proposed method gives improved sensitivities and detection limits. 

I.  Introduction 

Elements forming covalent hydrides such as 
antimony, arsenic, bismuth, selenium, tel- 
lurium, tin, etc., are often determined after 
hydride generation by atomization of  the hy- 
dride and measurement by atomic absorption 
spectrometry. Quartz tubes are the most widely 
used atomizers for hydrides. Investigations of  
many authors showed that addition of  oxygen 
to air to the purge gas increased the sensitivi- 
ties [1-4] and the highest sensitivities were 
found for extremely fuel-rich hydrogen-oxy-  
gen (or hydrogen-air)  flames burning inside 
unheated quartz tube atomizers [5-7]. Dedina 
and Rubeska [7] and Welz and Melcher [8] 
studied the atomization of  gaseous hydrides 
and the effect of  oxygen on the sensitivity of  
hydride-forming elements. They concluded that 
the atomization of volatile hydride-forming ele- 
ments was caused by collision with free hydro- 

* Corresponding author. 
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gen radicals and the role of oxygen was that it 
was able to increase the concentration of hy- 
drogen radicals, the possibility of  collision with 
hydride molecules and the atomization 
efficiency. 

A method for the determination of  anti- 
mony, arsenic, selenium and tin by low pres- 
sure furnace atomic spectrometry has been 
established [9-11]. On the basis of  these works, 
a new method for the detemination of anti- 
mony, arsenic, bismuth, selenium, tellurium 
and tin has been developed. The hydrides are 
generated by adding dilute ( l%m/v)  sodium 
borohydride solution to acidified samples in a 
low pressure (state pressure approx. 9.8 kPa) 
generator. A certain amount of air is then 
added to the generator. The gaseous mixture is 
drawn into an evacuated, heated quartz tube 
where the atomic absorption occurs. It is most 
important to optimize the amount of air added 
so that the sensitivities are not reduced by the 
liberated hydrogen. The oxygen added reacts 
with the hydrogen and forms water. This pro- 

reserved 
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cedure removes the unnecessary hydrogen and 
reduces the dilution by hydrogen of the atomic 
concentration of the analyzed elements inside 
the quartz tube. The effects of various experi- 
mental conditions have been thoroughly studied. 

2. Experimental 

2.1. Apparatus 

A Varian-Techtron AA6 atomic absorption 
spectrometer was equipped with a Model 
XWT-200 amplifier-strip chart recorder 
(Shanghai, China). The recorder has a full-scale 
pen response of 0.5-0.8 s. This recorder and the 
Varian AA6 were sufficiently fast to accurately 
record the transient signals of atomic absorp- 
tion in our experiments. Varian Techtron hol- 
low cathode lamps were used for all elements. A 
low pressure hydride generator was employed 
for the hydride generation and collection. The 
atomizer was an electrically heated, evacuated 
quartz tube, which had quartz windows at two 
sides. The length and the diameter of the tube 
were 16 and 0.Scm, respectively. A certain 
length of capillary pipe used as a damper was 
connected to the gaseous outlet of the quartz 
tube. The purpose was to increase the retention 
period of the analyte atoms inside the quartz 
tube. If the diameter of the capillary damper 
was 0.2 cm, the length used was 10-70 cm [9]. 
A model 2XZ-4 vacuum pump (Shanghai, 
China) was used to draw out the mixture from 
the generator into the quartz tube. The limit 
vacuum of the pump is 6 x 10 5 kPa. The ap- 
paratus for the low pressure generation of the 
hydrides and low pressure measurements is 
shown schematically in Fig. 1. 

2.2. Reagents 

Analytical reagent grade chemicals and dou- 

i 32 
! 

7 

Fig. 1. Schematic diagram of the apparatus for sub-atmo- 
spheric pressure hydride generation and measurement in an 
evacuated, heated quartz tube: l, hydride generator, 2, 
magnetic follower; 3, silicone rubber septum; 4, two-way 
stopcock; 5, electrically heated vacuum quartz tube; 6, 
capillary damper; 7, monometer, 8, to vacuum pump; 9, 
optical path. 

bly distilled water were used throughout. The 
standard solution contained 10001.tg/ml of 
ether As, Bi, Sb, Se, Sn or Te. A solution of 1% 
(m/v) NaBH4 was prepared by dissolving 
NaBH4 powder in 0.1% (m/v) NaOH, and the 
solution was filtered through a 0.45 lain mem- 
brane filter. The operating conditions for the 
elements tested are summarized in Table 1. 

2.3. Analytical procedure 

A certain amount of sample solution (about 
1 2ml) and a certain volume of 6 M  HCl 
solution were added to the generator (Table 1). 
The generator was connected to the apparatus. 
The two-way stopcock was opened and the air 
in it drawn out by a vacuum pump for about 
20 s. Then the stopcock was closed. A certain 
volume of  1% NaBH 4 solution (Table 1) was 
injected into the generator through a silicon 

Table 1 
Operating conditions and solution specifications 

Element Wavelength Lamp Spectral 6 M HCI 1% NaBH 4 Air 
(nm) current bandwidth addition addition addition 

(Ma) (nm) volume (ml) volume (ml) volume (ml) 

As 193.7 7 1.0 1.0 0.8 4 
Sb 217.6 5 0.2 1.0 0.5 5 
Bi 223.1 5 0.2 0.5 0.3 4 
Sn 224.6 5 0.5 0.2 1.0 0.8 
Se 196.0 8 1.0 1.0 0.3 4 
Te 214.3 6 0.2 1.0 0.5 3 
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Fig. 2. Effect of the volumes of oxygen, air and nitrogen 
added on the absorbances of 2 ng atimony. 
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Fig. 3. Effect of the volumes of oxygen, air and nitrogen 
added on the absorbances of 5 ng arsenic. 

rubber septum. The reduction proceded very 
fast under stirring. After 10 s a certain amount 
of air was injected into the generator. The 
stopcock was then opened for drawing out the 
mixture of the hydride and air into the evacu- 
ated, heated quartz tube. The peak absorbance 
of the sample was recorded instantly. 

3.  R e s u l t s  a n d  d i s c u s s i o n  

3.1. Selection of the temperature inside the 
electrically heated, evacuated quartz tube 

The temperature inside the central section of  
the quartz tube was measured using a thermo- 
couple to observe the effect of atomizer tube 
temperature on the sensitivities of elements. No 
effect on the results was observed when the 
temperature was within 800-850°C. Thus 
850 °C is recommended. 

3.2. Effect of  air, oxygen and nitrogen on the 
sensitivities of elements 

It has been found that the sensitivities of 
these elements can be increased if a certain 
amount of air or oxygen is added to the gener- 
ator, but nitrogen can not be utilized to in- 
crease the sensitivities. The experimental results 
are compared in Figs. 2 7: the sensitivities of 
antimony, arsenic, bismuth, selenium and 
telleurium are increased by a factor of approxi- 
mately two, and the optimum air amounts of 
these elements are 5, 4, 4, 4, and 3 ml, respec- 
tively, whereas the optimum oxygen amounts 
are 1.2, 1.0, 1.0, 1.0, and 0.6 ml, respectively; 
this technique is crucial for the determination 
of  tin because the absorbance of 5.0 ng Sn is 

nearly zero when using the no addition proce- 
dure. 

3.3. Increasing sensitivities by adding oxygen 

When a small amount of air or oxygen is 
added, a weak flash is seen inside the evacu- 
ated, heated quartz tube at the gas inlet. The 
more air or oxygen is added, the more obvious 
the flash. This phenomenon is generated by 
reaction of  the hydrogen produced by the de- 
composition of sodium borohydride with the 
oxygen added. If air or oxygen is not added, a 
large amount of hydrogen liberated from the 
decomposition of  sodium tetrahydroborate di- 
lutes the atomic concentration of hydrides. 

When air or oxygen is added, the oxygen 
reacts with the hydrogen and forms water. 

2H2 + 02 = 2H20 

This procedure removes unnecessary hydrogen 
and reduces the dilution by hydrogen of the 
atomic concentration of the analyzed elements 
inside the quartz tube so that the sensitivities 
are increased. 

0.10 

0.05 ~ 

~ 2  r 

0 I I I I I 
0 1 2 3 4 5 

Fig. 4. Effect of the volumes of oxygen, air and nitrogen 
added on the absorbances of 2 ng bismuth. 
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Fig. 5. Effect of  the volumes o f  oxygen, air and nitrogen 
added on the absorbances o f  1 ng o f  selenium. 
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Fig. 7. Effect of the volumes of oxygen, air and nitrogen 
added on the absorbances of 5 ng of tin. 
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Fig. 6. Effect of the volumes of oxygen, air and nitrogen 
added on the absorbances of 2 ng of tellurium. 

atomize the hydrides under sub-atmospheric 
pressure. 

4.  C o n c l u s i o n  

As compared with the conventional carrier 
gas method [12-14], the key features of our 
method are the hydride generation at less than 
atmospheric pressure, the vacuum atomization 
and the elimination of the influence of the 
hydrogen liberated from the decomposition of 
sodium borohydride. 

3.4. Sensitivity and detection limit 

The typical sensitivities of the low pressure 
technique for arsenic, antimony, bismuth, sele- 
nium, tellurium and tin are 290, 80, 90, 73, 140 
and 110 pg, respectively; whereas the detection 
limits (3a) of this method for these elements 
are 610, 100, 50, 60, 26 and 200pg, respec- 
tively. 

In order to document the improvement in 
sensitivity achieved by using a vacuum system, 
a experiment with carrier gas (N2)  has been 
done. The optimum nitrogen flow-rate was 
1.0 1/min for the elements except selenium and 
tellurium when a flow-rate of 2.6 1/min was 
used. The other experimental conditions are 
identical with the vacuam method except for 
the procedure of adding oxygen or air. The 
sensitivities of the carrier gas technique for the 
above elements were 600, 550, 450, 2000, 1600 
and 500 pg, respectively. A comparison of the 
sensitivities between the two methods illustrates 
that it is beneficial to generate, collect and 
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Abstract  

Following the treatment of the sample with zinc hydroxide, nitrite reacts with potassium iodide in the 
presence of acetone and sulphuric acid. The released iodine and the propanone derivative resulting from the 
acetone are extracted in n-hexane. The extract is subjected to gas chromatographic separation and detection 
using an electron capture detector. The calibration curve was found to be linear up to a concentration of 
2.5 mgl -~ NO 2. The detection limit calculated from the threefold noise level and the slope of the 
calibration curve is 0.008 mg l-  ~. The relative standard deviation (including that of the blank) was less than 
8%. The reliability of the method is adequate for practical uses. Amongst the advantages is that the method 
does not require the use of exceedingly toxic reagents. On the other hand, the method is applicable for 
samples that even after being subjected to clarification procedures still do not become fully transparent. 

Keywords: Natural waters; Nitrite ions; Gas chromatography 

I .  I n t r o d u c t i o n  

In the decades that have elapsed since the 
emergence of flow injection analysis (FIA), 
several automated methods have been devel- 
oped for the microquantitative determination 
of nitrite (FIA spectrometry [1-4], F I A - A A S  
[5], FIA voltammetry [6-8], etc.). However, 
the most widely used practical procedures are 
still based on spectrophotometric methods [9-  
12]. Generally the sensitivity of  spectrophoto- 
metric nitrite determinations satisfies the 
requirements. However, many of these meth- 
ods have the drawback that they imply the 
use of  highly toxic and/or carcinogenic chemi- 
cal reagents [13,14]. Increased precautions are 
necessary in the case of  methods based on the 
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use of azo dyes. Yet another drawback of  
these methods is that in the case of  turbid or 
opalescent samples, the measurement itself 
may be hindered, as the clarifying agents used 
in practice are far from ideal (i.e. the Hungar-  
ian Standard [15] recommends the use of  zinc 
hydroxide). 

The aim of the present paper  is to describe 
a method that may be used for the determina- 
tion of the nitrite content in natural waters. 
The method advocated by us does not re- 
quire the use of  special precautionary mea- 
sures. On the other hand, our method is appli- 
cable even in the cases of  samples that, after 
clarification with zinc hydroxide, still do not 
provide a transparent, clear solution. The zinc 
hydroxide treatment of  the sample is still rec- 
ommended, as this happens to be an efficient 
means of eliminating from the liquid phase 
interfering heavy metal ions (i.e. Fe 3+ and 
Cu2+). 

reserved 
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2. Experimental 

2. I. Chemicals and reagents 

Analytical reagent grade chemicals were used 
throughout. Distilled water was prepared start- 
ing from 21 of chlorinated tap water, and the 
chlorine was removed by boiling vigorously for 
10 rain. After the addition of 2 g of sodium 
hydroxide, the remaining water was redistilled. 
All the solutions were prepared using the dis- 
tilled water obtained according to the above 
procedure. 

Clarifying agents used were 0.6 M ZnSO4 
and 2 M NaOH. Other solutions and chemicals 
were 3.5 M H2SO 4, a mixture of acetone and 
redistilled water (2:3), 5 x 10 - 4  M KI solution 
prepared from iodine-free potassium iodide, 
and finally n-hexane. Before use, acetone and 
n-hexane were redistilled and nitrogen gas was 
bubbled through the KI solution in the test 
tube for 2 min. 

Aqueous standard solutions containing 0.05, 
0.10, 0.25, 0.50, 1.00, 1.50, 2.00 and 
2.50 mg 1- i N O  2 respectively were prepared by 
dilution from a 100 mg 1-1 NO2 stock solution 
which was made up from KN02.  

2.2. Apparatus and chromatographic conditions 

A Packard-Becker model 419 gas chro- 
matograph was used, equipped with a 63Ni 

electron capture detector and a glass capillary 
column (30 m x 0.75 mm) coated with SPB-35 
(Supelco Inc., USA). The chromatograph was 
interfaced to a Shimadzu Chromatopac C-R3A 
integrator. Nitrogen was used as carrier gas at 
a flow rate of 4 0 m l m i n - l .  The tests were 
carried out under isothermal conditions. The 
temperature of the column, inlet and the detec- 
tor were l l 0 °C ,  170 °C and 300°C respec- 
tively. 

2.3. Procedure 

A portion (2 ml) of ZnSO 4 solution and 1 ml 
of NaOH solution were added to 100 ml of the 
sample. After sedimentation of  the zinc hy- 
droxide precipitate, the clear supernatant was 
used for the analysis. 

A portion (4.5 ml) of the acetone/water mix- 
ture, 1.0 ml of the H 2 S O  4 solution and 2.50 ml 
of the clarified sample were introduced into a 
14 ml vial. Subsequently, nitrogen gas was bub- 
bled through the vial for 2 min, after which 

0.5 ml of KI solution and 2.50 ml of n-hexane 
were added to the liquid. The vial was then 
closed and allowed to stand for 1 h, with vigor- 
ous shaking every 15 min. Finally, 5 lal aliquots 
of the organic phase were manually injected 
with a micropipette into the gas chro- 
matograph. Three injections were made for 
each sample. The peak area was used for quan- 
titation and for the calculations. The blank 
(redistilled water) and the standard solutions 
were treated in the same manner as the sample. 
Standard curves were constructed daily. 

3. Results and discussion 

In the above described method, the nitrite 
ions reacted with iodide ions in the presence of 
sulphuric acid and acetone, and the released 
iodine was measured with the GC method of 
Hasty [16]. Since oxygen oxidizes the iodide 
ions and this reaction is catalyzed by the NO 
formed during the reaction between iodide and 
nitrite, the dissolved oxygen was removed from 
the sample. 

In agreement with the findings of Hasty [16], 
under the described experimental conditions we 
also found the existence of a single reaction 
product, namely monoiodoacetone. The com- 
pound 1,1-di-iodoacetone does not appear if 
the U 2 S O  4 concentration of the reaction 
medium is in the range 0 . 1 - 1 . 0 m o l l  1 (see 
Refs. [16,17]). The retention time of n-hexane 
and monoiodoacetone were 1.1 and 2.7 rain 
respectively. In reasonable agreement with the 
findings of other workers [16,18], the partition 
coefficient of monoidoacetone was found to be 
1.85 between n-hexane and water at room tem- 
perature ( Corg/Caq). 

The detector response to monoiodoacetone 
extracted into n-hexane was directly propor- 
tional to the N O  2 concentration of the sample 
up to a concentration of 2.5 mgl  ~ of NO2.  
The regression equation of a typical standard 
curve was y =  1.93+ 82.54x, where x is the 
NO~- concentration in milligrams per litre and 
y is the peak area in arbitrary units. The stan- 
dard deviation of the regression constant (in- 
tercept) and the regression coefficient (slope) 
were 0.28 and 0.77 respectively. It was shown 
by the test that the regression constant is sig- 
nificantly different from zero (p < 0.05). It ap- 
pears that the intercept is due to the impurities 
existing in the reagents. 
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Table 1 
Results of  comparative NO2 determinations in water samples (mgl ~) 

1101 

Sample Gas chromatographic method Spectrophotometric method ~' 

n £ SD n 2 SD 

Rainwater 7 0.069 0.005 5 0.063 0.008 
Drinking water 
(unchlorinated) 5 0.078 0.007 5 0.087 0.008 

Lake water (1) 6 0.103 0.008 6 0.094 0.007 
Lake water (I1) 7 0.329 0.024 5 0.368 0.039 
Marsh water 8 1.481 0.108 5 1.352 0.102 

" Reagents: N-(1-naphthyl)ethylendiamine dihydrochloride and sulphanilic acid (see Ref. [21]). 

To establish the limit of  detection, the blank 
(redistilled water) was subjected ten times to 
the complete procedure, including the pretreat- 
ment, as previously described, with clarifying 
agents. The mean and the standard deviation 
of the obtained signals were 2.51 and 0.22 
respectively in arbitrary units. The limit of  
detection (LOD) was calculated from the stan- 
dard deviation of the blank signals (noise, N) 
and the slope of the calibration curve (S) as 
follows [19]: LOD = 3N/S = 0.008 mg 1- 
NO2 in the water sample. This concentration 
value calculated corresponds to about 40 pg of 
NO2  ions in the sample if a 5 lal aliquot of  the 
organic phase is injected into the gas chro- 
matograph.  

In order to check the reproducibility, the 
complete procedure described above was re- 
peated seven times with one sample of  unchlo- 
rinated, poor-quality drinking water. The 
sample contained 81.6 mg of Na +, 12.1 mg of  
K +, 248.8mg of Ca 2+, 47 .3mg of Mg 2+, 
0.26 mg of Fe z+ , 0 .10mg of Mn 2+ and 0.22 mg 
of N H g  cations, as well as 824.3 mg of HCO3-, 
101 .2mgofC1 , 7 9 . 4 m g o f N O 3 ,  l l l . 9 m g o f  
SO42 , 16.0mg of SiO 3- and 0.003mg of 
SeO~ anions per litre, while the permanganate 
index [20] was 6.4 mg I ~ of  oxygen. The mean 
and the relative standard deviation (RSD) of 
the obtained results were 0.347 mg 1 -~ NO2 
and 5.8% respectively. 

To check the day-to-day reproducibility, the 
NO2 concentration of the same water sample 
as mentioned above was determined once a day 
for five consecutive days. The mean of the 
obtained results was 0.328 mg 1- ~ NO2 and the 
RSD was 7.4%. (We have used the same detec- 
tor and column every time. The sensitivity of  
the measuring system has a fluctuation of 
_+5.5% from day to day.) 

We investigated the interfering effect of  vari- 
ous ions on the determination of 0.75 mg 1 - I  

N O , .  It was found that up to 500 mg I 1 level, 
F , C1 , Br , H2PO42-, SiO 2- ,  and B4072 ions 
do not interfere. The upper tolerance limits 
regarding several potentially interfering ions are 
as follows: 350 mg I ~ for NH4 ~, 250 mg 1 J for 
N O 3 , 4 0 m g l  -~ for Mn 2+, 25 m g l  - t  for Fe 2+, 
Fe 3+ and Cr 3+, 15mgl  ~ for Cu 2+, 2 m g l  
for SeO 2 , 0 . 5 m g l  -~ AsO2 and AsO 3- ,  
0 . 2 m g l  -~ for S 2 and finally less than 
0.1 mg 1- J for C10 ~ and IO3.  It is obvious the 
fairly high tolerance limits for the heavy metal 
ions is due to the clarification of  the sample. 

Several water samples were analysed by the 
method described in the present paper as well 
as by a widely accepted [21] spectrometric 
method. As shown in Table 1, the results ob- 
tained by the two methods are in close agree- 
ment. The difference between the 
corresponding mean values was not significant 
at the 5% probability level in either case. The 
RSD of the gas chromatographic results was 
lower than 8%. 

We intend to apply the described gas chro- 
matographic method for the analysis of  various 
food products, with special emphasis on the 
analysis of  samples difficult to discolour such 
as fruit juices. In the case of  celery juice we 
have already applied the method developed by 
us. The nitrite content of  the celery juice was 
determined in the described manner, perform- 
ing five parallel analyses. The mean value was 
1.428 m g l  ~ and the RSD was 7.3%, 

The original nitrite content of  celery juice 
was decomposed quantitatively [5] with the aid 
of  sulphaminic acid, then KNO2 was added to 
the sample so as to achieve a 1.00 m g l  ~ con- 
centration of nitrite. Following this procedure 
we performed three parallel determinations ac- 
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cording to the above described procedure. 
The obtained results were 0.92, 0.99 and 
1.05 mg 1- t. 

4. Conclusions 

On the basis of our results we may safely 
conclude that the gas chromatographic method 
developed by us proved adequate for the deter- 
mination of nitrite ions in natural waters and 
unchlorinated potable waters. The sensitivity 
and reliability of the method meets the practi- 
cal requirements. It is worth mentioning that 
the method does not necessitate the use of 
highly toxic reagents and the samples do not 
need to be transparent. We believe that the 
present method is applicable in food analysis, 
primarily in the case of samples that are 
difficult to discolour. 
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Abstract 

An automatic method for the estimation of Michaelis-Menten and inhibitor constants in biochemical 
systems was developed using an unsegmented open-closed flow manifold, and the Lineweaver Burk and 
Dixon plot methods. The methods were applied to both the determination of K m of the enzymatic reaction 
catalyzed by bovine alkaline phosphatase using 4-methylumbelliferone phosphate as substrate, and the 
determination of the K i constant from theophylline as an inhibitor of this biochemical system. The data 
treatment and comparative results are presented. The values obtained agree with those provided by a 
conventional method with the biocatalyst in solution. 

I. Introduction 

The development of  continuous flow meth- 
ods coupled with enzymatic reactions has in- 
creased the degree of  automation in analytical 
chemistry over the last two decades [1, 2]. 
However, little attention has been paid to the 
development of  a method for the determination 
of  kinetic constants, stoichiometries, etc. Some 
papers concerning enzymatic systems (e.g. alco- 
hol dehydrogenase/NADPH dehydrogenase/ 
monooxygenase [3] dihyldrofolate reductase 
[4], lactic dehydrogenase [5], and glucose oxi- 
dase [6]) provide information on enzyme ki- 
netic constants. One of these works deals with 
the determination of  the Michaelis constant of  
the substrate and antifolate inhibition constant 
in the NADPH/dihydrofola te  reductase system 
using potentiometric titrations [4]. 

* Corresponding author. 
~ Permanent address: Laboratory of Instrumental Tech- 
niques, Department of Analytical Chemistry, Faculty of 
Pharmacy, UCM. 2840-Madrid, Spain. 
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The applicability of  cyclic flow injection sys- 
tems to non-determination studies has been 
demonstrated in a variety of  methods (e.g. 
estimation of kinetic [7] and stoichiometry con- 
stants [8], amplification methods [9], speciation 
[10], reaction rate measurements [11 13] and 
interference removal [14]). 

The phenomenon of catalysis inhibition 
shown by some chemical substances is fre- 
quently used to develop methods for the deter- 
mination of  inhibitors [15-27]. Knowledge of 
the kinetic parameters involved in the biochem- 
ical reaction and the inhibitors has contributed 
to the clarification of inhibition mechanisms. 

Inhibitors can influence the enzymatic reac- 
tion in such a way that the Michaelis constant 
(Kin) is apparently increased, the maximum 
reaction rate (Vm,x) is apparently decreased or 
both parameters are apparently changed. The 
first case is known as competitive inhibition, 
and the second as non-competitive inhibition. 
The third type, the special case in which Km 
and Vmax are apparently equally changed, is 
known as uncompetitive inhibition [28]. 

reserved 
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The aim of this work was to show the 
availability of open-closed flow-injection sys- 
tems for monitoring inhibitory effects using 
theophylline as an inhibitor of immobilized 
alkaline phosphatase. The application of differ- 
ent mathematical algorithms (such as the 
Lineweaver-Burk method [29] and the Dixon 
plot method [30] to the multipeak recording 
achieved in the absence or presence of 
theophylline as inhibitor, permits the estima- 
tion of the apparent Michaelis-Menten con- 
stants of immobilized alkaline phosphatase and 
also the determination of the apparent inhibi- 
tion constants of this system. 

The biochemical reaction involved hydrolysis 
of a 7-hydroxy-4-methylcoumarin derivative 
[31] (4-methylumbelliferyl phosphate), cata- 
lyzed by phosphatase in a basic medium to 
yield 4-methylumbelliferone and phosphate, ac- 
cording to the following reaction: 

4-methylumbelliferyl phosphate + H20 
A l k a l i n e  

p h o s p h a t a s e  ' 2 - -  
, 4-methylumbelhferone + HPO 4 

The fluorescence of 4-methylumbelliferone in 
a basic medium was monitored at 
2ex = 365 nm, 2em = 445 nm. 

Alkaline phosphatase was immobilized on 
controlled pore glass in preparation to catalyze 
the conversion of 4-methylumbeliferone phos- 
phate into 4-methylumbelliferone. As the sam- 
ple passed through the reactor packed with the 
immobilized biocatalyst, the theophylline 
present was bound to some groups of the en- 
zyme-substrate complex modifying its catalytic 
activity; thus the reaction took place to a lesser 
extent, the amount of 4-methylumbelliferone 
formed being inversely proportional to the con- 
centration of the inhibitor. 

2. Experimental 

2. I. Apparatus and materials 

A Kontron Instruments SFM 25 spectro- 
fluorimeter furnished with a Hellma 138.QS 
flow cell and equipped with a Perkin-Elmer 
R-100 recorder and a Selecta 382-S recirculat- 
ing thermostat was used. A Gilson Minipuls-2, 
four-channel peristaltic pump with a rate selec- 
tor, a laboratory-made dual injection valve 
built from two Rheodyne 5041 injection valves, 
a Rheodyne 5041 injection valve (modified to 
act as a switching valve) and Teflon tubing of 

0.5 mm i.d. were also used. A Zenit ZDS 625 nl 
PC-Bull System connected via a RS-232 inter- 
face was used for absorbance time data acqui- 
sition, processing and delivery. 

2.2. Reagents 

The buffer used was a 500 mmol l -  1 aqueous 
solution of tris(hydroxymethyl)aminomethane 
(Merck N. 8382) adjusted to pH 10 with 
1 mol 1 1 hydrochloric acid (Merck N. 319). A 
solution of 2.0 mmol l -I  4-methylumbelliferyl 
phosphate (Sigma M. 8883) was prepared in the 
above-mentioned buffer. A standard stock solu- 
tion of alkaline phosphatase (orthophosphoric 
monoester phosphohydrolase, alkaline opti- 
mum, E.C. 3.1.3.1, Sigma P-2897, type I-S from 
Bovine intestinal mucose, 5.8 U mg 1) was pre- 
pared by dissolving the content of a vial in the 
1 mmol 1-1 theophylline buffer solution (Sigma 
T. 1633). 

The reagents 3-aminopropyltriethoxysilane 
(Aldrich N. 11, 339-5), glutaraldehyde (Merck 
N. 820603) and controlled-pore glass (Sigma, 
CPG-240-200, 120/200 mesh) were used for 
the biocatalyst immobilization. All solutions 
were prepared using bi-distilled water of high 
purity obtained from a Millipore Milli-Q plus 
system. 

2.3. Enzyme immobilization 

Alkaline phosphatase was immobilized using 
Masoom and Townshend's method [32,33] and 
stored at 4 °C in 100 mmol 1-1 potassium dihy- 
drogen phosphate buffer at pH 7.0. Glass tubes 
of different lengths and 1 mm i.d. were packed 
with the support-enzyme conjugate. The alka- 
line phosphatase reactors preserved their activ- 
ity for at least 2 months (loss of activity smaller 
than 2%). 

2.4. Manifold and procedure 

Fig. 1 depicts the open closed approach 
used. The theophylline solution (S), diluted to 
an appropriate extent with tris-HCl buffer, and 
the substrate solution (R) are simultaneously 
injected via the dual valve (IVl and IV2) into 
two streams of the same buffer (B), and merge 
at point "a".  The inhibitor-substrate plug 
passes through the valve (SV) and is then 
trapped in the closed circuit by switching the 
valve at suitable time interval after injection. 
The plug passes through the alkaline phos- 
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phatase reactor where the enzymatic reaction 
takes place to an appropriate extent. The cy- 
cling of the plug into the circuit provides a 
multipeak recording in which the peak height 
increases gradually after each new substrate/ 
catalyst contact, thus providing an additional 
amount of the monitored product. As the 
buffer solution is injected instead of the 
theophylline solution the enzymatic reaction 
occurs to a greater extent and the multipeak 
recording achieved is used as the blank signal. 
In the presence of the inhibitor, the catalyzed 
reaction occurs to a lesser extent. The differ- 
ence between the signal obtained in the absence 
and presence of the inhibitor is proportional to 
the concentration of the inhibitor in the sample. 

2.5. Analytical signal and data treatment 

The iterative passage of the bolus through 
the immobilized enzyme reactor (IMER) and 
detector provides the typical recording shown 
in Fig. 2, in which the successive evolution of 
the fluorescence signal corresponds to the de- 
velopment of  the enzymatic reaction in the 
absence and presence of  the inhibitor (See Fig. 
2(A). 

The manual method for the determination of 
Km involves measurement of the initial reaction 
rate at different substrate concentrations. The 
reaction rate vs. substrate concentration plot is 
a typical exponential curve with a maximum, 
constant reaction rate @max) at high substrate 
concentration. K,,, is defined as the substrate 
concentration corresponding to a reaction rate 
equal to Vmax/2. 

R - -  

_1 
P, 

"''' ] 
...... ' " ', ",.' PC 

., ." .. 

¢ w2 .IMER I 

- -  "SV .I ' 
L 

I ''1 
P2 J T 

Fig. 1. Open-closed system: R, substrate; B, buffer; S, 
sample; P1 and P2, peristaltic pumps; IV~ and IV 2, double 
injection valve; a, merging point; SV, switching valve; W~ 
and W2, waste; IMER, immobilized enzyme reactor; D, 
detector; L, open reactor; PC, personal computer. 

The wealth of information supplied by each 
recording enables the use of different proce- 
dures for obtaining initial reaction rates values. 

The multipeak recording in Fig. 2(B) allows 
different measurements based on fluorescence 
differences between peaks, whether consecutive 
or not. Thus, three reaction rate values were 
obtained from the recording, namely V~, V2 
and V 3 from the equation V i=  (Ai+j - A i ) /  
( t e+] - tg) ,  where Ai+] and A~ are consecutive 
maxima or minima obtained at times tg+ I and 
ti, respectively. It is also possible to obtain 
measurements between non-consecutive peaks, 
from the equation V31=(A3-AI) / ( t3- t l )  
where V3~ is the reaction rate calculated from 
maxima 3 and 1 at times t3 and t~, respectively. 

A number of methods [28] have been used to 
foretell the type of inhibition. However, only 
two of these methods are widely used; these are 
discussed below. 

(a) A straight line for each concentration of 
inhibitor is obtained when 1/Vi is plotted 
against 1/[S], according to Lineweaver and 
Burk [29]. These straight lines generally have 
different slopes for different inhibitor concen- 
trations. Depending on the intercept and the 
slopes it is possible to predict the type of  
inhibition. When 1/V is plotted against 1/[S] in 
the absence of inhibitor, the constant achieved 
is the apparent Km of the enzyme. 

(b) A more convenient method is that de- 
scribed by Dixon [30] which enables estimation 
of Ki by two different procedures: (i) at constant 
substrate concentration Vi is calculated at sev- 
eral concentrations of the inhibitor, and 1/V~ is 
plotted vs. inhibitor concentration. (ii) 1/K'm is 
plotted vs. inhibitor concentration (Kin is the 
apparent Michaelis constant calculated by the 
Linewaver-Burk method for each inhibitor 
concentration). Every type of inhibition pro- 
vides a straight line for each substrate concen- 
tration. In both cases (i and ii) the x-axis 
intercept provides the values of - K i .  

3. Results and discussion 

3. I. Optimization of variables 

The open-closed approach was optimized 
using the univariate method. This study was 
aimed at obtaining the best analytical response 
of  the system in the absence of  the inhibitor. 
The variables were classified into physical, 
chemical and those characteristic of the hydro- 
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Fig. 2. (A) Kinetic curves from (a) conventional method, (b-e)  open closed FI method (b, blank; c e, different 
theophylline concentrations). (B) Types of measurement; S, analytical signal; T, time; SI, 5"2 and S 3, maxima obtained at 
times tt, t 2 and t~, respectively; S'~, S~ and $3, minima obtained at times t'~, t~ and t~, respectively; V~, V 2 and V3, 
reaction rate measurements (see text for details). 

Table 1 
Study of the variables 

Type Variable Range studied Optimum value 

Physical Temperature (°C) 20-45 40 

FIA Flow-rate (ml min i) 0.6 3.2 1.3 
IV t injection volume (~tl) 50-500 225 

50 1000 500 
IV_, injection volume (~1) 50 500 100 

0.1 1.0 0.2 
Length of coil L I (cm) 40-100 70 
Length of IMER (cm) 0.1 1.0 0.2 
Switching time (s) 6.0 10.0 8.4 

Chemical [Tris-HCl] (mmol 1--1) 
pH 

dynamic system. Table 1 shows the range stud- 
ied and the optimum values found. 

An increase in temperature had a favourable 
effect on the analytical signal. Over 40 °C the 
signal did not increase, probably owing to bio- 
catalyst denaturation. 

The flow-rate had a marked influence on the 
evolution of the signal in the closed system, as 
it conditioned both the dispersion of the plug 
and the substrate-enzyme-inhibitor contact. 
Low flow-rates provided high development of 
the enzymatic reaction, but also a lower num- 
ber of iterative passages through the enzyme 
reactor. A flow-rate of 1.3 ml min-l was cho- 
sen to obtain sufficient peaks in the multipeak 
recording. Both substrate and inhibitor injec- 
tion volumes influenced the development of the 

multisignal. Substrate injection volumes (IVy) 
above 225 lal increased the dispersion in the 
closed system. A 500 ~tl injection volume of 
inhibitor ( I V 2 )  produced the highest inhibitory 
response. The IMER length had a strong influ- 
ence on the analytical response. A long length 
provided higher development of the enzymatic 
reaction and a lesser inhibitory effect, probably 
as a consequence of more active sites in the 
enzyme reactor. A 0.2 cm long alkaline phos- 
phatase reactor provided the highest difference 
between blank and sample recording. 

At the flow-rate selected (1.3 mlmin ~), a 
100 cm length of coil L and a switching time of 
70 s after injection provided the best hydrody- 
namic conditions for optimal development of 
the biochemical reactions taking place in the 
open-closed approach. 



M. S6nchez-Cabezudo et al. / Talanta 42 (1995) 1103 1110 

Table 2 
Calculation of the Michaelis constants 
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Method Type of  Lineweaver-Burk lines Kinetic parameter 
measurement  

Slope Intercept r 2 Km 
(mmol 1 - i ) 

Vmax 
(mmol l  i s 1) 

Open-c losed  

Conventional 

Maxima 
V I 2.099 5.881 0.9972 0.357 
ls~ 2.260 4.804 0.9990 0.470 

Minima 
V'~ 0.736 3.445 0.9985 0.211 
V~, 1.213 4.957 0.9930 0.244 

2.664 6.478 0.9982 0.411 

0.170 
0.208 

0.287 
0.207 

0.154 

A 0 .5mol l  -~ tris solution, adjusted to 
pH 8.5 with 1 M hydrochloric acid, was se- 
lected as buffer. All the ingredients of the enzy- 
matic reaction (substrate and inhibitor 
solutions) were prepared in this buffer. 

3.2. Determination of the Michaelis-Menten 
constants 

(a) By the proposed method 
The Michaelis-Menten constant and the 

maxima reaction rate were calculated by apply- 
ing the Lineweaver-Burk method in the open-  
closed system in the absence of inhibitor. Five 
4-methylumbelliferyl phosphate solutions with 
concentrations between 0.04 and 4.0 mmol 1 - t  
were injected in triplicate into the system and 
the multipeak recording from each solution 
was obtained. A simple computer processing of 
the data provided the reaction rate values and 
also allowed estimation of Km and Vmax- Table 
2 shows the results found using different types 
of measurement. 

(b) By the conventional method 
The Lineweaver-Burk method [29] was ap- 

plied to the manual kinetic data for calculation 
of reaction rates with the enzyme in solution. 
Five millilitres of the reagent solution contain- 
ing different concentrations of  substrate were 
added to a test tube containing 100 lal of alka- 
line phosphatase (10 U l- t) .  The mixture was 
poured into a conventional cell, placed in the 
fluorimeter and the fluorescence intensity vs. 
time was plotted. A data treatment similar to 
that used in the open-closed flowing method 
was performed. 

(c) Comparison of the results 
The envelopes of the multipeak signal pro- 

vided by the open-closed system were quite 
similar to the kinetic curves obtained using 
the conventional method. This enables con- 
ventional treatment of the information 
obtained using the automatic method, 
and comparison of the results obtained 
with thoses provided by the conventional 
method. 

The linear reaction rate interval achieved in 
the closed circuit is lower than the linear re- 
action rate interval obtained by the conven- 
tional method. Both the highest linear 
reaction rate range and the values of K m and 
Vma x closer to the conventional method were 
obtained when they were based on the aver- 
age of different reaction rate ranges. 

3.3. Determination of the inhibitor constants 

(a) By the proposed method 
The inhibition constants for thephylline 

were calculated by applying both the 
Lineweaver-Burk and the Dixon plot meth- 
ods. Inhibitor solutions containing 0, 0.5, 1.0 
and 5 .0mmol l  -~ were injected in triplicate 
into the system. The treatment of the data 
provided information about the type of inhi- 
bition and also permitted estimation of 
K i from different measurements in the 
multipeak recording. Figs. 3 and 4, illus- 
trate models of  the different types of  mea- 
surement. Table 3 shows some of the results 
obtained. 

(b) By the conventional method 
Lineweaver-Burk and Dixon plot methods 

were applied to the manual kinetic data for 
calculation of reaction rates with the enzyme in 
solution. 5 ml of the reagent solution contain- 
ing different concentrations of substrate were 
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Fig. 3. (A) Reaction rate vs. substrate from V 3 measure- 
ment: in the absence of  theophylline ( ) and with differ- 
ent theophylline concentrations It, 12 and 13 ( ). (B) 
Lineweaver-Burk lines from V~ measurements: without 
theophylline ( ) and with different theophylline concen- 
trations I], 12 and I~ ( ). 

13 

12 
i I, 

5 . 0 m m o l l  - ] )  and 100gl of alkaline phos- 
phatase (10 U l-a). The procedure was similar 
to that used in the manual method previously 
described. 

(c) Comparison of the results 
Figs. 3 and 4 are typical inhibition plots. The 

straight lines obtained in all instances denote 
that theophylline is an uncompetitive inhibitor 
of bovine alkaline phosphatase. Table 3 sum- 
marizes the features of the lines obtained by 
both the conventional and the proposed o p e n -  
closed method. 

Comparison of the two sets of results shows 
the correlation found when the Lineweaver- 
Burk method is applied: 

Y =  0 . 6 5 X +  3.37 (r = 0.9836) 

where X refers to the conventional kinetic 
method and Y refers to the open-closed 
method. The parameters of  this equation are as 
follows: 

Y ' i n t  . . . .  p! = 0 . 6 4  

Y M o p e  = 0 . 0 8  

Z v/x = 0.49 

which shows an acceptable correlation between 
both methodologies. 

4. Final remarks 

added to a test tube containing 100 pl of stan- 
dard solution of theophylline were added to a 
test tube containing 100 gl of standard solution 
of theophylline (containing O, 0.5, 1.0 and 

The study reported here shows the capability 
of open-closed systems for the implementation 
of methodologies for predicting the type of 
inhibition in enzyme-based processes. 

1/V i 75 

5O 

25 

./ 

(A) 

i i 

10 20 30 

1/[s] 

(B1) (B2) 

11vi ,oo s, I IIK'  
75  ~ ~ f ~  ~ 75 

~ ~ 50 - 50 
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S~ S~ a 
25 ~ ~ 25 

E ~ E 2 C  I 

-4 -2 2 4 6 8 
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Fig. 4. (A) Lineweaver Burk lines from V t measurement: without theophylline ( ) and with different theophylline 
concentrations Ii,  I 2 and 13 ( - - - )  lines). (B) Dixon plot method: (BI) from [I] vs. l/v i (at different substrate 
concentrations SI, $2, $3, So and $5); (B2) from [I] vs. I/K'~. 
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Table 3 
Estimation of  the inhibitor constant (based on V~ measurement) 

1109 

Method [Inhibitor] Slope Intercept r 2 
mate Inhibition 

(mmol/1 - i) 
1) (mmol l - I )  degree a 

Km Vm~,xK , esti- 

(mmol 1-i) (mmol/1-i s 

(a) Lineweaver Burk 
Open closed 0 5.881 2.099 

0.5 6.586 2.108 
.11 

1.0 8.495 2.150 
.31 

5.0 10.81 2.170 
.46 

Conventional 0 4.080 2.260 
0.5 5.379 2.269 

.26 
1.0 6.988 2.276 

.41 
5.0 11.740 2.169 

.85 

(b) Dixon plot b 
Open closed 2.766 1.045 
Conventional - 1.808 1.262 

0.9972 0.3569 0.1700- 
0.9974 0.3201 0.15180.23900 

0.9983 0.2531 0.11770.44400 

0.9987 0.2010 0.09250.16760 

0.9997 0.5530 0.2450 
0.9996 0.4097 0.18590.63580 

0.9997 0.3257 0.14310.59340 

0.9996 0.1847 0.08520.37510 

0.9972 0.3770- 
0.9999 0.6930 

~' Calculated as [I] = ( 1 -  V'/V) [34]. 
b From the second procedure (I/K'~ vs. [I]). 

A pattern of inhibition of different enzymatic 
systems can be established using open-closed 
manifolds and other potential inhibitors. 

Acknowledgement 

The Comisi6n Interministerial de Ciencia y 
Tecnologia (CICyT) is thanked for financial 
support (Project No. PB93-0827). 

References 

[1] J. Ruzicka and E.H. Hansen, Flow Injection Analysis, 
Wiley, New York, 1988. 

[2] M. Valcfircel and M.D. Luque de Castro, Flow Injec- 
tion Analysis: Principles and Applications, Ellis Hor- 
wood, Chichester, 1987. 

[3] S. Girotti, A. Roda, S. Chini, A.L. Piacentini, G. 
Carrera and R.A. Bovara, Anal. Chim. Acta., 183 
(1986) 187. 

[4] R. Gillis, J.C. Sari, L. Sica, B. Bourdeaux and C. 
Briand, Anal. Biochem., 152 (1986) 1. 

[5] J.M. Fern~mdez-Romero, M.D. Luque de Castro and 
M. Valcfircel, Anal. Chim. Acta., 219 (1989) 191. 

[6] J. Marcos, A. Rios and M. Valcfircel, Anal. Chim. 
Acta., 283 (1993) 429. 

[7] A. Rios, M.D. Luque de Castro and M. Valcb_rcel, 
Anal. Chem., 57 (1985) 1803. 

[8] A. Rios, M.D. Luque de Castro and M. Valcfircel, J. 
Chem. Educ., 63 (1986) 552. 

[9] A. Rios, F. Lazaro, M.D. Luque de Castro and M. 
Valcfircel, Anal. Chim. Acta., 199 (1987) 15. 

[10] A. Fern~indez, M.D. Luque de Castro and M. Val- 
c~_rcel, Quim. Anal., 6 (1987) 314. 

[11] J.M. Fernfindez-Romero, M.D. Luque de Castro and 
M. Valc~ircel, J. Biotech., 14 (1990) 43. 

[12] J.M. Fernfindez-Romero, M.D. Luque de Castro and 
M. Valc;ircel, Anal. Chim. Acta, 274 (1993) 99. 

[13] J.M. Fern~ndez-Romero, M.D. Luque de Castro and 
M. Valc~ircel, Sensor Actuators, B.10 (1993) 203. 

[14] R. Quilles-Zafra, J.M. Fernandez-Romero, M.D. 
Luque de Castro and M. Valcfircel, Anal. Proc., 31 
(1994) 233. 

[L5] G.G. Guibault, Anal. Chem., 38 (1966) 527R. 
[16] G.G. Guilbault, Anal. Chem., 40 (1968) 459R. 
[17] G.G. Guilbault, Anal. Chem., 42 (1970) 334R. 
[18] J. Delga and P. Foulhous, Prod. Probl. Pharm., 24 

(1969) 57. 
[19] J. Cohen, R. Oostembaan and F. Berends, Methods 

Enzymol., 11 (1968)686. 
[20] C. Mendoza, P. Wales, H. McLeod and W. Mckinley, 

Analyst, 34 (1986) 93. 
[21] G.G. Guilbault, M. Sacar and M. Zimmer, Anal. 

Chim. Acta, 44 (1969) 361. 
[22] A. Townshend and A. Vaughan, Talanta, 17 (1969) 

289. 
[23] W.H.R. Shaw and D.N. Raval, J. Am. Chem. Soc., 83 

(1961) 3184. 
[24] Y. Shirokane, M. Nakajima and K. Misusawa, Clin. 

Chem., 37(3) (1991) 478. 



1110 M. S6nchez-Cabezudo et al . /  Talanta 42 (1995) 1103 I110 

[25] M.A. Saka-Aumini, J.J. Vallon and S. Lartillot, Anal. 
Chim. Acta, 245 (1991) 129. 

[26] K.J. Sweadner, Anal. Biochem., 194 (1991) 130. 
[27] N.C. Fould, J.M. Wilshere and M.J. Green, Anal. 

Chim. Acta, 229 (1990) 57. 
[28] H.U. Bergmeyer and K. Gawehn, Principles of 

Enzymatic Analysis, Verlag Chemie, Weinheim, 
1978. 

[29] H. Lineweaver and D. Burk, J. Chem. Soc., 56 (1934) 
658. 

[30] M. Dixon and E.C. Webb, Nature, 184 (1959) 1298. 
[31] E. Koller and O. Wolfbeis, Anal. Biochem., 143 (1984) 

146. 
[32] M. Masoom and A. Townshend, Anal. Chim. Acta, 

166 (1984) 111. 
[33] M. Masoom and A. Townshend, Anal. Chim. Acta, 

174 (1984) 293. 
[34] J. C~irdenas, E. Fern~.ndez, F. Galv~in, A.J. M~_rquez 

and J.M. Vega, Problemas de Bioquimica, Alhambra, 
Madrid, 1988. 



E L S E V I E R  Talanta 42 (1995) 1111-1119 

Talanta 

Prediction of chemical structure of aromatic hydrocarbons 
by pattern recognition of spectral lines obtained by 

fluorescence spectrometry in a supersonic jet 

Cheng-Huang Lin, Totaro Imasaka * 
Department of Chemical Science and Technology, Kyushu University, Hakozaki, Fukuoka 812, Japan 

Received 14 September 1994; revised 23 January 1995; accepted 24 January 1995 

Abstract 

A technique based on pattern recognition of data obtained by supersonic jet spectrometry is employed for 
the prediction of chemical structure. The degree of similarity is evaluated quantitatively by calculating a 
cross correlation factor between sample and reference molecules. A probability density function is deter- 
mined by fitting the data to a specified equation. The functional group and its position are also predicted 
by a similar technique. The pattern recognition provides a method for prediction of the chemical structure 
and is applicable to samples that have not been examined by supersonic jet spectrometry. 

I. Introduction 

Supersonic jet spectrometry provides sharp 
line structure in ultraviolet and visible spectra 
[1-4]. This analytical method, therefore, shows 
selectivity and allows spectrometric differentia- 
tion between molecules with similar chemical 
structures. The application of mass spectrome- 
try after multiphoton ionization gives informa- 
tion relating to the molecular weight of the 
sample. This information alone, however, is 
not always sufficient for differentiating between 
isomers. Although the advantage of supersonic 
jet spectrometry lies in its well-resolved spectral 
features, the mass resolution of this technique 
could be improved by expanding the gas and 
decreasing its velocity distribution, since a bet- 
ter mass resolution can be obtained by other 
techniques such as ion cyclotron resonance. It 
is the sharp spectral features given by super- 
sonic jet spectrometry that are important and 
useful in the assignment of chemical species 
and structure. 

* Corresponding author. Fax: (81) 92-651-5606. 
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When a complete database is available, a 
sample molecule can be accurately identified 
using the spectral data accumulated for a series 
of authentic compounds. Recently, a database 
constructed by accumulating the wavelengths 
of pure electronic (0-0) transitions was used 
for the assignment of aromatic hydrocarbons 
[5-7]. This approach is reliable, because of the 
sharp line structure of the spectrum. However, 
there is no straightforward relationship be- 
tween spectrum and chemical structure. It is, 
therefore, difficult to assign the chemical spe- 
cies when no standard spectrum is available in 
the database for that species. It would be use- 
ful, therefore, to develop a new method for 
data analysis, which can be applied to samples 
whose spectra are not available, i.e. which have 
not been reported. 

One possible approach to this problem in- 
volves theoretical calculations of spectral 
parameters. The energy for the 0-0  transition 
is estimated by calculation of the molecular 
orbital by the Pariser-Parr-Pople (PPP) 
method and by the complete neglect of differ- 
ential overlap method for spectroscopy 
(CNDO/S) [8]. These methods are useful for 

reserved 
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reducing the number of candidates in the as- 
signment. However, the error in the estimation 
of the wavelength for the 0 - 0  transition is 
1-3%, which is much larger than the error of 
the peak position obtained experimentally 
(<0.01%). For more accurate discussion, it is 
necessary to use a spectral pattern for assign- 
ment. In physical chemistry, the spectral 
profile, i.e. transition energy and intensity, 
is calculated from the wave function and 
the Franck-Condon  factor by solving a 
Schr6dinger equation. This may give additional 
information for assignment of the chemical 
species. However, this approach is not alto- 
gether accurate, and the error in the calculation 
of the vibrational energy sometimes exceeds 
10%. In addition, such an approach is compli- 
cated and time-consuming even for a single 
molecule, and as a result is not suitable for 
applications to analytical spectroscopy. What 
is ideally needed is a method which will provide 
sufficient information for the prediction of 
chemical structure without a standard spec- 
trum of the sample or a complicated theoretical 
calculation of spectral parameters. 

This study describes an approach involving 
the recognition of patterns of  spectral lines 
which are produced as a result of supersonic jet 
spectrometry. In order to correlate spectral fea- 
ture with chemical structure, we calculate a 
cross correlation factor (CCF) between the 
spectra obtained for the sample and reference 
molecules. The line shape in the supersonic jet 
spectrum is so narrow that almost all the CCF 
values become zero when they are calculated 
for different compounds. The data, therefore, 
were optimized by expanding the spectral line 
to a specified function, e.g. a gaussian function, 
thus giving useful information. In order to 
evaluate the degree of spectral similarity quan- 
titatively, the probability density is plotted 
against the CCF value for a series of aromatic 
hydrocarbons. In addition, the spectral data of 
the 0 - 0  transition are used for prediction of 
the chemical structure. The wavelength of the 
0 - 0  transition hardly coincides with that of  a 
different compound, but is correlated quantita- 
tively with a probability density function, 
providing useful information for structure pre- 
diction. The probability densities obtained in- 
dependently by the above two methods are 
then multiplied to improve the accuracy of 
prediction. The advantage of this pattern 
recognition is demonstrated by differentiation 
of the anthracene derivatives against non-an- 

thracene compounds. The functional group 
and its position can also be predicted relatively. 
The present approach requires neither a stan- 
dard spectrum of the sample nor a knowledge 
of complicated quantum chemistry, and it 
works quite well for assignment of the chemical 
species in supersonic jet spectrometry. 

2. Experimental 

2. I. Calculation 

Fig. 1 shows a bar graph of the fluorescence 
excitation spectra for anthracene and its 
derivatives obtained by supersonic jet spec- 
trometry. Similar vibrational structure is ob- 
served in the spectra of the compounds with 
similar chemical structure. This is consistent 
with the fact that vibrational structure is 
strongly associated with skeletal vibration of 
the anthracene ring. These similarities can be 
visually observed, but for quantitative purposes 
the degree of similarity should be calculated 
mathematically. It is possible to use a CCF 
value for evaluation of the similarity between 
the standard and reference molecules [9]. How- 
ever, the spectral line is so narrow (<0.01 nm) 
that almost all the CCF values between differ- 
ent compounds become zero. Therefore, opti- 
mization is necessary to evaluate the degree of 
similarity. 

In this study, the signal peak in the super- 
sonic jet spectrum is assumed to have a gaus- 
sian distribution: 

Ik(V) = ex p [ - (v  - Vk)2/r 2] ( l )  

where Ik(V) is the fluorescence intensity at the 
excitation frequency of v for peak k, and r is 
the linewidth assumed. The spectra of the 
chemical species X(v) and Y(v) are represented 
by 

X(v) = ~ Xk(v) (2) 
1 

n 

r (v )  = y~ rk(v)  (3) 
1 

where n is the total number of spectral lines. In 
order to compare the vibrational structure in 
the excitation spectrum, it is necessary to sub- 
tract the frequency of the 0 - 0  transition from 
each peak position. The CCF value, C, is cal- 
culated between the standard and reference 
spectra by 
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a n t h r a c e n e  

]1 I I  

9-methylanthracene 
I 

(4) 

where V0x and Vov are the frequencies of the 
0 - 0  transition for compounds X and Y, re- 
spectively. The denominator is a normalization 
factor. The CCF value is close to unity when 
the spectral feature of  the standard is similar to 
that of the reference; CCF = 1 when CCF is 
calculated between the same compounds. In 
contrast, the CCF value is close to zero when 
the spectral features are completely different 
from each other. The CCF value also depends 
on the parameter r. In order to differentiate 
between the compounds giving similar spectra, 
this value should be small. However, if it is too 
small, all the CCF values become zero. Thus, 
appropriate fuzziness must be introduced by 
optimizing this parameter. 

The CCF value was calculated using a note- 
book-type personal computer (NEC, PC- 
9801n). The program was written in BASIC. 
All the spectral data were cited from the refer- 
ences reported by other authors and from the 
data measured by ourselves. After digitizing 
the spectral data (frequency and intensity), the 
excitation spectrum was calculated using the 
assumed value for r. The CCF value was calcu- 
lated between the spectra for the standard and 
reference molecules. The time period of calcu- 
lation was typically 10 min. 

3. Results and discussion 

3.1. Preliminary study 

The CCF values are calculated for various 
anthracene derivatives using 2-ethylanthracene 
as a standard sample. These results are shown 
in Table 1. The linewidth, r, is changed from 
0.1 to 10cm ~. When r is assumed to be 
0.1 cm- l ,  it is difficult to evaluate the degree of  
similarity properly. In the present study, the 
optimum value of  r appears to be between 1 
and 10 cm- i .  The CCF values calculated for 
alkylanthracenes are significantly larger than 
those for chloroanthracenes, suggesting that 
the standard sample contains an alkyl group 
rather than a chlorine atom. The CCF values 
for anthracene derivatives substituted at posi- 
tion 2 are larger than those substituted at 
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Fig. 1. Fluorescence excitation spectra for anthracene 
derivatives. 

position 9, indicating a substituent group at 
position 2. The CCF value is not unity for 
2-methylanthracene, indicating that the sample 
is not 2-methylanthracene. However, the large 
CCF value for 2-methylanthracene implies that 
the chemical structure is closely related, struc- 
turally, to 2-methylanthracene, and is possibly 
2-ethylanthracene. This success in the prelimi- 
nary study strongly encouraged us to perform 
further systematic investigations. 

3.2. Skeletal structure 

The CCF values were calculated for various 
aromatic hydrocarbons with different skeletons 
using 9-methylanthracene as a standard sam- 
ple. A similar study was carried out using 
1-methylnaphthalene. The results are shown in 
Table 2. The CCF values are the largest for the 
compounds with the same skeletons. Thus the 
skeletal structure can readily be predicted by 
this method. 

Table I 
CCF values calculated for various aromatic hydrocarbons 
using 2-ethylanthracene as a standard sample 

Compound r = 0 . 1  r = l  r = 1 0  Ref. 

2-Ethylanthracene 1 1 1 [6] 
2-Methylanthracene 0.243 0.301 0.495 [6] 
9-Methylanthracene 0.001 0.060 0.236 [6] 
2-Chloroanthracene 10 -4  0.008 0.048 [6] 
9-Chloroanthracene 1 O- t2 0.004 0.040 [6] 
Anthracene 10 -19 10 -4 0.002 [6] 
l-Chloroanthracene < 10 -20 <10 20 0.001 [6] 

r: cm - t .  
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Table 2 
CCF values calculated for various aromatic hydrocarbons with different skeletons using 9-methylanthracene and 
l-methylnaphthalene as standard samples 

Compound 9-Methylanthracene 1 -Methylnaphthalene Ref. 

r = l  r=10 r = l  r=10 

Benzene 0.002 0.017 10 - ~ 5 0.004 [12] 
Indole 10 -t5 0.001 <10 2o 10 5 [13] 
Naphthalene 10- 6 0.012 0.044 0.058 [14] 
Fluorene < 10 20 10 5 10-6 0.036 [15] 
Anthracene 0.080 0.605 10- to 0.001 [6] 
Pyrene 0.002 0.026 1 O- 5 0.003 [16] 

r: cm -] 

A similar  compar i son  was also car r ied  out  
using toluene (methylbenzene)  as a s t anda rd  
sample.  The C C F  values ca lcula ted  for  the 
same a romat i c  h y d r o c a r b o n s  are  shown in lines 
1 - 6  ( b e n z e n e - p y r e n e )  o f  Table  3. Surpris ingly,  
the value for  benzene is small;  the values for  
pyrene and naph tha lene  are much  larger  at 
r =  1 cm -J  and  those o f  indole  and  naph-  
thalene at  r =  10cm - l .  As  a result,  the C C F  
values were also ca lcula ted  for  naph tha lene  
derivat ives (7 -11 ,  Table  3). However ,  the C C F  
values are not  so large for  naph tha lene  der iva-  
tives. The  values for  benzene derivat ives  were 
also ca lcula ted  as trials. The results are shown 
in lines 12 -26  o f  Table  3. Clearly,  large C C F  
values are ob ta ined  for  benzene derivatives,  
especial ly for alkylbenzenes.  I t  should  be no ted  
that  benzene has a high molecu la r  symmet ry  
(O6h) and,  as a result,  the electronic t rans i t ion  
(~A~g-'B2u) is essential ly forbidden.  Conse-  
quently,  the spec t rum is observed  only when 
the electronic t rans i t ion  is coupled  with v ibra-  
t ions b reak ing  O6h symmetry .  This  s i tua t ion  is 
comple te ly  different f rom o ther  benzene deriva-  
tives. Thus  benzene is a special case and  is not  
a representa t ive  molecule  for  benzene deriva-  
tives. The c o m p o u n d  with  an O H  or  NH2 
subst i tuent ,  e.g. p -c reso l  or  p - to lu id ine ,  gives a 
small  C C F  value. Such c o m p o u n d s  could  be 
easily different iated f rom benzene derivat ives  
which conta in  only alkyl  groups.  The effect o f  
subs t i tuent  g roups  is fur ther  discussed in la ter  
sections. 

3.3. Probabili ty density funct ion 

In o rde r  to differentiate an thracene  deriva-  
tives f rom non-an th racene  compounds ,  the de- 
gree o f  s imilar i ty  was eva lua ted  by  calcula t ing 
the C C F  values for  var ious  a roma t i c  hydroca r -  

bons  using an thracene  as a s t anda rd  sample.  
The  result  is shown in co lumn 2 o f  Table  4. I t  
is appa ren t  that  c o m p o u n d s  with an an- 
thracene ring have larger  C C F  values. Fig. 2 
shows the p robab i l i t y  densi ty  o f  an thracene  
derivat ives  p lo t ted  agains t  the C C F  value. The  
solid curve was ob ta ined  by fitting the da t a  to 
the fol lowing equat ion:  

Table 3 
CCF values calculated for various aromatic hydrocarbons 
using toluene as a standard sample 

Compound r = 1 r = 10 Ref. 

Skeletal molecules 
Benzene 0.002 0.043 [12] 
lndole 10 4 0.158 [13] 
Naphthalene 0.010 0.133 [14] 
Fluorene 10 -6 0.026 [15] 
Anthracene 0.002 0.024 [6] 
Pyrene 0.015 0.040 [16] 

Naphthalene derivatives 
2-Methylnaphthalene 0.021 0.034 [14] 
Naphthalene 0.010 0.133 [14] 
l-Methylnaphthalene 10 4 0.008 [14] 
2-Ethylnaphthalene 10 4 0.062 [14] 
l-Naphthol 10 6 0.023 [17] 

Benzene derivatives 
Benzene 0.002 0.043 [12] 
Ethylbenzene 0.721 0.806 [18] 
n-Butylbenzene 0.561 0.711 [18] 
n-Propylbenzene 0.544 0.640 [18] 
n-Hexylbenzene 0.516 0.737 [18] 
tert-Butylbenzene 0.474 0.601 [18] 
n-Pentylbenzene 0.423 0.482 [18] 
Isopropylbenzene 0.246 0.447 [18] 
1-Phenyl- 1-butyne 0.124 0.265 [20] 
p-Aminophenol 0.040 0.100 [19] 
p-Difluorobenzene 0.041 0.012 [20] 
1-Phenylpropyne 0.013 0.324 [20] 
p-Cresol 10 -6 0.000 [19] 
p-Toluidine 10 7 0.067 [19] 
p-Fluorophenol 10 -15 0.001 [19] 

r :  cm -~. 
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Table 4 
CCF values and similarities calculated for various aromatic 
hydrocarbons using anthracene as a standard sample. 

Compound CCF Similarity (%) Ref. 

9-Hexylanthracene 0.606 100.0 
9-Methylanthracene 0.600 100.0 
2-Chloroanthracene 0.406 99.9 
2-Phenylanthracene 0.270 96.0 
9-Cyanoanthracene 0.267 95.7 
9-Bromoanthracene 0.220 88.3 
1-Chloroanthracene 0.181 76.7 
2-Methylnaphthalene 0.174 73.9 
9,10-Dibromoanthracene 0.122 48.3 
9-Phenylanthracene 0.095 33.0 
trans-2-Naphthol 0.089 17.9 
2-Methylanthracene 0.062 15.7 
9-Methoxyanthracene 0.051 10.9 
n-Propylbenzene 0.050 10.5 
9-Chloroanthracene 0.042 7.1 
Tryptamine 0.038 6.2 
Tryptophan 0.035 5.2 
7-Azaindole 0.032 4.4 
3-Methylindole 0.032 4.4 
n-Hexylbenzene 0.029 3.6 
9,10-Dichloroanthracene 0.025 2.7 
Toluene 0.024 2.5 
1-Naphthol 0.023 2.3 
cis-2-Naphthol 0.023 2.3 
3-1ndole acetic acid 0.010 0.4 
2-Ethylanthracene 0.009 0.3 
1-Phenylpropyne 0.005 0.1 
1-Phenyl- l-butyne 0.002 0.0 
l-Methylnaphthalene 0.002 0.00 
Phenylethyne 0.001 0.0 
2-Indole propionic acid 0.000 0.0 
1-phenyl-l-hexyne 0.000 0.0 

The linewidth, r, is assumed to be 10 cm -~. 

[21] 
[21] 
[6] 
[221 
[23] 
[23] 

[61 
[141 
[23] 

tives such as 9,10-dichloroanthracene and 2- 
ethylanthracene are much lower than those for 
non-anthracene derivatives. Thus the reliability 
given by the present approach is not necessarily 
perfect. 

In order to improve the accuracy of  predic- 
tion, it is necessary to use an additional, simul- 
taneous parameter, different from the CCF 
value, in order to discriminate against com- 
pounds having different spectral properties. 

3.4. Wavelength of the 0 -0  transition 

[22] 
[171 In the previous section, only the vibrational 
[61 structure of the spectrum is used for prediction 
[24] of the chemical structure after subtraction of 
[18] the frequency of the 0 - 0  transition. However, 
[61 [24] this frequency contains important information 
[25] about the extension of n electrons in a 
[26] molecule, which is related to the ring size. The 
[131 second column of Table 5 shows the wave- 
[1s] lengths of the 0 - 0  transition for compounds 
[231 
[18] whose excitation spectra have been previously 
[17] reported. The 14 anthracene derivatives are 
[17] located between 364 and 387 nm, although two 
[27] other compounds (pyrene and pyrazine) are 
[6] also located in this spectral region. This implies 
[2o] 
[2o] that the wavelength of the 0 - 0  transition can 
[14] be used to advantage for differentiation of 
[2o] anthracene derivatives. The probability density 
[27] of the anthracene derivative is plotted against 
[201 the wavelength of the 0 - 0  transition in Fig. 3. 

The probability density increases rapidly at 
shorter wavelengths and then decays gradually 

P = 1 - e x p ( -  C 2 / k  2) (5)  

where P is the probability of an anthracene 
derivative, C is the CCF value, and k is the 
constant obtained by fitting the data to the 
above equation. This curve is useful for quan- 
tifying the "similarity" of the spectrum by cal- 
culating the probability from the CCF value 
using Eq. (5). This "similarity" is listed in the 
third column of Table 4. The value for 9-hexyl- 
anthracene or 9-methylanthracene is 100%, in- 
dicating a high spectral similarity, and 
implying a high probability to be assigned to 
an anthracene derivative. It should be noted 
that the curve in Fig. 2 is saturated at high 
CCF values. In order to differentiate between 
compounds with closely related structures, the 
linewidth can be reduced, e.g. to ~ 1 cm 1. It is 
interesting to note that the first seven com- 
pounds are anthracene derivatives in Table 4, 
but the similarity of  other anthracene deriva- 
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Fig. 2. Probability density of anthracene derivatives versus 
CCF value. The number in the Figure indicates the number 
of anthracene (left) and non-anthracene (right) com- 
pounds. The solid curve is calculated from Eq. (5) by 
fitting the experimental data to k = 0.2. 
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Table 5 
Wavelengths of the 0-0 transitions for various aromatic hydrocarbons and probabilities of anthracene derivatives 

Compound 0-0 transition (nm) Probability (%) Ref. 

n-Propylbenzene 266.08 0.0 [18] 
n-Hexylbenzene 266.15 0.0 [18] 
Toluene 266.83 0.0 [18] 
Phenylethyne 274.94 0.0 [20] 
1-Phenylpropyne 275.96 0.0 [20] 
l-Phenyl-l-butyne 276.49 0.0 [20] 
1 -Phenyl-l-hexyne 276.54 0.0 [20] 
3-1ndole acetic acid 285.40 0.0 [27] 
3-1ndole propionic acid 285.88 0.0 [27] 
Tryptamine 286.39 0.0 [24] 
3-Methylindole 286.68 0.0 [13] 
Tryptophan 286.75 0.0 [25] 
7-Azaindole 288.73 0.0 [26] 
Naphthalene 312.30 0.0 [14] 
I -Methylnaphthalene 314.73 0.0 [14] 
2-Methylnaphthalene 315.40 0.0 [14] 
1-Naphthol 317.90 0.0 [17] 
trans-2-Naphthol 323.57 0.0 [17] 
cis-2-Naphthol 326.94 0.0 [17] 
2-Ethylanthracene 364.54 61.0 [6] 
2-Methylanthracene 365.07 60.5 [6] 
2-Chloroanthracene 367.09 59.5 [6] 
1-Chloroanthracene 367.31 59.0 [6] 
Pyrene 367.44 58.8 [ 16] 
2-Phenylanthracene 370.80 52.0 [22] 
9-Phenylanthracene 371.14 51.2 [22] 
9-Methylanthracene 371.15 51.0 [21] 
Pyrazine 372.80 49.5 [28] 
9-Hexylanthracene 373.03 48.2 [21] 
9-Chloroanthracene 373.25 47.2 [6] 
9-Methoxyanthracene 373.40 47.0 [24] 
9-Bromoanthracene 374.20 46.5 [23] 
9-Cyanoanthracene 382.10 32.4 [23] 
9,10-Dichloroanthracene 385.35 30.5 [23] 
9,10-Dibromoanthracene 386.45 30.0 [23] 
Benzo[a]pyrene 395.90 18.5 [29] 
Fluoranthene 396.56 18.0 [30] 
Perylene 415.45 7.5 [31] 
Tetracene 446.37 1.0 [32] 
Ovalene 466.22 0.0 [33] 
Pentacene 536.90 0.0 [34] 

at longer wavelengths. These data  were fitted to 
the chi-square distribution function: 

Fm (x) = [(1/2)F(m/2)](x/2) " /2 -  ~ e x p ( -  x /2)  (6) 

where F(m/2) is the gamma  function, m is the 
degree o f  freedom, and x is the wavelength. 
The probabili ty to be assigned to an an- 
thracene derivative is listed in column 3 o f  
Table 5. The probabilities for pyrene and 
pyrazine are rather high, indicating the limita- 
tion o f  this method alone. 

3.5. Product o f  probabilities 

In order  to improve the accuracy o f  predic- 
tion, the probabilities obtained independently 
(third columns of  Tables 4 and 5) may be 
multiplied. The result is shown in Table 6. It is 
notewor thy  that  the first 14 compounds  are 
anthracene derivatives and the probabilities for 
non-anthracene derivatives are completely zero. 
Thus, the discrimination o f  anthracene deriva- 
tives f rom other  compounds  is perfect for all 
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the compounds whose spectra are so far avail- 
able in the reference literature. In this study, 
anthracene was used simply as a representative 
molecule of anthracene derivtives in calculation 
of the CCF values. More accurately, the calcu- 
lation must be performed using the "averaged 
spectrum" of anthracene derivatives, which is 
obtained by accumulating all the spectra for 
anthracene derivatives. This procedure may 
further improve the accuracy of prediction. 

3. 6. Functional group 

For complete knowledge of the chemical 
structure, the functional group and its position 
must also be predicted properly. Table 7 shows 
the CCF values calculated for various benzene 
derivatives using toluene as a standard sample. 
As expected, alkylbenzenes, especially n-alkyl- 
benzenes, give large CCF values. Fig. 4 shows 
the probability of alkylbenzene derivatives plot- 
ted against the CCF value. Fig. 5 shows the 
probability density for alkylbenzenes calculated 
from the frequency shifts of the 0-0  transitions. 
The typical shifts by substitution with an alkyl 
group are 500-1000 cm -l .  The product of the 
probabilities is shown for benzene derivatives in 
column 6 of Table 7. Apparently, ethylbenzene 
gives the largest value among these compounds, 
indicating the distinct merit of the present pat- 
tern recognition. 

A similar comparison was also performed 
using 9-methylanthracene as a standard sam- 

Table 6 
Products of probabilities of anthracene derivatives ob- 
tained from CCF values and wavelengths of the 0 0 
transition 

Compound Product of probabilities (%,) 

2-Chloroanthracene 59.4 
9-Mthylanthracene 5 1.0 
2-Phenylanthracene 49.9 
9-Hexylanthracene 48.2 
l-Chloroanthracene 45.3 
9-Bromoanthracene 41.0 
9-Cyanoanthracene 31.0 
9-Phenylanthracene 16.8 
2-Methylanthracene 9.5 
9-Methoxyanthracene 5.1 
9-Chloroanthracene 1.4 
9,10-Dichloroanthracene 0.9 
9,10-Dibromoanthracene 0.8 
2-Ethylanthracene 0.2 
2-Methylnaphthalene 0.0 
n-Propylbenzene 0.0 
trans-2-Naphthol 0.0 
Tryptamine 0.0 
Tryptophan 0.0 
7-Azaindole 0.0 
3-Methylindole 0.0 
n-Hexylbenzene 0.0 
Toluene 0.0 
1-Naphthol 0.0 
cis-2-Naphthol 0.0 
3-1ndole acetic acid 0.0 
1-Phenylpropyne 0.0 
l-Phenyl-l-butyne 0.0 
1 -Methylnaphthalene 0.0 
Phenylethyne 0.0 
3-Indole propionic acid 0.0 
l-Phenyl-l-hexyne 0.0 
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Fig. 3. Probability density of anthracene derivative against 
the wavelength of the 0 0 transition. The number in the 
figure indicates the number of anthracene (left) and non- 
anthracene (right) compounds. The solid curve is calcu- 
lated from Eq. (6) by fitting the experimental data to 
m = 4 .  

ple. As expected, 9-alkylanthracene, i.e. 9-hexy- 
lanthracene, gives the largest CCF value, im- 
plying the presence of an alkyl group at the 
9-position. It is interesting to note that the 
CCF values for anthracene derivatives substi- 
tuted at the 2-position with an alkyl group are 
rather small. This is ascribed to vibrational and 
rotational motions of the methyl group, 
providing many split lines due to a shallow 
potential curve. 

Owing to a lack of spectral data, a more 
accurate discussion is difficult. However, it is 
generally true that the functional group and its 
position can be predicted fairly well as the 
probability is always high when the CCF value 
is calculated using the standard sample with a 
closely related chemical structure. 



1118 C.-H. Lin, T. Imasaka / Talanta 42 (1995) 1111-1119 

Table 7 
Probabilities calculated from CCF values using toluene as a standard sample and from frequency shifts of the 0-0  
transition from benzene 

Benzene derivative CCF PC ('70) FS (cm - t )  PFS (%) P (%) 

Ethylbenzene 0.806 98.3 501.1 73.3 72.0 
n-Hexylbenzene 0.737 96.6 516.6 73.5 71.0 
n-butylbenzene 0.711 95.8 512.4 73.4 70.3 
n-Propylbenzene 0.640 92.3 506.8 73.3 67.6 
tert-Butylbenzene 0.601 89.5 393.4 72.2 64.6 
n-Pentylbenzene 0.482 76.6 515.2 73.5 56.3 
Isopropylbenzene 0.447 71.3 430.3 72.8 51.9 
p-Aminophenol 0.100 6.1 6690.3 0.0 0.0 
p-Toluidine 0.67 2.8 4993.3 0.0 0.0 
1-Naphthol 0.023 0.3 6633.0 0.0 0.0 
trans-2-Naphthol 0.018 0.2 7184.2 0.0 0.0 
cis-2-Naphthol 0.010 0.1 1722.9 21.7 0.0 
p-Fluorophenol 0.001 0.0 2963.5 3.1 0.0 

The linewidth, r, is assumed to be lOcm -~. 
CCF, cross correlation factor; PC, probability from CCF 
frequency shift (%); P, product of probabilities (%). 

(%); FS, frequency shift (cm-]); PFS, probability from 
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.~--~ 0.6 

"~: 0.4 
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I • I • I • I • 

o 1.0 0.2 0.4 0.6 0.8 

CCF 

Fig. 4. Probability of alkylbenzenes against CCF value. 
Owing to the small number of compounds available, the 
data (0 or 1) are directly plotted in the Figure. The solid 
curve is calculated from Eq. (5) by fitting the experimental 
data to k = 0.4. 
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0.4 

0.2 

r-118:8 

5:8 

, i ~ I ~ I ~  __, 0 i n  21 
1000 2000 3000 4000 

Frequency (cm -I ) 

Fig. 5. Probability density of alkylbenzene against the 
frequency shift of the 0 0 transition from that of benzene. 
The solid curve is calculated from Eq. (6) by fitting the 
experimental data to m = 4. 

4. Conclusion 

A supersonic jet spectrum contains informa- 
tion concerned with skeletal vibrations, so that 
the skeletal structure can be well-predicted by 
pattern recognition. The wavelength of  the 0 - 0  
transition also contains information on the 
chemical structure. Thus the accuracy in pre- 
diction is improved by multiplying the above 
two probabilities obtained independently. Ad- 
ditional data concerned with fluorescence and 
multiphoton ionization spectra might also be 
useful for this purpose. Pattern recognition 

may be applied to analysis of the mass frag- 
ment spectrum for more accurate prediction of 
the chemical structure. 

In this study, the determination of functional 
group position must be regarded as prelimi- 
nary, since the number of  supersonic jet spectra 
reported is small at the present time. By in- 
creasing the number of accumulated data, it 
will become possible to discuss the effect of 
other substitutional groups, such as OH or 
NH2. Their CCF values are quite small when 
an alkylbenzene is used as a standard sample, 
suggesting that it may be possible to discrimi- 
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nate such compounds from other aromatic hy- 
drocarbons, especially alkylbenzene. 

For more accurate prediction of chemical 
structure, it is necessary to accumulate a large 
number of spectra in the database, as de- 
scribed. For this purpose, it is necessary to 
develop an instrument which allows measure- 
ments of the supersonic jet spectrum in a short 
time period. For example, the sample should be 
replaced immediately without changing the 
conditions of the nozzle and the vacuum sys- 
tem [10]. Further, a widely-tunable laser source 
may be essential, because the tunable range of 
the dye laser currently used is very limited and 
is not suitable for application to unknown 
samples. A titanium-doped sapphire laser or an 
optical parameteric oscillator coupled with a 
frequency conversion system is quite attractive. 
A multi-frequency laser may be also used to 
reduce the time for recording a spectrum [11]. 
Such hardware developments are essential not 
only for construction of the database, but also 
for practical use of supersonic jet spectrometry 
in routine work. 
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Abstract 

A simple and sensitive photometric method for the trace determination of 1-naphthylamine has been 
worked out. The method is based on the coupling reaction of the determinand in acidic medium with 
diazotized sulfisomidine, to form a purplish violet water-soluble mono azo dye that shows maximum 
absorption at 540 nm with a molar absorptivity of 4.47 x 10  4 1 mol J cm- ~. Beer's law is obeyed over the 
concentration range 5 70 tag of 1-naphthylamine in a final volume of 25 ml, i.e. 0.2 2.8 p.p.m, with a 
relative error of -0 .7  to +1.7% and a relative standard deviation of 0.35-4.2%, depending on the 
concentration level. Moreover, the method does not require either temperature control or solvent extraction. 
Interferences due to foreign species have been examined. The developed method has been applied to the 
determination of 1-naphthylamine in river water and sea water. 

1. Introduction 

1-Naphthylamine, being a first-class carcino- 
gen, is important from the view point of  toxi- 
cology [1,2], and therefore its assay is very 
desirable. The methods available for the deter- 
mination of  1-naphthylamine are mainly spec- 
trophotometric because of their outstanding 
features [3]. The commonly used methods for 
the determination of the intended compound 
can be grouped into three types. Type I meth- 
ods involve treatment of  1-naphthylamine with 
nitrite in acidic medium to form a diazonium 
cation; this is subsequently coupled with an 
activated aromatic nucleus in either acidic [4] 
or basic [5] medium, depending on the nature 
of  the coupling component,  to form a colored 
azo dye for measurement of  1-naphthylamine. 
These methods are rather time-consuming, not 
sensitive and involve a several-step procedure. 
Further, sometimes toxic reagents are used 

* Corresponding author. 

003%9140/95/$09.50 © 1995 Elsevier Science B.V. All rights 
SSD1 0039-9140(95)01546-9 

such as 2-naphthol [6]. 
Type II methods comprise the coupling of  

1-naphthylamine with diazotized reagent to 
form an intensely-colored azo dye. In this re- 
spect, diazotized sulfanilic acid [7], diazotized 
3,5-dichloraniline [8], diazotized p-aminoace-  
tophenone [9], diazotized p-nitroaniline [10], 
and diazotized p-aminobenzophenone [11] have 
been reported for the determination of 1-naph- 
thylamine. Type III  methods involve condensa- 
tion of the determinand with a nitroso 
aromatic compound to form the corresponding 
colored azo dye [12]. This technique is time- 
consuming, insensitive and the reaction 
medium should be 30% in acetic acid for the 
performance of the method. 

Type II methods are characterized by sim- 
plicity, rapidity, and sensitivity, but a review of 
these methods reveals that the investigations 
performed using these procedures [9-11] re- 
quire further study. This paper is devoted to a 
detailed investigation of the coupling reaction 
conditions of  1-naphthylamine with diazotized 

reserved 
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sulfisomidine. The developed method has 
proved successful, and has been applied to the 
assay of 1-naphthylamine in river and sea wa- 
ters. 

pH measurements (at 20-25 °C) are carried 
out using a Philips PW 9421 pH meter, reading 
to three decimal places. 

2.3. Procedure 

2. Experimental 

2. I. Reagents 

Caution-gloves are worn in weighing, and all 
transfers of 1-naphthylamine solutions should 
be made with a pipette filler. 

Stock 1-naphthylamine solution, lOmg ml i 
1-Naphthylamine (0.10000g) (Hopkins and 

William) is dissolved in ethanol (Fluka), and 
the volume is then made up to 10ml in a 
volumetric flask. 

This solution, when stoppered tightly and 
kept in the refrigerator ( ~ 5 °C), is stable for at 
least 3 months. 

Working 1-naphthylamine solution, 501tg ml i 
A 0.5ml volume of the stock 1-naphthy- 

lamine solution is transferred into a 100ml 
volumetric flask, and diluted to the mark with 
distilled water. This solution is stable for at 
least 1 week. 

Diazotized sulfisomidine solution, 3 m M  
A 22.4 ml volume of 6.7 mM sulfisomidine 

(Sigma) solution is transferred to a 50 ml volu- 
metric flask. 3 ml of sodium nitrite (BDH) 
solution (0.0035gml ~) is then added and, 
after adding water to 40 ml, the mixture is 
cooled to 5 °C. A 3 ml volume of 1 M HsPO 4 
(Fluka) solution is added, the mixture is stirred 
occasionally for 10 min and the volume is made 
up to 50ml with additional (~.5 °C) cooled 
distilled water. This solution is stored in dark- 
ness over ice and used after 20min. The 
reagent when kept in the refrigerator ( ~  5 °C) 
is stable for at least 9 days. 

Foreign compound solutions, 1 mg ml 1 
These are prepared in either distilled water 

or ethanol. 

2.2. Instruments 

Absorbance and spectral measurements are 
performed on a Pye Unican SP 30 UV double- 
beam digital spectrophotometer using 1 cm op- 
tical silica matched cells. 

To a series of 25 ml volumetric flasks are 
added 5 70 gg samples of 1-naphthylamine. 
Distilled water (10 ml) and 3 ml of 1 M H3PO4 
solution are then added, and the mixture is 
shaken. A 2 ml volume of  3 mM diazotized 
sulfisomidine solution is then added and the 
volume is diluted to the mark with distilled 
water. After standing for 20-30 min, the ab- 
sorbances are measured against the corre- 
sponding blank at 540 nm using 1 cm cells. The 
apparent molar absorptivity of the wavelength 
of measurement is 4.47 x 1041 mol -~ cm -~. 
The stability period of at least 30 min is suffi- 
cient for many measurements to be made at the 
same time. 

For  the subsequent experiments, 50 ~tg of 
1-naphthylamine is taken and the final volumes 
are 25 ml. 

3. Results and discussion 

3.1. Stud), of  the optimum reaction conditions 

The effects of various parameters on the 
absorption intensity of the azo dye are studied 
and the reaction conditions are optimized. 

3.2. Choice of diazotized reagent 

Several previously unreported diazotized 
reagents have been examined for the photomet- 
ric assay of 1-naphthylamine. These reagents 
are: diazotized sulfisomidine, sulfameter (5- 
methoxysulfadiazine), sulfamethazine, sulfame- 
thizole, sulfanilamide, sulfanilic acid, sulfa- 
pyridine, sulfathiazole, and sulfaisoxazole. Dia- 
zotized sulfisomidine has been selected because 
it satisfies certain requirements [9] (intensity of 
the azo dye formed and the relatively rapid 
coupling rate). This reagent is also easily diazo- 
tized and remains stable for several days when 
stored at about 5 °C in darkness. Further, dia- 
zotized sulfisomidine gives a water-soluble azo 
dye with 1-naphthylamine under the experi- 
mental conditions, thus avoiding a time-con- 
suming extraction process. The foregoing 
characteristics recommend diazotized sulfiso- 
midine as a reagent for the assay of 1-naphthyl- 
amine. 
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3.3. Effect of acid 

It is well-known that aromatic amines couple 
with diazonium salts in acidic to nearly neutral 
medium [3]. Different amounts (1 10ml of 
1M) of different acids (HCI, HC104, HNO3, 
H2SO4, H3PO4 and CH3COOH) have been 
examined for their effect on the color intensity 
of the azo dye. The experimantal data reveal 
that in the case of strong acids, both the 
amount and order of the acid (sam- 
ple + acid + diazotized reagent or sample 
+diazotized reagent + acid) added affect the 
intensity of the colored azo dye, and are imma- 
terial when the acids are weak. 

3.4. Effect of base 

Different amounts (1 10 ml of  1 M) and or- 
ders (sample+ base +diazot ized reagent or 
sample + diazotized reagent + base) of various 
bases (CH3COONa, NaHCO3, Na2CO3, NH3, 
NaOH and KOH) have been investigated for 
their effect on the color intensity of the azo 
dye. The color of the azo dye changes from 
violet in acidic media to orange then to yellow- 
ish-brown as the amount of base increases in 
the reaction medium. In addition, the blank 
changes from colorless in acidic media to yel- 
low in basic media. 

Acidic medium is preferred over basic 
medium because of: (a) strong color contrast, 
(b) higher sensitivity, and (c) better expected 
selectivity of determination because most com- 
pounds are activated towards coupling in basic 
medium. 

A 3 ml volume of 1 M H3PO4 acid (final pH 
of the reaction mixture ~ 1.5) is selected for the 
subsequent experiments. This is because H3PO4 
can act as a masking agent for cations such as 
iron(III), aluminium, and calcium, which may 
be present with the determinand in the same 
sample and are expected to interfere. 

3.5. Formation of diazotized sulfisomidine 

The diazotization reaction proceeds accord- 
ing to the following equation: 

0 5 ° C  

ArNH2 + NaNO2 + 2HX , ArN2X + NaX 

+ 2H20 

From the above equation, it is observed that 
the formation of diazonium salt is related to 
three components: the amine, the acid and the 

nitrite. Therefore, in the subsequent experi- 
ments the effect of each has been investigated. 

3.6. Effect of acid-to-amine ratio 

From the above equation, it can be observed 
that the acid reacts with the amine in a 2:1 
ratio to form the diazonium salt. Different 
ratios of different acids (strong and weak) have 
been examined for their effect on the yield of 
the colored azo dye. 

The experimental data have drawn the fol- 
lowing observations. 

(i) The diazotization of sulfisomidine can be 
carried out equally well in strong acid medium 
and weak acid medium. 

(ii) In general, the absorbance of the colored 
azo dye becomes independent of the acid-to- 
amine ratio when the latter is greater than or 
equal to 2. 

(iii) Generally, the absorbance of the col- 
ored azo dye becomes independent of the 
amount of diazotized reagent when the latter is 
greater than 2 x 10 3 mmol per 25 ml final vol- 
ume. 

(iv) The same absorbance is essentially ob- 
tained when nitrite and sulfisomidine are mixed 
(in the absence of acid) and added to the 
sample solution containing 3 ml of 1 M H3PO4 
per 25 ml final volume. This indicates that the 
diazotization of sulfisomidine is very fast. 
However, the 3 ml of I M H3PO 4 is omitted 
and the procedure repeated, only a faint or- 
ange-red color is obtained (0.005 A unit). 

(v) At a higher acidity ratio in HCI medium, 
the yield of the colored azo due decreases, 
probably because nitrous acid will exert an 
oxidizing rather than a nitrosating effect [14]: 

2NO 2 + 2C1- + 4H + ~ 2 N O  + CI 2 + 2H20 

(vi) Phosphoric acid is recommended for dia- 
zotization because, in this acid, diazotization is 
fast, the color of the diazonium salt formed in 
more faint than in other acids, and the excess 
which remains can act as a masking agent [15]. 

3.7. Effect of amine-to-acid ratio 

Amine solutions of concentrations 1, 3 and 
5 mM have been prepared in phosphoric acid 
at acid-to-amine ratios between 2:1 and 100:1 
for the concentrations of the amine. From the 
results obtained, a 3 mM solution has been 
selected for the subsequent experiments. This 
concentration of the diazotized reagent has 
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been selected as a compromise between sensi- 
tivity and stability of the diazonium salt. The 
stability of diazonium salts decreases as their 
amounts increase [16]. 

reaches a maximum at 20 °C, and remains con- 
stant up to 45 °C. Therefore, it has been rec- 
ommended to carry out reactions at room 
temperature (20 °C). 

3.8. Effect of nitrite-to-amine ratio 

At a constant amine-to-acid ratio of 1:20, 
the effect of  nitrite-to-amine ratio has been 
evaluated for optimal color intensity using 1, 3 
and 5 ml of the prepared diazotized reagent 
solution. As the ratio of nitrite to amine be- 
comes more than 1:1 and a higher volume of 
diazotized reagent is used, the color changes 
from violet to pinkish-orange. Therefore, a 1:1 
nitrite-to-amine ratio is recommended for sub- 
sequent experiments. 

3.9. Mode of preparation of diazotized reagent 

There are three possible modes for the 
preparation of diazotized sulfisomidine. Mode 
II of preparation (amine + NaNO2 then acid) is 
chosen for subsequent experiments, because the 
diazonium salt prepared by this mode has the 
least faint color. 

3.10. Amount of diazotized reagent 

0.5 10ml of 3 mM diazotized sulfisomidine 
reagent was examined over the range 5 100 gg 
of 1-naphthylamine per 25 ml final volume for 
optimal readings of absorbance. The experi- 
mental data reveal that the absorbance in- 
creases significantly with increasing amount of 
diazotized sulfisomidine, and remains approxi- 
mately constant in the range 2 - 7  ml of 3 mM 
diazotized reagent solution. Larger amounts 
decrease the absorbance and cause hyp- 
sochromic shift. The shift may be due to multi- 
ple coupling [17]. A 2ml  volume of 3 mM 
diazotized reagent has been selected for the 
procedure, because a good correlation between 
abosrobance and determinand concentration 
exists. Also, the stability period of the colored 
azo dye is suitable, the sensitivity of the col- 
ored azo due is adequate, and at lower reagent 
amounts the selectivity of determination will 
increase. 

3.11. Effect of temperature 

3.12. Absorption spectra 

When a dilute solution of 1-naphthylamine 
in the presence of phosphoric acid, under the 
above-established conditions, is mixed with di- 
azotized sulfisomidine reagent, a purplish-violet 
colored azo dye forms. This shows maximum 
absorption at 540 nm, in contrast to the color- 
less reagent blank which shows no absorption 
at the wavelength of maximum absorption. 
Fig. 1 shows the absorption spectra of the azo 
dye and the corresponding reagent blank. The 
wavelength of  maximum absorption at 540 nm 
has been adapted for the subsequent work. 

3.13. Kinetics of diazotized sulfisomidine 
reagent formation 

The formation of the diazotized reagent 
(from its components) has been followed by 
taking 2 ml of 3 mM solution of  the diazotized 
reagent at various time intervals and measuring 
the absorbance of the treated standard (accord- 
ing to the recommended procedure). The ob- 
tained results indicate that the diazotized 
reagent solution can be used after 20-30 min 
from preparation and up to at least 10 days, 
provided it is kept in the dark at about 5 °C. 

3.14. Accuracy and precision of the method 

To check the accuracy and precision of  the 
method, 1-naphthylamine has been determined 
at three concentrations. The results are shown 
in Table 1 and indicate that the method is 
satisfactory. 

Table 1 
Accuracy and precision of the method 

Amoun t  of  Relative Relative 
1-naphthylamine error"  (%) standard 
taken (gg) deviation a (%) 

5 
The experimental data show that the ab- 30 

sorbance of the azo dye increases as the tern- 70 
perature increases in the range 0 -20°C ,  

+1.7  
--0.7 

0 

_+4.2 
+_1.0 
_+0.4 
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Fig. 1. Absorption spectra of 50 pg of 1-naphthylamine/25 ml measured against: (A) blank; (B) blank against distilled 
water. 

3.15. Nature of the dye 

The composition of the colored azo dye has 
been established using Job's method of contin- 
uous variation. The results indicate that the 
dye has been obtained by a 1:1 combining ratio 
of diazotized sulfisomidine to 1-naphthylamine, 
revealing a mono azo dye. 1-Naphthylamine 
couples with diazonium salts at the 4-position, 
and the structure of the azo dye may be written 
as follows: 

H3C H O H 

H3C 

The apparent stability constant has been calcu- 
lated [18] and is found to be 3.3 × 104. 

3.16. Effect of  organic solvents 

Basic solvents cause hypsochromic shift and 
sensitivity decrease. Water is shown to be a 

good medium from the points view of  sensitiv- 
ity and economy. Common immiscible organic 
solvents only partially (if at all) extract the 
colored azo dye. 

3.17. Interferences 

In order to assess the possible analytical 
applications of the present proposed method, 
the interfering effects of foreign substances (or- 
ganic and inorganic) at various levels on the 
determination of 50 pg of 1-naphthylamine by 
the recommended method have been examined, 
and the results are given in Table 2. 

From the data given in Table 2, it can be 
observed that some compounds exist that can 
interfere with the analyte. However, extraction 
or chromatography can successfully remove 
these interferences. 

3.18. Application of the method 

Determination in river water 
1-Naphthylamine may find its way into river 

water through the discharge of  some dye facto- 
ries. The results for the determination of the 
compound are shown in Table 3. 
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Table 2 
Effect of foreign compounds on the determination of 50 lag 
of 1-naphthylamine 

lnterferent Form added Minimum tolerable 
amount " (p.g) 

Aluminium A1Cl 3 " 6H20 500 
Ammonium N lt 4 CI 1000 
Aniline 500 
Ascorbic acid - < 50 
Benzidine - 1000 
Benzoic acid 1000 
Bicarbonate NaHCO 3 1000 
Boric acid 1000 
Carbonate Na2CO3 1000 
Chloride NaC1 < 100 
Copper(ll) CuCI 2 1000 
Diphenylamine < 50 
EDTA Disodium salt 1000 

dihydrate 
Hydroxylamine Hydrochloride 50 
Indole -- < 50 
Iodide Nal < 50 
Iron(Ill) FeCI 3 - 6H20 500 
Magnesium MgCI 2 - 6H20 200 
Malonic acid 200 

-Naphthol 200 
fl-Naphthol < 50 
Nitrate NaNO3 1000 
Oxine 1000 
Phloroglucinol 200 
1,10-Phenanthroline Hydrochloride 1000 

monohydrate 
Phenol 1000 
Phosphate Nail 2 PO 4 1000 
Picolinic acid 1000 
Potassium KCI < 50 
Pyrrole - < 50 
Resorcinol < 50 
Salicylate Sodium 1000 

salicylate 
Silicate Na2SiO3.5H20 1000 
Sulphate Na2SO 4 500 
Urea - 500 

Amount of interferent causing a relative error equal to or 
better than _+2.5% in the absorbance reading of 50lag 
1-naphthylamine. 

D e t e r m i n a t i o n  in sea  w a t e r  

T h e  c o m p o u n d  m a y  f ind its w a y  in to  sea 

w a t e r  by  sh ip  acc iden t .  T o  s imu la t e  this ,  syn-  

the t ic  sea w a t e r  has  b e e n  p r e p a r e d  [19] a n d  

1 - n a p h t h y l a m i n e  h a s  been  a s s a y e d  in sea w a t e r  

by  the  p r e s e n t  m e t h o d ,  a n d  the  resu l t s  a re  

s h o w n  in T a b l e  4. 

Table 3 
Determination of 1-naphthylamine in river water 

l-Naphthylamine Recovery (%) of 1-naphthylamine 
added (lag) per ml of river water used 

1 3 5 7 10 15 

5 97.0 98.3 101.4 97.1 96.4  105.4 
30 104.4 99.1 101.6 100.8 102.0 101.8 
70 99.8 100.2 100.7 100.3 100.7 100.5 

Table 4 
Determination of l-naphthylamine in sea water 

1-Naphthylamine Recovery (%) of 1-naphthylamine 
added (lag) per ml of sea water used 

1 3 5 7 10 15 

5 105.1 95.2  101.4 97.0 101.5 105.1 
30 99.1 99.2  100.3 97.8 98.3 98.0 
70 97.9 97.9 97.1 95.2 93.8 90 
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Abstract 

A new functional resin with a long functional side chain was synthesized by modification of aminated 
macroporous poly(vinyl chloride) resin with cyanoethylene and ethylenediamine. Traces of Au(III), Pt(IV) 
and Pd(II) in aqueous solution were quantitatively adsorbed in the acidity range of pH ~< 4 and CH+ ~< 3 M. 
The rate of equilibration is high; Cu 2+, Fe 3+, Ni 2+, etc. exhibit little interference on the adsorption of the 
sought noble metals. The saturated adsorption capacities for Au(III), Pt(IV), Pd(II) and Ir(IV) in 2 M HCI 
were ~>4.0, 1.57, 2.26, 1.85mmolg 1. Adsorbed ions can be quantitatively desorbed by 4% 
thiourea+0.25 M H2SO 4. The resin has good reusability, and can be used for preconcentration and 
separation of Au(III), Pt(IV) and Pd(II) prior to their determination by ICP-AES with satisfactory results. 

1. Introduction 

Adsorption methods are widely used and are 
the most effective methods for preconcentra- 
tion and separation of noble metal ions from 
aqueous solution. Many different adsorbents 
have been used in this respect [1-8]. However, 
the mechanisms of adsorption of noble metals 
are not well defined because of the complica- 
tion of  the form of  these elements in aqueous 
solution. Optimization of the adsorption condi- 
tions is also difficult [9]. To date, although a 
wide variety of different adsorbents used for 
preconcentration and separation of noble metal 
ions prior to their determination have been 
described, the methods do not meet all analyti- 
cal requirements [3]. In general, adsorption of 
noble metal ions onto chelating adsorbents 
takes place on prolonged shaking or heating, 
owing to their low rate of  ligand exchange [10]. 

* Corresponding author. (ZR-94-004). 

oo39-914o/95/$o9.5o © 1995 Elsevier Science B.V. All rights 
SSDI 0039-9140(95)01553-1 

Meanwhile, the desorption of these ions is 
difficult for many adsorbents. In analytical pro- 
cedures these adsorbents have to be destroyed 
by ashing at high temperature or heating with 
a perchloric-sulfuric acid mixture to recover 
the adsorbed elements [11]. It is valuable to 
synthesize novel adsorbents with high selectiv- 
ity, high adsorption rate, and from which ad- 
sorbed metal ions can be readily desorbed. We 
attempt to improve the kinetic characteristic of 
the adsorbent by increasing the chain length 
between the macromolecular network and 
functional groups. This can increase the flexi- 
bility of the sidechain which contains the func- 
tional group and improve the access of metal 
ions to the functional groups. 

According to Myasoedova et al. [11], func- 
tional resins containing nitrogen-heterocyclic 
groups are highly selective for noble metals. In 
this work, a macroporous adsorbent which has 
a long functional sidechain is synthesized. The 
selectivity of this adsorbent for Au(III), Pt(IV) 

reserved 
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and Pd(II) is high. Desorption of these ions 
from the adsorbent is easy. The adsorbent can 
be successfully applied to the determination of 
Au, Pt and Pd in a sample. 

2. Experimental 

2. I. Instrumentation and reagents 

An ICP 6500 inductively coupled plasma 
optical emission spectrometer (Perkin-Elmer), a 
Nicolet 170-SX Fourier transform-infrared 
(FT-IR) spectrometer, a Model pHs-2 precision 
pH-meter (the second Analysis instrument fac- 
tory at Shanghai, China) were used. The sorp- 
tion column was a glass tube (4.5mm i.d., 
10 cm length) in which a small pad of  cotton- 
wool had been placed beforehand. A stock 
solution of  Au, Pt, Pd, Ir and Ru was prepared 
by dissolving spectroscopically pure HAuC14- 
2H20 ,  (NH4)2PtC16, PdC12, (NHa)2IrC16, and 
(NH4)2RuC16 in dilute HCI. All other reagents 
were analytical grade. Demineralized distilled 
water was used for preparing aqueous solutions. 

2.2. Synthesis of  adsorbent 

The macroporous cyanoethylamino resin 
(CEA) was synthesized as described previously 
02]. 

Imidazolinyl ethyl amino resin (lEA) was 
prepared by the following procedure. Twenty 
grams of CEA, 50 ml ethylene diamine, 40 ml 
toluene and a little amount of sulfur powder 
were added to a 250 ml three-necked flask with 
a reflux condenser, a thermometer, and an 
agitator. The mixture was refluxed for 7 h. The 
resulting product was filtered. After washing 
with ethanol several times the resin was ex- 
tracted with 75% ethanol until the extract was 
colorless. The product was dried at 80 °C under 
vacuum for later use. The nitrogen content of  
IEA was 11.96%. 

The synthetic route of the IEA can be de- 
scribed schematically as 

I 
CH2 
] CH2 = CH - (TN 

CHNHCH2CH2NH2 
J 

N H2CH2CH2N H2 

2.3. Determination of equilibration rate 

Sixty milliliters of 2 M HCI containing 
Au(III), Pt(IV), and Pd(II) (50.0 lag of each) 
was added to a vessel fitted with a glass 
stopper. 0.1 g of IEA resin was added, and the 
vessel was shaken for the necessary time on a 
mechanical vibrator. The supernatant was de- 
canted immediately. The metal ions in super- 
natant were determined by ICP-AES (forward 
power l l00W; viewing height 17 mm; argon 
plasma gas flow rate 141min ~, argon auxil- 
iary gas flow rate 0.41min 1, argon nebulizer 
gas flow rate 1 .01min-< wave length Au 
242.795, Pt 214.423, Pd 229.651, Ir 224.268, 
Ru 240.272nm). The rate of adsorption at 
different shaking times was calculated. 

2.4. Adsorption procedure 

IEA resin (0.1 g) which had been soaked in 
distilled water for 24 h was loaded into the 
sorption column and washed with HCI of the 
same concentration as that in the test solution. 
The test solution (60-100 ml) was then passed 
through the column at 0.5 1.0 ml min ~, and 
the resin bed was washed with about 5 ml HC1 
of the same concentration. The solution which 
passed the column was evaporated to about 
5 ml, transferred into a 10 ml volumetric flask, 
and diluted to the mark with distilled water. 
The metal ions in the solution were determined 
by ICP-AES. The efficiency of adsorption 
was calculated using S% = [(a-CV)/ 
a] x 100%, where a is the initial amount of the 
metal ion in the test solution (gg) C is the 
concentration of metal ion in volumetric flask 
(~tgml-~), and V is the volume of volumetric 
flask (ml). 

Adsorbed Au(III), Pt(IV) and Pd(II) were 
desorbed with preselected eluant and trans- 
ferred into a 10 ml volumetric flask, diluted to 
the mark. Metal ions were determined by ICP- 
AES. Recovery was calculated. 

I 
(7H2 
I 

CHNHCH2(7H2NHCH,2CH2CN 
I 

I 
CH~ N H,,,~ 
I / 

(;HNHCH2CH2NH('H~CH~ - (; [" 

J ",,'~XN / (7 H2 
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2.5. Metal adsorption capacities 

A batch equilibrium technique was used to 
determine metal adsorption capacities. Ten mil- 
ligrams of IEA resin was added to each of four 
vessels with glass stoppers. Ten milliliters of  
2 M HC1 containing different amounts of  
Au(III) was added to each vessel. These vessels 
were then shaken on a mechanical vibrator for 
10 h. A portion of supernatant was removed 
and the metal ion was determined by ICP-AES. 
The adsorption capacity of Au(III) was calcu- 
lated. The adsorption capacities of Pt(IV), 
Pd(II) and Ir(IV) were determined by same 
procedure. 

2.6. Analysis of  sample 

A 0.2 g smelter sample was added to a nickel 
crucible containing a 0.5 g Na2CO3 and 1.5 g 
Na20  2 mixture, and was covered with a little 
amount of Na2CO3-Na202 mixture. The sam- 
ple was then fused in an electric muffle at 
700 °C for 10 min. After cooling, it was dis- 
solved in hot water and transferred into a 
beaker. Conc. HCI was added to adjust the 
acidity. The solution was boiled for 30 min, 
and then filtered. The residue and filter paper 
were washed with 2 M HC1 several times. Au, 
Pt and Pd were adsorbed, and determined fol- 
lowing the above procedure. 

The standard nickel alloy reference sample 
(102-A-7) was analyzed following the same 
procedure after being dissolved in aqua regia. 

rive adsorption of microquantities of Au(III), 
Pt(IV) and Pd(II) was reached in 2 min. The 
high rate of  equilibration may be due to the 
high flexibility of the functional group and the 
hydrophilicity of the sidechain. These proper- 
ties of the adsorbent enabled the ions in 
aqueous solution to readily approach the func- 
tional group. 

3.3. Desorption conditions 

Thiourea and mineral acid mixtures of differ- 
ent concentrations were used as eluants after 
Au(III), Pt(IV) and Pd(II) had been adsorbed 
by the IEA resin. The results showed that 4% 
thiourea + 0.5 M mineral acid could quantita- 
tively desorb the above metal ions. Figs. 2 and 
3 show the desorption curves of 4% 
thiourea + 0.5 M HC1 and 4% thiourea + 2% 
H2SO 4 -I- 1% KSCN as eluants. Multiple exper- 
iments showed that 4% t h i o u r e a + 0 . 2 5 M  
H2SO4 was the best eluant. The recovery of 
Au(III), Pt(IV) and Pd(II) using this eluant was 
96.0%, 99.3% and 99.0%, respectively. Because 
of  the high dissolved solid content of the elu- 
ant, the recovery values of the single determi- 
nation were mostly in the 90-110% region. 
However, the precision is acceptable in the 
determination of trace amounts of elements. 
We also found that after the adsorption of the 
above metal ions, the desorption must be per- 
formed immediately. If the time between ad- 
sorption and desorption was more than 6 h, the 

3. Results and discussion 

3.1. Solution acidity 

Fig. 1 shows the effects of pH and acidity on 
the adsorption of Au(III) (0.82ggml-~),  
Pt(IV) (0.861agml 1), Pd(II) (0 .92ggml 1), 
Ir(IV) (1.17 ktgml 1) and Ru(IV) 
(1.00 gg ml-~). Pd(II) could be quantitatively 
adsorbed by the lEA resin at pH ~< 6.0 and 
CH+ <~ 6 M, Au(III) at pH ~< 4.0 and 
CH+~<6M, Pt(IV) at pHi<6 .0  and CH+~< 
3 M, and Ir(IV) at pH ~> 2. 

3.2. Extraction time 

Under batch conditions, the degree of ad- 
sorption in 2 M HC1 was determined after 
shaking for between 2 min and 4 h. A quantita- 
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Fig. I. Effect of acidity on adsorption of 49.4 )~g Au(III) 
(©), 51.6 gg Pt(IV) (O), 55.5 gg Pd(II) (A), 70.0 ~g Ir(IV) 
(X), and 60.0 gg Ru(IV) (El) on IEA resin. Solution vol- 
ume 60 ml, sorbent 0. I g, flow rate 1.0 ml rain -I. 
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Fig. 2. Desorption curve of 49.4 ktg Au(IIl) (©), 51.6 ~tg 
Pt(IV) (0 )  and 55.5 lag Pd(lI) (A) with 4% thiourea+ 
0.5 M HCI. Sorbent 0.1 g, flow rate 2.0mlmin -~. 
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Fig. 3. Desorption curve of 49.4 ~tg Au(III) (©), 51.6 ~tg 
Pt(IV) (0 )  and 55.5 p-g Pd(II) (A) with 4% thiourea + 2% 
H2SO 4 d- 1% KSCN. Sorbent 0.1 g, flow rate 2.0 ml min -~. 

recovery of Pt(IV) and Pd(II) was less than 
90%. If  the time was more than a day, only 
half of Pt(IV) and Pd(II) was desorbed. In 
addition, determination of Au(III), Pt(IV) and 
Pd(II) in the eluant by ICP-AES had to be 
carried out in 2 h. Otherwise, the results would 
be incorrect, owing to the reduction of these 
ions by thiourea. 

3.4. Effects of  accompanying ions 

Table 1 shows the effects of accompanying 
ions on the adsorption of Au(III), Pt(IV) and 
Pd(II) (50.0 lag in 60 ml) by IEA resin. None of 
these ions caused interference to the adsorption 
or the determination of Au(III), Pt(IV) and 

Pd(II). The selectivity of this resin for these 
noble metal ions is high. 

3.5. Adsorption of  Au(lll), Pt(IV) and Pd(II) 
from the p.p.b, range 

500 ml of 2 M HC1 containing Au(III) 39.6 
p.p.b., Pt(IV) 41.2 p.p.b., and Pd(II) 41.4 p.p.b. 
was passed through 0.1 g of the IEA resin 
following the above procedure, and was then 
desorbed with 10ml 4% thiourea+0.25 M 
H 2 S O  4. The recovery is shown in Table 2. 

Au(III) 39.6, Pt(IV) 41.2, Pd(II) 44.4 p.p.b. 
in 500ml solution (pH 1.0) containing Cu 2+, 
Fe 3+, Zn 2+ (100p.p.m. each), Ni 2+, Mn 2+, 
Cr 3+, Ca 2+, Mg 2+ (10 p.p.m, each) were ad- 
sorbed and desorbed following the same proce- 
dure. The recovery is also shown in Table 2. 

The results showed that at 2 M HC1 the re- 
covery of adsorption of Au(III), Pt(IV) and 
Pd(II) from the p.p.b, range solution was not 
satisfactory. However, at pH 1.0, in spite of the 
existence of a large amount of accompanying 
ions, the p.p.b, range of Au(III), Pt(IV) and 
Pd(II) could be adsorbed at a high flow rate 
with acceptable results. 

3.6. Stability and reusability of the resin 

In one experiment, Au(III), Pt(IV) and 
Pd(II) were adsorbed and desorbed following 
the above procedure, the column was then 
washed with distilled water until neutral, and 
another adsorption-desorption cycle was car- 
ried out. After 10 cycles of adsorption desorp- 
tion, the efficiency of adsorption and recovery 
of desorption showed virtually no change 
(Table 3). Thus the stability and reusability of 
IEA resin is satisfactory. 

3. 7. Saturated capacity of  adsorption 

Fig. 4 shows the results of the determination 
of the saturated capacity of IEA resin. The 
amounts of Pt(IV), Pd(II) and Ir(IV) were 1.57, 
2.26 and 1.85mmol per gram of dry resin, 
respectively. However, Au(III) did not reach 
saturated adsorption until 8.19rag Au(III) in 
solution. This was due to the reduction of 
Au(III) to Au(0). In these experiments, after 
the vessels containing Au(III) solution and IEA 
resin were shaken for several hours, a powder 
with a golden glitter was observed on the bot- 
tom of the vessel and on the surface of the 
resin. 
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Table 1 
Effects of accompanying ions on recovery (%) of  50 lag Au(Ill), Pt(IV) and Pd(ll) 

1131 

Accompanying ion (mg) 

Cu 2+ (50) Fe 3+ (50) Zn 2+ (50) Ni 2+ (5) Mn 2+ (5) Cr 3+ (5) Ca 2+ (5) Mg 2+ (5) 

Au(III) 92.2 105.l 88.4 93.9 102.4 96.8 96.4 103.0 
Pt(IV) 94.9 91.1 98.2 91.5 92.5 99.4 91.8 96.3 
Pd(II) 98.8 98.6 92.3 94.3 95.9 105.4 93.5 91.4 

Solution volume 60 ml, sorbent 0.1 g, flow rate 1.0 ml m i n i .  

Table 2 
Recovery (%) of Au(III), Pt(IV) and Pd(II) adsorption 
from the p.p.b, range 

Au(IIl) Pt(IV) Pd(II) 

2 M HCI ~ 83.8 82.6 66.2 
pH 1.0 b 94.5 86.6 80.6 

Flow rate 1.0 ml m i n -  ~. 
b Flow rate 16.0 ml min " 1. 
Solution volume 500 ml, sorbent 0.1 g. 

3.8. Analytical application 

Au, Pt and Pd in a sample from a smelter 
and a standard nickel alloy reference sample 
were adsorbed and determined by the above 
procedure. The reliability of the procedure for 
the smelter sample was confirmed by the stan- 
dard addition method (Tables 4 and 5). 

3.9. IR spectra of the lEA resin and IEA-Pd 

The IR absorption bands of IEA resin alone 
and saturated with Pd(II) ions (IEA-Pd) were 

/ 
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g 5oo, 

K 400 

o 300 
< 

200, 
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A & 

800 

100 ., 
400 560 600 760 860 960 1000 

Initial concentration (mg / 1) 
Fig. 4. Effect of concentration on capacity of adsorption 
of IEA resin for Au(II1) (©), Pt(IV) (O), Pd(II) (&) and 
Ir(IV) (X). Solution volume 10 ml, sorbent 10 mg, shaking 
time 10 h. 

assigned according to Refs. [13-15] (Table 6). 
Absorption at 2244 cm-1 of IEA was due to 
the unreacted cyanogroup. It disappeared after 
saturation with Pd owing to hydrolysis. After 

Table 3 
Effects of adsorption desorption cycles on adsorption of  49.4 gg Au(lll), 51.6 Lag Pt(IV) and 55.5 lag Pd(II) 

Cycle Adsorption (%) Desorption recovery (%) 

Au(llI) Pt(IV) Pd(II) Au(llI) Pt(IV) Pd(ll) 

1 99.5 100.0 98.7 - - 
2 98.8 100.0 100.0 103.6 103.0 101.2 
3 99.3 97.3 100.0 91.5 97.8 97.6 
4 99.2 100.0 100.0 101.4 105.6 103.8 
5 97.7 100.0 100.0 95.6 93.7 106.0 
6 98.6 100.0 99.5 88.7 103.0 102.0 
7 100.0 100.0 100.0 98.1 103.0 95.3 
8 98.4 100.0 100.0 102.1 95.5 92.5 
9 99.4 95.7 100.0 91.5 95.4 102.0 

10 100.0 96.3 100.0 92.5 94.9 96.4 

Solution volume 60 ml, sorbent 0.1 g, eluent volume 10ml, adsorption flow rate 1 .0mlmin -1, desorption flow rate 
2 .0mlmin  ~. 
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Table 4 
Results for the determination of  a smelter sample (n = 3)a (gg g ~) 

Element Found Added Total found Recovery (%) Added Total found Recovery (%) 
±S.D.  ±S.D.  ±S.D.  

Au 221 _+ 11 127 339 _+ 5 92.9 253 461 + 14 94.9 
Pt 637 + 16 132 761 _+ 26 94.0 263 896 _+ 30 98.5 
Pd 403 _+ 4 142 538 + 15 95.1 284 687 _+ 45 100.0 

a Compositions stated by the smelter for the sample were 0.023, 0.066 and 0.040% Au, Pt and Pd, respectively. 

Table 5 
Results for determination of the standard reference sample 
(102-A-7) (n = 3) (gg g-~) 

Table 6 
Assignment of major IR bands of IEA resin and IEA 
saturated with Pd(ll) (cm ~) 

Element Found Certified Resin Resin saturated Assignments 
with Pd(ll) 

Au 136 _+ 8 144 
Pt 310 _+ 9 306 3251 3249 v N H 
Pd 183 _+ 12 189 2926, 2856 2919 vc ,  2 

2244 - Vc N 

1660, 1592 1625 Vc c + vc N 
1440 1442 6]NH 
1347 1348 6cu 2 

Pd(II) was adsorbed by the IEA, the peak at 1129 1169 vc N 
3251 cm l of  v ( N - H )  became broad. The 995, 988 1045, 988 Skeletal vibration 

of heterocycle 
1660 and 1592 c m  - l  peaks o f  755 760 6N U 

v(C-C)  + v(C=N) shifted to 1625 cm -~, and 533 vPd N 
the 1440cm -~ and 755cm -t  peaks of 6 ( N -  319 rod cl 

H) shifted to 1442 and 760cm - t ,  respectively. - 271 ~N Pa N 

The 1129cm - l  peak of  v ( C - N )  shifted to 
1169cm-~,  and the 995cm-~ peak of the 
skeletal vibration of the heterocycle shifted to 
1045 cm -~. All of these indicated that the ni- 
trogen atom participated in the coordination. 
The new peaks at 533cm-% 271cm -~ and 
319 cm l were due to v(Pd-N) ,  6 ( N - P d - N )  
and v(Pd-C1) respectively. Accordingly, the 
structure formed from IEA resin with Pd(II) 
might be: 

o r  

. N H C H 2 C H f . H / C H v ' ~ H 2  

C1- -  pId - N ~ C"~" NH 

1 \ / 
C1 C H ~ C H  2 

C I "  \ CH2 

/ N  ~ c, ,CH2 

CH2 "[ 
~CH f-.-NH 

4. Conclusion 

IEA resin has high adsorption selectivity for 
Au(III), Pt(IV) and Pd(II). It can quantita- 
tively adsorb these ions over a wide range of 
acidities. The adsorbed ions can be readily 
desorbed by a thiourea and mineral acid mix- 
ture. The resin also has the advantage of a 
high rate of  equilibration, low interference, 
large adsorption capacity, high stability and 
good reusability. Preconcentration by this 
resin combined with ICP-AES can be reliably 
applied to the determination of Au, Pt and Pd 
in mineral samples. 
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Abstract 

A direct spectrophotometric method for the determination of aluminium with morin has been developed. 
Morin reacts in slightly acidic 50% ethanolic media (0.0001-0.0015 M H2SO4) with AI to give a deep-yellow 
chelate which has an absorption maximum at 421 nm. The average molar absorptivity and Sandell's 
sensitivity were found to be 5.3 x 1031mol - l  cm 1 and 5 ng of Alcm 2, respectively. The reaction is 
instantaneous and absorbance remains stable for 48 h. The colour system obeys Beer's law from 10 ng ml-  
to 5.0 pg ml ~ of A1; the stoichiometric composition of the chelate is 2:3 (Ahmorin). The interference from 
over 50 cations, anions and complexing agents has been studied at 0.1 pg ml-I  of A1. The method was 
applied successfully to some certified reference material samples (alloys and steels), environmental waters 
(inland and surface), biological samples (human blood, urine and gallstone), soils and complex synthetic 
mixtures. 

1. Introduction 

Aluminium has long been considered as vir- 
tually non-toxic and non-absorbable from the 
gastrointestinal tract. More recent studies on 
humans, however, expose its acute toxicity [1], 
including impaired memory,  convulsions, char- 
acteristic EEG changes, uremia, Shaver's dis- 
ease (lung) [2], Alzheimer's disease (brain) [3] 
and also increased risks of  cancer [4] of  the 
lung and pancreas, and leukaemia. A1 at trace 
and sub-trace levels in the water used for dialy- 
sis can cause brain damage, bone disease and 
anaemia [5]. All these findings cause alarming 
concern in public health, demanding accurate 
determination of this metal ion at trace and 
sub-trace levels. 

Miller and Andelman [6] reviewed methods 
for the determination of A1 species in water. 
Several recently published spectrophotometric 
methods [7-18] based on use of  various 
reagents are reported for the determination and 
detection of the metal ion. Some of these meth- 

* Corresponding author. 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights 
SSDI 0039-9140(95)01554-X 

ods are not sensitive [10-14] or suffer from 
interferences [15-18]. The present paper de- 
scribes a sensitive spectrophotometric method 
for the determination of Al using morin. The 
method is based on the selective complexation 
of  the non-absorbent reagent, morin, in slightly 
acidic medium (0.0001-0.0015 M H2SO4) with 
A1 to produce a deep-yellow chelate, followed 
by direct measurement of  the absorbance in 
50% ethanolic solution. 

2. Experimental section 

2. I. Apparatus 

A Shimadzu (Model-160) double beam UV/ 
visible recording spectrophotometer and 
Philips PW 9418 pH-meter  with combination 
electrodes were used for measurements of  ab- 
sorbance and pH, respectively. Biological sam- 
ples were analyzed for trace amounts of  A1 by 
a Perkin-Elmer Model 560 atomic absorption 
spectrophotometer at 309.3 nm, using a nitrous 
oxide-acetylene flame. 

reserved 
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2.2. Reagents and solutions 1.80 

1'60 

All the chemical used were of analytical ~.~ 
grade of the highest purity available. Triply- 1~0 
distilled ethanol (from lime) and high-purity ~30 
deionized water, non-absorbent under UV ra- 120 

diation, were used throughout. High-purity wa- 
1.10 

ter was obtained by passing tap water through lo0 
a cellulose absorbent and two mixed-bed ion 

0.90 

exchange columns, followed by distillation in a 0.~0 
Corning AG-11 unit. The A1 level in the high- ,,, 070 
purity water was found to be below the spec- ~ 0.60 
trophotometric detection limit (three times the 

ne 050 
standard deviation of the blank) of 6 ng m1-1. o 

[I~ 0.40 
Glass vessels were cleaned by soaking in aci- ,~ 

0.30 
dified solutions of K M n O  4 o r  K 2 C r 2 0 7  fol- 

0.20 
lowed by washing with concentrated HNO3, 010 
and rinsed several times with high-purity 

0 
deionized water. Stock solutions and envi- 
ronmental water samples (1000 ml each) were 
kept in polypropylene bottles containing 1 ml 
conc. HNO3. 

Morin solution, 1.35 × 10 -3 M 
40.27 mg of morin (BDH Chemicals) was 

dissolved in 100 ml of triply-distilled ethanol. 
This solution was diluted further as required. 

I I I I f l  I i i i i i i i 

0"1 0"2 '" 0"5 10 1"5 2"0 25 

1 X 1 0  -2  M H2SO/, 

Fig. 2. Effect of acidity on the absorbance of the AI 
(0.1 lag ml-~)-reagent system. 

(~>99%) ethylenediaminetetraacetic acid, dis- 
odium salt dihydrate in (100 ml) deionized wa- 
ter. 

Al standard solutions 
100 ml stock solution of A1 (3.71 x 10 -2 M) 

was prepared by dissolving 1.7582g of 
A1K(SO4)2 • 12H20 (Merck analytical grade) in 
deionized water. Working standard solutions 
were prepared after suitable dilutions of the 
stock solution. 

EDTA solution 
100 ml stock solution of EDTA (0.01%) was 

prepared by dissolving 10 mg of  A.C.S. grade 

Tartrate solution 
100 ml stock solution of tartrate (0.01%) was 

prepared by dissolving 10 mg of A.C.S. grade 
(99%) potassium sodium tartrate tetrahydrate 
in (100 ml) deionized water. 

Dilute ammonium hydroxide solution 
A 100 ml solution of dilute ammonium hy- 

droxide was prepared by diluting 10 ml conc. 
NH4OH (28-30%, A.C.S. grade) to 100ml 
with deionized water. The solution was stored 
in a polypropylene bottle. 

IJJ 
¢,J 
Z 

m 
IZ  
0 
U~ 
m 

2.50 

2.ooi 

1,50.  

1.00 

0.50 

0.O0 
3OO 

• B A" 

400 500 550 

Other solutions 
Solutions of a large number of inorganic 

ions and complexing agents were prepared 
from their water-soluble salts (or the oxides 
and carbonates in hydrochloric acid); solutions 
of titanium, zirconium and hafnium were spe- 
cially prepared from their corresponding oxides 
(Specpure, Johnson Matthey) according to the 
recommended procedures of Mukharji [19]. 

W A V E L E N G T H  ( n m  ) 

Fig. 1. A and B absorption spectra of the Al-morin 
system and the reagent blank (,imam=421 nm) in 50% 
ethanolic solutions. 

2.3. Procedure 

To 0.1-1.0 ml of a neutral aqueous (pH 6) 
solution containing 0.1-50 ~g of aluminium in 
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Fig. 3. Effect of the reagent (morin: AI molar concentration ratio) on the absorbance of the AI (0.5 pg ml-[) reagent 
system. 

a 10ml volumetric flask was added 2.0 ml of  
1.35 × l0 3M of the morin reagent solution, 
followed by the addition 0.2ml of 0.025 M 
(0.005 M) sulphuric acid. The solution was 
mixed well and allowed to stand for 1 min, 
after which 5 ml of  ethanol was added. The 
mixture was diluted up to the required volume 
with deionized water. The absorbance was 
measured at 421 nm against a corresponding 
reagent blank. A calibration graph was used 
for unknown samples. 

2.4. Analytical applications 

A. Determination of Al in alloys and steels 
A 0.1 g amount  of  an alloy or steel sample 

containing 3.34-90.5% A1 was weighed accu- 
rately and placed in a 50 ml Erlenmayer flask. 
To this was added 5 ml each of concentrated 
sulphuric and nitric acids, and the mixture was 
heated gently. 1 ml of  perchloric acid (sp. gr. 
1.70) was added to the solutions and evapo- 
rated until strong fuming occurred. The solu- 
tion was cooled to room temperature after 
complete dissolution of  the sample. The soluble 

salts were dissolved in deionized water. The 
solution was filtered through a Whatman No. 
40 filter paper into a 100 ml calibrated flask; 
the residue (silica and tungstic acid) was 
washed with a small volume (5 ml) of  hot 
(1:99) sulphuric acid followed by water. The 
filtrate and washings were collected in the same 
calibrated flask. The content of  the flask was 
neutralized (pH 6) with dilute NH4OH in the 
presence of 1 - 2 m l  of 0.01% (w/v) tartrate 
and/or EDTA solution, and the volume was 
made up to the mark with deionized water. An 
aliquot (1 -2  ml) of  this solution was pipetted 
into a 10 ml calibrated flask, and the A1 con- 
tent was determined as described in section 2.3. 

B. Determination of AI in environmental water 
samples 

Each filtered (through a Whatman No. 40 
filter paper) environmental water sample 
(50 ml) was heated with a mixture of  1 ml cone. 
H 2 S O  4 and 2.5 ml conc. HNO3 until sulphur 
trioxide fumes appeared. After cooling, addi- 
tion of 2.5 ml cone. HNO3 and heating was 
repeated until dense white fumes were ob- 
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Table 1 
Determination of A1 in synthetic mixtures 

Sample Composition of mixture AI found ~ Error ~ 
(~tgml ~) (lagml ~) (%) 

A AI (0.5) + Ce3+(25) + Cr3+(25) 0.499 0.20 
Tartrate + EDTA 

B A + Mg(25) + Bi3+(25) 0.497 0.60 
C B + Sn2+(25) + Zn(25) 0.495 1.00 
D C + Ag+(25) + Ba(25) 0.507 1.40 

a Average of five determinations. 

Table 2 
Analysis of high-speed steels and alloys 

Sample Certified reference 
material 
composition (%) 

AI (%) Standard Error a 
deviation (%) 

Certified Amound 
value found a 

Bureau of Analysed 
Samples Ltd. No. BAS-10g 
(high tensile) 
(Cu, 60.8; Sn, 0.21; 
Zn, 30.0; AI, 3.34; 
Pb, 0.023; Ni, 0.16; 
Fe, 1.56; Mn, 1.36) 

Bureau of Analysed 
Samples Ltd. No. BAS-20b 
(Al-alloy) 
(Al, 90.5; Mg, 1.6; Cu, 4.1; 
Ni, 1.9; Fe, 0.43; Mn, 0.19; 
Si, 0.24) 

3.34 3.335 _+ 0.004 0.0025 

90.50 90.495 +0.006 0.004 

Average of 10 determinations. 

served, or until the solution became colourless. 
The solution was then cooled and neutralized 
(pH 6) with dilute N H 4 O H  in the presence o f  
1 - 2  ml o f  0.01% (w/v) E D T A  and/or  tartrate 
solution. It was transferred into a 50 ml volu- 
metric flask and diluted up to the mark  with 
deionized water. 1 ml o f  the final solution was 
pipetted into a 10 ml calibrated flask and the AI 
content  was determined as described in section 
2.3. 

was continued for at least 30 min, followed by 
cooling. The content  o f  the flask was neutral- 
ized (pH 6) with dilute N H 4 O H  in the presence 
o f  1 - 2 m l  o f  0.01% (w/v) tartrate and/or  
E D T A  solution, transferred quantitatively into 
a 50 ml volumetric flask and made up to the 
mark  with deionized water. An  aliquot ( 1 -  
2 ml) o f  the final solution was pipetted into a 
10 ml calibrated flask and the A1 content  was 
determined as described in section 2.3. 

C. Determination o f  AI in biological samples 
H u m a n  blood (10-20  ml), urine (10 -50  ml) 

or human  gallstone (0.1 0.5 g) was added to a 
100 ml micro-Kjeldahl  digestion flask. A glass 
bead and 10 ml o f  conc. HNO3 were added and 
heated gently on the digester. When the initial 
brisk reaction was over, the solution was re- 
moved and cooled. Conc.  HzSO 3 (2.5 ml) was 
added carefully, followed by the addit ion o f  
70% perchloric acid (1 ml); heating was contin- 
ued until dense white fumes were observed, 
repeating HNO3 addition if necessary. Heat ing 

D. Determination o f  Al  in soil samples 
A 10-20  g amoun t  o f  air-dried soil sample 

was weighed accurately and placed in a 100 ml 
micro-Kjeldahl flask. The sample was digested 
according to the method  recommended by 
Jackson [20]. The contents o f  the flask were 
filtered through W h a t m a n  No.  40 filter paper  
into a 25 ml calibrated flask, neutralized (pH 6) 
with dilute ammonia  and diluted to the volume 
with deionized water. Suitable aliquots ( 1 -  
2 ml) were transferred to a 10 ml volumetric 
flask and the calculated amount  o f  
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Table 3 
Determination of AI in some environmental water samples 

1139 

Environmental water A1 "spiked" 
sample 

Added Found Recovery 
(lag ml-  i) (lag ml- i )  (%) 

Aluminium 
"unspiked" 
found 
(gg ml-  ') 

Tap water 1.00 
0.10 

Pond water 1.00 
0.10 

Well water 1.00 
0.10 

River water 
(i) Halda (upper stream) 1.00 

0.10 
(ii) Halda (lower stream) 1.00 

0.10 
(i) Karnaphuly (upper) 1.00 

0.10 
(ii) Karnaphuly (lower) 1.00 

0.10 
Sea water 

(i) Bay of Bengal (upper) 1.00 
0.10 

(ii) Bay of Bengal (lower) 1.00 
0.10 

Drain water 
(i) Madina Tannery ~ 1.00 

0.10 
(ii) Delhi Aluminum Factory d 1.00 

0.10 
(iii) Karnaphuly Paper Mill e 1.00 

0.10 

1.51 a 99.3 +_ 0.5 b 
0.605 99 _+ 0.1 
0.99 99 _+ 0.6 
0.098 98 + 0.5 
1.25 100.8 _+ 1.0 
0.36 99.3 ± 0.8 

1.131 100_+ 1.0 
0.231 99.6 _+ 1.5 
1.125 99.9 ± 0.5 
0.225 100.4 _+ 2.0 
1.164 100_+ 1.0 
0.266 100.3 _+ 0.8 
1.165 100 _+ 0.6 
0.265 99.6 _+ 1.2 

1.176 99.8 _+ 1.0 
0.277 100.7 _+ 0.5 
1.174 100.1 _+ 0.8 
0.272 99.3 _+ 1.5 

1.398 99.8 _+ 0.6 
0.498 100.2 + 1.0 
1.335 100.2 _+ 1.2 
0.432 99.6 _+ 1.3 
1.444 100 _+ 0.8 
0.542 99.9 _+ 1.5 

0.52 
0.51 
0.00 
0.00 
0.24 
0.27 

0.131 
0.132 
0.126 
0.124 
0.163 
0.165 
0.164 
0.166 

0.178 
0.175 
0.173 
0.174 

0.399 
0.397 
0.333 
0.334 
0.443 
0.443 

" Values given represent the average of five analyses of each 
b Standard deviation is a measure of precision. 

Madina Tannery, Jalalabad, Chittagong. 
d Delhi Aluminum Factory, Biojid-Bostami, Chittagong. 
e Karnaphuly Paper Mill, Chandraghona, Chittagong. 

sample. 

0.025 M H 2 S O  4 needed  to  give a f inal  ac id i ty  o f  

0 . 0 0 0 1 - 0 . 0 0 1 5  M was  added ,  f o l l o w e d  by 1 -  

2 m l  o f  0 .01% (w/v)  t a r t r a t e  a n d / o r  E D T A  

so lu t ion .  A1 c o n t e n t  was  then  d e t e r m i n e d  as in 

sec t ion  2.3. 

3. Results and discussion 

3.1. Development of  the method 

Spectral characteristics 
T h e  a b s o r p t i o n  sepc t ra  o f  the  A l - m o r i n  sys- 

t em in 0.025 M H2SO4 m e d i u m  was  r e c o r d e d  

us ing  the  s p e c t r o p h o t o m e t e r .  T h e  a b s o r p t i o n  
spec t ra  o f  A l - m o r i n  as a s y m m e t r i c  c u r v e  wi th  

m a x i m u m  a b s o r b a n c e  at  421 n m  a n d  an  aver -  

age  m o l a r  a b s o r p t i v i t y  o f  5 . 3 x  1 0 3 1 m o l  -~ 

cm -~ is s h o w n  in Fig .  1. T h e  r eagen t  b l a n k  

exh ib i t ed  negl ig ib le  a b s o r b a n c e  desp i te  h a v i n g  

a w a v e l e n g t h  at 421 nm.  T h e  r eac t ion  m e c h a -  

n i sm o f  the  p resen t  m e t h o d  is as r e p o r t e d  

ear l ie r  [21]. 

3.2. Effect of  solvent 

C h l o r o f o r m ,  benzene ,  c a r b o n  t e t r ach lo r ide ,  

i s o b u t a n o l  a n d  e t h a n o l  were  tes ted  as so lvents  

for  the  system. N o  a b s o r b a n c e  was  o b s e r v e d  in 

the  o rgan i c  phase .  In  50_+ 2% (v/v)  e thano l i c  

m e d i u m ,  h o w e v e r  m a x i m u m  a b s o r b a n c e  was  

obse rved ;  hence ,  a 50% e t h a n o l i c  so lu t i on  was  
used  in the  r e c o m m e n d e d  p r o c e d u r e .  

3.3. Effect of acidity 

T h e  a b s o r b a n c e  was  at  a m a x i m u m  a n d  con-  
s tan t  w h e n  the  10 ml  o f  so lu t i on  (0.1 gg  ml  l) 
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Table 4 
Concentration levels (lag ml-~ or lag g-~) of AI in biological samples under pathological conditions 

Serial Name of sample Concentration of aluminium Sample source 
No. (mean value "_+ SD(%)) 

AAS method Proposed method 

1 a. Blood 0.27 _+ 0.8 0.28 _+ 0.5 
b. Urine 0.10_+ 1.3 0.12_+ 1.0 

2 a. Blood 0.29 + 1.5 0.29 _+ 1.0 
b. Urine 0.13 _+ 1.0 0.14 -+ 1.2 

3 a. Blood 0.19 -+ 1.4 0.18 -+ 0.6 
b. Urine 0.08 _+ 2.0 0.07 _+ 1.4 

4 a. Blood 0.12 _+ 1.6 0.13 _+ 0.8 
b. Urine 0.04 _+ 0.8 0.04 _+ 0.2 

5 Human gall-stone 37.00 _+ 1.2 36.75 _+ 1.0 

Cancer (leukaemia) patient 
Chittagong M.C. Hospital 
Cancer (lung) patient 
Chittagong M.C. Hospital 
Neurotic patient (female) 
Chittagong M.C. Hospital 
Normal adult (male) 
Chittagong M.C. Hospital 
Gall-stones patient (male) 
Chittagong M.C. Hospital 

a Average of five determinations. 

contained 0.001 0.015 M H2SO 4 at room tem- 
perature (25 _+ 5°C). Outside this range of acid- 
ity, the absorbance decreased (Fig. 2). For all 
subsequent measurements, 0.2 ml of 0.025 M 
(0.005 M) HzSO 4 was added. 

3.4. Effect o f  time 

The reaction is instantaneous. The Al -mor in  
system attained maximum and constant ab- 
sorbance immediately (within l min) after di- 
luting the solution to the final volume, which 
then remained stable for at least 48 h. A longer 
period of time was not studied. 

3.5. Effect o f  reagent 

The excess of  reagent is not critical. In tests 
with 0.5 ~tg ml-1 A1, the Al/reagent mole ratio 
was varied from I:10 to 1:200. Constant maxi- 
mum absorbance was obtained for mole ratios 
between 1:40 and 1:170 (Fig. 3). For the differ- 
ent A1 concentrations (1 and 0.1 ~tgml 1), an 
identical effect of varying the reagent concen- 
tration was noticed. 

3.6. Calibration graph and Beer's law 

Plots of absorbance against A1 concentration 
were linear and passed through the origin for a 
wide range (10ngm1-1 to 5ggm1-1)  of A1 
concentrations, when different scale expansions 
were used. The average molar absorptivity and 
the Sandell's sensitivity [22] were found to be 
5 .3x1031mol  ' c m - '  and 5ng  of  A lcm -2, 
respectively. 

3.7. Precision and accuracy 

The precision of the present method was 
evaluated by determining different concentra- 
tions of  A1 (each analyzed at least five times). 
Standard deviations in the range 0.001-2.0 for 
0.1-50 lag of A1 in 10.0ml were achieved, in- 
dicating that this method is highly precise and 
reproducible. The detection limit (three times 
the standard deviation of the blank) for A1 
were found to be 6 ng m l - ' .  The reliability of 
the proposed procedure was assessed by ana- 
lyzing the Bureau of  Analyzed Samples (Table 

2) and a series of synthetic mixtures of various 
compositions (Table 1). Note from Table 2 
the good agreement for A1 found with the 
certified values. A few synthetic mixtures of 
various compositions containing A1 and di- 
verse ions of known concentrations were de- 
termined by the present method using tartrate 
and/or EDTA as masking agents, and the re- 
suits (Table 1) were found to be highly repro- 
ducible. The reliability of our procedure was 
also tested by doing recovery studies. The av- 

erage recovery obtained for the addition of A1 
spikes to some environmental water samples 
was quantitative, as shown in Table 3. The 
results of the analysis of  biological samples by 
our procedure were found to be in excellent 
agreement with those obtained by an atomic 
absorption spectrophotometric method, as 
shown in Table 4. Hence, the precision and 
accuracy of  the method were found to be ex- 
cellent. 
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3.8. Effect o f foreign ions 

More than 50 anions and cations were stud- 
ied individually to investigate their effect on the 
determination of 0.1 lag ml ~ of  A1. The crite- 
rion for an interference was an absorbance 
value varying by more than 5% from the ex- 
pected value for A1 alone [23]. There was no 
interference from the following: 1000-fold 
amounts of  tartrate, nitrate, sulphate, citrate, 
fluoride, bromide, oxalate, alkali metals or ac- 
etate; 500-fold amounts of azide, chromium- 
(III), cerium(IV), magnesium, barium or 
sulphide; 100-fold amounts of tin (II and IV), 
silver(I) cadmium, manganese(II), bismuth, 
chromium(VI), copper(II), strontium, vanadi- 
um(V), molybdenum(VI), selenium(IV and VI), 
arsenic(III), uranium(VI) or EDTA. Sodium 
tartrate prevented the interference of a 100-fold 
amount of lead(II), iron(II and III), zinc, nick- 
el(II), calcium, mercury(II), tungsten(VI), chlo- 
ride or cyanide, A 50-fold excess of thiocyanide 
and thiourea have been tolerated. Interference 
from persulphate, permanganate or hydrogen 
peroxide was removed simply by using sodium 
azide and boiling the solution. 

3.9. Nature of  the complex 

Job's method [24] of continuous variation 
and the molar-ratio [25] method were applied 
to ascertain the stoichiometric composition of 
the complex. A 2:3 (Al:morin) complex was 
indicated by both the methods. 

3.10. Comparative study 

The method is rapid, simple, sensitive and 
reproducible. It is well suited for routine analy- 
sis of trace amounts of A1. 

3.1 I. Applications o f  the method 

The proposed method was used to determine 
the A1 content of a series of synthetic environ- 
mental samples to test its general/specific appli- 
cations. The method was also applied to the 
determination of the A1 content in a number of 
standard samples (alloys and steels), environ- 
mental waters (inland and surface), biological 
samples (human gallstone, blood and urine), 
and soil samples. In view of the unknown 
composition of the environmental water sam- 
ples, the same aliquots were analyzed for their 
aluminium content, both "spiked" and "un- 

spiked". The mean error and standard devia- 
tions for each series of determination were 
calculated. 

A few synthetic mixtures of varying compo- 
sition containing A1 and diverse ions of known 
concentrations were determined by the present 
method using tartrate and/or EDTA as mask- 
ing agents, and the corresponding results are 
given in Table 1. The reliability of the pro- 
posed method was assessed by analyzing the 
Bureau of Analyzed samples and the corre- 
sponding results are shown in Table 2. The 
analysis of water from various sources for A1 is 
shown in Table 3. The high values for treated 
waters are probably due to leakage and/or 
excess addition of alum used as a flocculant in 
the water-treatment plants. The occurrence of 
such high values of A1 content are also re- 
ported in the treated waters of some developed 
countries [26]. The results of the analysis of 
biological samples by our procedure were 
found to be in excellent agreement with those 
obtained by atomic absorption spectrophoto- 
metric methods and are shown in Table 4. The 
average value of A1 in ten different surface soil 
samples of Bangladesh was found to be 
8.5 lag ml '. The method is very reliable, and 
the concentration in the ng g ~ range in 50% 
ethanolic medium at room temperature 
(25 _+ 5 °C) can be measured in a very simple 
and rapid way for routine analysis of A1. 
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Abstract 

A sensitive method for the determination of strontium has been developed. In this work strontium was 
determined by flame atomic absorption spectrometry using a continuous copreconcentration dissolution 
procedure based on the formation of lead sulfate followed by elution with hot EDTA solution. Manifold 
parameters and chemical conditions are described in detail. A concentration factor of up to 61 can be 
achieved at a sampling rate of 20 30 h-  ~. The detection limit for strontium was 0.9 ng ml J (3a) and the 
relative standard deviation was 3.5% (n = 8) at a concentration level of 100 ng ml-~. 

1. Introduction 

It is a matter  of  fact that the absorption 
signal for strontium in the air-acetylene flame 
is depressed in the presence of A1, Si, Ti or 
phosphates and these effects can be minimized 
by the addition of  releasing agents. In early 
work reported on the determination of this 
element with flame atomic absorption spec- 
trometry (FAAS), lanthanum [l] or calcium [2], 
8-hydroxyquinoline and lanthanum [3], and 
EDTA and lanthanum [4] were used to sup- 
press interferences in the air-acetylene flame. 
Ion exchange procedures were employed by 
Hofer  [5] and David [6] to separate strontium 
from matrix components for the analysis of  
phosphate rocks and biological materials re- 
spectively. Curnow et al. [7] have reported a 
method for the determination of strontium. In 
the method described by these authors, stron- 
tium was coprecipitated with calcium oxalate, 
the precipitate was dissolved in hydrochloric 
acid and lanthanum chloride was added prior 

* Corresponding author. Fax: (86) 27-701-763. 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights 
SSDI 0039-9140(95)01555-8 

to nebulization. Other than FAAS, methods 
using spectrophotometric detection have been 
reported [8,9]. In these methods simultaneous 
determinations of  magnesium and strontium 
[8], and calcium and strontium [9] were carried 
out with flow injection (FI) differential kinetic 
analysis. The determinations were carried out 
at 40 h-1 and the injected sample volumes were 
25 250 ~l. No detection limits and precision 
values were reported. 

Recently, Gong [10] reported a method for 
the determination of strontium in rocks. Stron- 
tium was coprecipitated with lead sulfate, the 
precipitate was centrifuged, then dissolved in 
hot EDTA solution and finally nebulized into 
the air-acetylene flame. The author claimed 
that satisfactory results can be obtained with 
the proposed separation procedure. However, 
this procedure is laborious and time consum- 
ing. 

Since 1987, there have been several reports 
involving the use of  on-line precipitation tech- 
niques in the FI literature. In 1987, Valcarcel 
and co-workers published their first paper on 
the use of  on-line precipitation which dealt 

reserved 
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Fig. l. Manifold for the co-precipitation preconcentration and AA determination of Sr. V-8 channel rotary injection 
valve, with channel 3 and 6 blocked. The left part is the stator and the right part the rotator; PA, PB-3 channel peristaltic 
pumps; RC--reaction coil, 30 cm; HC heating coil, 40 cm (for tube diameters see text): COL--filter; AAS--atomic 
absorption spectrometer; S--sample plus 1% H2SO 4 plus 20% ethanol; Pb 0.2% Pb(AC)2; AS 2% (NH4)2SO4; 
E 5% EDTA plus 1% KH phthalate; W--waste. (a) Preconcentration position; (b) elution position. 

with the separation and preconcentration of 
lead [11]. In their work, lead in tap water was 
determined by precipitation with ammonia. A 
sintered stainless steel filter for solvent filtering 
in HPLC was used to trap the precipitate, 
which was then dissolved in a stream of nitric 
acid to give a transient signal. The technique 
has also been applied to the determination of 
copper [12] and cobalt [13] in silicate rocks 
with dithiooxamide and 1-nitroso-2-naphthol, 
respectively. In a recent report, the use of 
disposable membrane filters has been suggested 
by Tyson and co-workers [14] for the retention 
of the precipitates of calcium (as oxalate) and 
copper (as hydroxide). Recently, Fang et al. 
[15] demonstrated the merit of coprecipitation, 
which expands the scope of precipitation for 
separation and preconcentration. This brings 
the possibility that other sample components 
and those added externally could aid the collec- 
tion of analyte species by various processes of 
coprecipitation. In the paper reported by these 
authors, the precipitate was collected in an 
open knotted tube reactor for the determina- 
tion of lead by coprecipitation with iron(III) by 
hexamethylene ammonia hexamethylene dithio- 
carbamate. 

In an attempt to improve the performance 
and to automize the procedure for strontium 
described above, we have designed a flow sys- 
tem for con-tinuous coprecipitation preconcen- 
tration in combination on-line with atomic 
absorption measurement. In this work, a de- 
mountable Perspex glass column with a dispos- 
able piece of silk fabric as the filter screen was 

constructed. The performance of the silk fabric 
filter is demonstrated by the alleviated pressure 
in the manifold as well as the rather good 
precision. 

2. Experimental 

2.1. Apparatus and reagents 

The flow injection system used was an IFIS- 
A intelligent flow injection sampler (XIAN 
Spring Institute, China) comprising an eight- 
channel rotary injection valve and two three- 
channel peristaltic pumps. A WFX-1A atomic 
absorption spectrometer (Beijing Second Opti- 
cal Instrument Factory, China), a strip chart 
recorder (PM 8251, Philips, U.K.) and a Sr 
hollow cathode lamp with an operating current 
of 6mA were employed. A fuel-rich air 
acetylene flame and a spectral bandpass of 
0.2 nm were adopted in all the experiments. 

The manifold described in this paper (Fig. 1) 
has been designed to minimize the dead vol- 
umes of the filter and the coils. All transport 
tubes are of 1.06 mm i.d. Teflon tubing. The 
heating coil (HC) was made by winding 40 cm 
of Teflon tubing into coils 30 cm in diameter 
and placing them in a Thermostat (95 °C). 

The construction of the filter is shown in Fig. 
2. The demountable column jacket is made of 
Perspex glass. The total volume of the column 
is 100 gl (qb2 mm x 32 nm) and is divided by 
the disposable silk fabric screen. In order to 
decrease the dispersion of analyte species, the 
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position o f  the screen is arranged such that  the 
downstream part  o f  the column for elution is 
as short  as possible. Any  super quality silk 
fabrics with a pore size o f  approximately 
150 lam available in the market  may  serve as 
the filter screen. 

All reagents are o f  analytical grade. Water  
f rom subboiling distillation was used through-  
out. 

To prepare 10% lead acetate solution, 2.5 g 
o f  lead acetate are dissolved in water, 1.5 ml o f  
glacial acetic acid are added and the solution is 
diluted to 250 ml with water. This solution is 
diluted further to give a working solution o f  
2000 lagml ~ o f  lead. For  preparing Sr stan- 
dard solution, 1.685 g o f  s t ront ium carbonate  
are dissolved in a suitable amount  o f  hy- 
drochloric acid, the solution is made up to 
80 ml with the same acid, and the resulting 
solution is transferred to a 1000 ml volumetric 
flask and is diluted to the mark  with water; 
1 ml equals 1 mg of  strontium. This solution is 
diluted successively to give a s tandard series for 
calibration. Eluting solution, 5% E D T A  plus 
1% K H  phthalate plus 1% N a O H ;  analytical 
solution, sample or  s tandard solution plus 
0.2% sulfuric acid plus 20% ethanol; wash solu- 
tion, 2% a m m o n i u m  sulfate. 

2.2. ManifoM program and time cycle 

The manifold program and the time cycle o f  
determinations are shown in Tables 1 and 2, 
respectively. Values o f  flow rate corresponding 
to p u m p  speeds higher than 40 rev min ~ can 
be obtained by extrapolation. 

1 

2 \  i i 

3 1  . . . . . .  

4 

Fig. 2. Construction of the filter. (1) Perspex glass column; 
(2) cavity; (3) seal ring, (4) silk fabric screen. 

Table 1 
Manifold program 

Variable Step 

0 1 2 3 4 5 

Pump A 
Time(s) 15 2 5 120 15 20 
Pump speed (rev min i) 0 0 65 10 85 0 

Pump B 
Time (s) 15 2 5 120 15 20 
Pump speed (revmin -I) 85 0 85 50 0 80 

Valve position a a a a b b 

(b) Flow rate corresponding to the pump speed is as 
follows 

Pump speed (rev rain-~) 

5 10 20 30 40 

Flow rate (ml min -~) 0 .35 0.72 1.4 2.1 2.8 

2.3. Procedures 

Effect of sulfuric acid concentration 
A series o f  s tandard solutions containing the 

same amount  o f  Sr (200 n g m l  ~), the same 
amount  o f  ethanol (20%) and different 
amounts  o f  sulfuric acid (0.5, 1.0, 2.0, 3.0%) at 
a p u m p  speed of  5 0 r e v m i n  ~ were merged 
with a solution o f  2000 lagml -~ o f  Pb at a 
pump speed of  10 r evmin  -~. The dissolving 
solution stream was 5% E D T A  at a p u m p  
speed o f  82 rev m i n -  1. 

Effect of  EDTA concentration 
By using the same Sr s tandard solution o f  

1% sulfuric acid and flow conditions as were 
used for investigating the sulfuric acid concen- 
tration, the dissolving E D T A  solution was 
varied over a number  o f  concentrat ions in the 
range 1 - 9 %  at 1% intervals. The dissolving 
solution was 5% EDTA.  

Effect of pump speed of the sample solution 
With the same dissolving solution at a p u m p  

speed of  82 rev m i n -  1 and a Sr s tandard solu- 
tion o f  1% sulfuric acid, the p u m p  speed o f  the 
sample solution was varied in the range 4 0 -  
60 rev min ~ at 5 rev m i n -  1 intervals. 

Effect of pump speed of  EDTA solution 
By using the same solutions as were used for 

the investigation o f  the pump speed o f  the 
sample solution, the p u m p  speed of  the E D T A  
solution was varied in the range 7 0 -  
100 rev min -~ at 10 rev min -1 intervals. 
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0-15 
16-17 
18-22 
23-142 

143-157 
158-177 

Sample preparation 

PA stops, PB goes, V turns to position a. Wash RC and COL with water. 
PA and PB stop. Replace water with sample solution. 
PA and PB go. Rapidly propel water out of RC and COL with the sample and lead acetate solutions. 
PA and PB go. Start of preconcentration. The precipitate is formed at the confluence point and is 
subsequently trapped by the filter screen. 
PA goes, PB stops. V turns to position b. Wash the precipitate with ammonium sulfate. 
PA stops, PB goes, V remains in position b. Start of elution by flushing a stream of eluting solution. The 
eluent is propelled into the nebulizer for atomic absorption measurement. 

Key: PA, pump A; PB, pump B; V, valve; RC, reaction coil; COL, column. 

Tea. Weigh out  0.4 g o f  the dr ied sample  into 
a porce la in  crucible,  ash at  600 °C for 15 min. 
Dissolve the residue with nitr ic acid and extract  
with water.  Transfer  to a 5 0 m l  volumet r ic  
flask, add  10 ml o f  5% sulfuric acid and 10 ml 
o f  e thanol .  Di lu te  to the m a r k  with dist i l led 
water.  

Mineral  water. Pipet te  10 ml o f  the water  sam- 
ple into a 25 ml volumetr ic  flask, and  add  5 ml 
o f  5% sulfuric acid and  5 ml o f  e thanol .  Di lu te  
to the m a r k  with dist i l led water.  

Rock.  Weigh out  0.1 g o f  the rock  sample  into 
a P T F E  crucible,  and  wet with water.  A d d  
0.5 ml o f  perchlor ic  acid, 5 ml o f  hydrof luor ic  0.6 

acid  and  1 ml o f  hydroch lor ic  acid. Hea t  on a 
ho tp la te  to p roduce  copious  fumes o f  perchlo-  
ric acid. Cont inue  heat ing until  no more  fumes 
appear .  A d d  1 ml o f  hydroch lor ic  acid to dis- o 0.4  
solve the residue and  t ransfer  to a 50 ml volu-  
metr ic  flask. A d d  10 ml o f  5% sulfuric acid and  
10 ml o f  e thanol ,  and  di lute  to the m a r k  with 
dist i l led water.  

used a higher  p u m p  speed (50 rev min ~) for 
sample  solut ions  and a lower pump  speed 
(fixed at  10 rev min ~) for  the lead ions so that  
a high rat io  of  s t ron t ium to lead, and  thus 
higher  sensitivity, can be obta ined .  

The influence o f  lead ion concen t ra t ion  on 
the abso rp t ion  sensit ivity has been studied. As 
is evident  f rom Fig. 4, it was found  that  the 
lead concen t ra t ion  was not  cri t ical  p rov ided  
that  it was held in the range 1800-  
2200 lag ml ~; 2000 lag ml--~ would  be the best  
choice. 

Exper imenta l  results showed tha t  the absorp-  
t ion sensit ivity reached a m a x i m u m  value and  

3. Resul ts  and discuss ion 

0.2 

3.1. Optimization o f  chemical conditions 

The selection o f  the sulfuric acid concent ra-  
t ion and  the co r re spond ing  p u m p  speed are 
shown in Fig. 3. W e  can see f rom the upper  
curve tha t  a lower concen t ra t ion  (1%) o f  sulfu- 
ric acid  gives a higher  sensitivity. This can 
p r o b a b l y  be a t t r ibu ted  to the fo rma t ion  o f  finer 
part icles  o f  lead sulfate tha t  are  readi ly  dis- 
solved in hot  E D T A  at this concent ra t ion .  We 

(a) 

1146 

Table 2 
Time cycle for determination 

~,  I I I 
a) 1 2 3 

H2S04(%) 
] I I 

(b) 40 50 60 
Pump speed (rpm) 

Fig. 3. Effect of H 2 S O  4 concentration and the correspond- 
ing pump speed on the absorption sensitivity. (a) Sr 
200 ng/ml, Pb 0.2% (at a fixed pump speed of 50 rpm) and 
ethanol 20%. (b) Sr 200 ng/ml, Pb 0.2%, H2SO 4 1% and 
ethanol 20%. 
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~= o.4 

< 

0.2 
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1 800 2000 2200 

Pb (gg/ml) 

Fig. 4. Effect of Pb concentration on the absorption sensi- 
tivity. Sr 200 ng/ml, H2SO 4 1% and ethanol 20%. 

remained constant over a wide range of EDTA 
concentrations at levels of greater than 5%. In 
order to avoid the introduction of an excess 
amount of dissolved solids and to prevent the 
nebulizer from possible clogging, a concentra- 
tion of 5% was selected throughout. 

The temperature of  the EDTA solution is a 
very critical factor. Lead sulfate can dissolve 
rapidly in EDTA solution at temperatures 
higher than 90 °C, while at lower temperatures 
lead sulfate dissolves much more slowly, yield- 
ing a broad signal and much lower peak height. 

3.2. Interference stud)' 

3.3. Manifold parameters 

As lead sulfate was quickly dissolved in 
EDTA solution at elevated temperature 
(95 °C), a higher pump speed for the EDTA 
solution was therefore preferred. This was con- 
sistent with the plot in Fig. 5. Nevertheless, the 
selection of the pump speed was very critical in 
that it caused a rapid decrease of  the absorp- 
tion signal at values greater than 82 rev m i n ] .  
The reason was very likely due to the fact that 
the response of the recorder lagged behind the 
instantaneous signals. 

The absorption sensitivity depends on the 
preconcentration time, as shown in Fig. 6. A 
compromise should be made between the two 
parameters for the concentration levels of in- 
terest. 

3.4. Calibration graph 

Calibration graphs were constructed by us- 
ing Sr standards of  0, 50, 75, 100, 200ng 
ml ]and 0, 500, 1000, 2000, 3000, 4000ng 
ml- I  with and without preconcentration, re- 
spectively. The data were fitted by the linear 
equation y = ax + b, where y is the peak height 
in absorbance units and x is the concentration 
of strontium in nanograms per milliliter. The 
resulting equations were y = 2.54 x 1 0 - 3 x  ÷ 
0.003 (with preconcentration) and y = 4.70 x 
10- 5x + 0.001 (without preconcentration). The 
correlation coefficients were 0.998 and 0.997, 
respectively. 

In order to examine the effectiveness of the 
separation procedure, studies of the effects of 0.6 
coexisting ions have been carried out. With the 
optimized chemical and flow conditions, no 
suppression of  the absorption signal for 
200 ng ml -  ] of  Sr by the following ions (lag/ml) o.5 
was observed: A1, 100; Ca, 100; Fe, 100; Mg, 
100; Si, 20; Ti, 20. o 

t '~ 

Two reagents were used to improve the ana- < 
lyrical performance. Firstly, the sample solu- 
tions were made alcoholic by the addition of 0.4 
20% ethanol to reduce the solubility product of 
lead sulfate and to accelerate the formation of 
the precipitate; and secondly, 1% of  KH phtha- 
late was added to the eluting solution to elimi- 
nate residue interferences, if any [10]. It was 
shown that KH phthalate was very effective for 
this purpose. However, the reaction mechanism 
is not quite understood at present. 

I I 1 I 
40 50 60 70 

Pump speed (rpm) 

Fig. 5. Effect of pump speed of EDTA on the absorption 
sensitivity. Sr 200 ng/ml and EDTA 5%. 
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Fig. 6. The absorbance as a function of the preconcentra- 
tion time. Sr 100ng/ml, pump speed: 10revmin -~ for 
sample solutions and 50 rev rain-t for Pb. 

3.5. Sensi t ivi t ies ,  detect ion l imits  and precis ion 

The analytical  performance achieved by the 
proposed procedure,  including sensitivity, de- 
tection limit and  precision, a long with those 
obta ined  by direct nebul izat ion,  are listed in 
Table 3. Slopes of the cal ibrat ion graph were 
used for compar isons  of sensitivities and  for 

calculations of concent ra t ion  factors. Detect ion 
limits were calculated based on 30. 

3.6. Rea l  sample  analysis  

A variety of samples were analyzed using the 
proposed procedure to evaluate the reliability 
and  accuracy of the method.  Analyt ical  results 
are listed in Table 4. For  rock samples, the 
analytical data  were compared  with certified 
values of s tandard  geological reference materi- 
als. For  the tea sample, the accuracy was evalu- 
ated with a spiked s tandard  and the recovery 
was satisfactory. 

4. Conclusion 

It has been shown that  a simple, inexpensive, 
disposable and non-metal l ic  filter can be used 
in a cont inuous-f low precipi tat ion manifold  to 
collect suspended substances. The FI  method 
described above for the de terminat ion  of stron- 
t ium provides a precise and rapid technique 
that  satisfied most  of the requirements  in rou- 
tine analysis. A n  intelligent flow injection 
sampler equipped with an eight-channel  switch- 
ing/inject ion valve can serve to control  both  
the precipi tat ion and elut ion processes auto-  
matically. 

Table 3 
Comparison of analytical performance 

Performance With Without Sa/ S b D Lb/ D L a 
parameter preconcentration preconcentration 

Sensitivity, A (ngml -I) 2.54 x 10 ~ 4.70 x 10 -5 61 - 
Detection limit (ng ml- t) 0.9 50 - 55 
Precision, R.S.D. (%) 3.5 (n = 8) ~ 3.2 (n = 11) b 

Key: S~, S b, sensitivities with and without preconcentration; DL~, DLb, detection limits with and without preconcentra- 
tion. 
a Sr concentration, 100 ng ml -t. 
b Sr concentration, 200 ng ml- ~. 

Table 4 
Analytical results for Sr 

Sample Found Certified Recovery 
(%) 

GSD4 137 lag g- l 142 lag g- i _ 
GSD6 269 lag g-1 263 lag g-I _ 
Mineral water 0.42 lag ml- ~ 0.4 lag ml- ~ " - 
Tea 1.75 lag g-1 _ 106 

"Nominal value. 
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Abstract 

A simple and convenient method has been developed for the speciation of chromium(III) and chromi- 
um(VI) in aqueous solutions using a sodium dodecyl sulphate coated alumina micro-column (1.5 cm x 5 mm 
i.d.) and graphite furnace-atomic absorption spectrometry (GF-AAS), Under the optimized conditions 
(pH 0.6, adjusted with hydrochloric acid; flow rate, 1 ml min- ]) chromium(VI) is retained on the column 
and chromium(III) is collected and determined by GF-AAS. Total chromium is directly determined by 
GF-AAS and chromium(VI) is calculated by difference. The relative standard deviations (10 replicate 
analyses) at the 20 lag 1-1 level for chromium(III) and chromium(VI) and at the 40 lag 1-~ level for total 
chromium were 1.4%, 3.6% and 1.8%, and the corresponding limits of detection (based on 3~r) were 
0.57 tag ml l, 0.61 lag ml -~ and 0.35 lag 1-~ respectively. No large interference effects have been observed 
from other investigated species and the method has been successfully applied to a range of water samples. 

1. Introduction 

Chromium may exist in many chemical 
forms and in nature it is usually encountered in 
the oxidation states III  and VI. Chromium(II1) 
probably exists in natural waters in the form of 
many different species, hydrolyzed, complexed 
and some even adsorbed on colloidal matter. 
Such species decompose on the addition of 
acid, so that in the analysis of  water one will 
have a mixture of  anionic chromate and 
cationic chromium(III)  species [1]. Hexavalent 
chromium finds its way into natural waters, 
chiefly in the effluents from the electroplating 
and tanning industries, from dyeing, from sani- 
tary landfill leaching and from water cooling 
towers [2]. It is well known that each of  these 
oxidation states has very different biological 
and toxicological properties. Chromium(III)  is 
an essential element for mammals,  whereas 

* Corresponding author. 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights 
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chromium(VI) is reported to have particularly 
adverse effects on the lungs, liver and kidneys 

[31. 
A number of  papers have described specific 

analytical procedures for the speciation of 
chromium ions. However, in spite of  the exis- 
tence of powerful instrumental determination 
methods, most trace metal analyses performed 
to date have required some pretreatment of  the 
sample, not only to concentrate the desired 
trace metals but also to avoid interferences 
from coexisting elements [4]. Novel combined 
procedures based on preliminary chelation [5], 
ion exchange [6,7], solvent extraction [8,9] and 
electrochemical separation [10] have been de- 
veloped for the speciation of chromium. All 
these preconcentration methods introduce ad- 
ditional laborious and time-consuming sample 
manipulation steps with their associated well- 
known sources of  error. To overcome these 
problems, an on-line solid sorbent extractions 
method using a C18 bonded silica reversed- 

reserved 
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phase sorbent as the column material has been 
employed for the differential determination of 
chromium(III) and chromium(VI) in natural 
waters [11]. A microcolumn of activated alu- 
mina in combination with direct current 
plasma (DCP) [12] or inductively coupled 
plasma (ICP) [13] atomic emission spectrome- 
try and flame atomic absorption spectrometry 
[14] has also been used for the sequential deter- 
mination of chromium(III) and chromium(VI). 
As a part of our project on trace element 
determination in environmental samples, we 
recently described a method for the determina- 
tion of chromium in serum and lake water 
samples by electrothermal atomic absorption 
spectrometry [15]. In this report, a method for 
the separation and determination of chromi- 
um(VI) and chromium(III) using a micro- 
column of sodium dodecyl sulphate coated 
alumina and GF-AAS is described. This 
method combines the selectivity and separation 
power of the surfactant-coated alumina with 
the excellent sensitivity of GF-AAS. 

2. Experimental 

2. I. Apparatus 

The experiments were performed using a Shi- 
madzu atomic absorption spectrometer model 
AA 670G with a graphite furnace atomizer 
GFA-4A, an autosample changer 60G and a 
graphic printer PR4. A chromium hollow 
cathode lamp (Hamamatsu Photonics K.K., 
Japan) and pyrolytic graphite coated graphite 
tubes were used with sample injection directly 
onto the tube wall. The sample injection vol- 
ume was 10 ~tl in all experiments. The instru- 
mental parameters and temperature programme 
for the graphite atomizer are listed in Table 1. 

2.2. Reagents 

Analytical reagent-grade chemicals and 
triply distilled deionized water were used. All 
glassware was soaked in 5% (v/v) nitric acid for 
at least 24 h and washed with water. 

Alumina powder: alumina (particle size, 10- 
50 gm; chromatographic grade; Katayama 
Chemicals, Japan) was purified prior to use by 
shaking with 5 mol 1-t nitric acid, and washing 
three times with water. 

Sodium dodecyl sulphate (SDS): the analyti- 
cal-grade reagent (Katayama Chemicals) was 
used without further purification. 

SDS-coated alumina: to a 50 ml Erlenmeyer 
flask were added 1.5 g of alumina, 100 mg of 
SDS and 50 ml of hydrochloric acid (0.24 mol 
!-t) and the flask was shaken mechanically for 
15 min. After this step, the SDS-coated alu- 
mina was packed into a microcolumn (1.5 cm 
x 5 mm i.d.). 

Stock solutions of 1000 ggml ~ of chrom- 
ium(III) and chromium(VI) were prepared 
from chromium(III) chloride hexahydrate and 
potassium dichromate, respectively. Working 
solutions were prepared daily from the stock 
solutions by serial dilutions with water. 

Lake water samples collected from Uromieh 
Lake, north-west of Iran, were filtered through 
a 0.45 lam Nucleopore filter prior to storage. 

2.3. Recommended procedure 

A 4 ml portion of sample solution containing 
chromium(VI) and chromium(III) is transferred 
to a 10 ml beaker and the pH of the solution is 
adjusted to 0.6 with 1 mol 1 ~ hydrochloric acid 
solution. The glass electrode is rinsed with 
0.24 mol 1 ~ hydrochloric acid solution and the 
final volume of the solution is adjusted to 10 ml 
using 0.24 moll i hydrochloric acid solution. 
The solution is passed through the surfactant- 
coated alumina with a flow rate of 1 ml min- 
The effluent is then collected by suction and 
chromium(III) is determined by GF-AAS under 

Table 1 
Instrumental parameters for chromium determination 

Spectrometer 

Parameter Value 

Wavelength (nm) 357.9 
Slit width (nm) 0.5 
Lamp current (mA) 7 
Integration time (s) 4 

Absorbance measurement  was by peak height 

Graphite atomizer 

Stage Temperature Time (s) 

(°0 
Ramp Hold 

Argon gas 
flow 
(ml m i n - t )  

Drying 120 10 20 500 
Pyrolysis I variable 15 - 500 
Pyrolysis II variable - 20 500 
Atomization 2300 - 4 0 
Cleaning 2600 - 2 500 
Cooling 50 - 3 500 
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Table 2 
Analytical recovery of chromium added to some water 
samples a 

Sample b Recovery at 20 Bg 1- ' "'spike" (%) 

Cr(IlI) Cr(VI) 

Lake water 100.4 + 2.0 98.6 _+ 3.2 
Waste water 99.8 _+ 1.3 100.2 _+ 1.5 
Tap water 99.0 _+ 1.8 101.0 _+ 3.0 

The values given represent the average and standard 
deviation of the three determinations of each sample. 
b The endogenous levels of chromium(III) and chromi- 
um(Vl) in the lake and tap water were below the GF-AAS 
and in waste water were 19.0 ~t 1-' respectively. 

the optimized conditions shown in Table 1, 
using a calibration graph prepared by injecting 
pure chromium solutions. The total chromium 
in the sample is directly determined by GF-  
AAS and chromium(VI) is calculated by differ- 
ence. In the case of  the recovery experiments 
with spiked water samples (Table 2) total 
chromium and chromium(III)  are determined 
by GF-AAS using a vanadium(V)-molybde-  
num(VI) chemical modifier [15]. 

3. R e s u l t s  and d i scuss ion  

3.1. Adsorption of  chromium(VI) by 
SDS-coated alumina 

The separation of chromium(III)  and 
chromium(VI) on SDS-coated alumina is at- 
tributed to the property of  the modified alu- 
mina surfaces to adsorb non-ionic compounds 
in preference to ionic species. Negatively 
charged SDS is adsorbed on the positively 
charged alumina surface and forms aggregates 
know as hemi-micelles or admicelles, which can 
trap molecules homogeneously. On the addi- 
tion of a mixture of  chromium(III)  and 
chromium(VI) in strongly acidic solutions 
(HC1; 0.24 mo l l  ~) the latter species, which is 
in the non-ionic state, is retained quantita- 
tively, while the former species, which is 
cationic, remains unadsorbed. In the present 
work an attempt was made to adsorb chromi- 
um(VI) on unmodified activated alumina. In 
spite of  the reports of  quantitative adsorption 
of chromium(VI) on alumina at pH 2, no ad- 
sorption of  chromium(VI) on alumina was ob- 
served in aqueous hydrochloric acid medium 
(0 .24mol l  1). This observation indicates the 

non-ionic nature of  chromium(VI), presumably 
in the form of H2CrO4 or HCrO3CI. 

In order to avoid chromium(VI) entrapment 
into the micelles in the aqueous phase, the SDS 
concentration was fixed at 2 mg ml l, which is 
below the CMC [16]. 

3.2. Effect of  p H  

In coating alumina surfaces, the adsorption 
of  SDS on alumina is highly dependent on the 
solution pH [16]. Negatively charged SDS was 
more effectively adsorbed on the positively 
charged alumina surfaces at lower pH values. 
Almost complete adsorption was achieved at 
pH 1-4  by shaking SDS solution with alumina 
for 15 min. The effect of  the solution pH on 
SDS adsorption on alumina is shown in Fig. 1. 

In order to study the effect of  pH on the 
adsorption of chromium(VI) on SDS-coated 
alumina, solutions of  different pH in the range 
0.0-6.0 containing 50 lag 1 l of  chromium(VI) 
were passed through the microcolumn and the 
percentage of chromium adsorption on the sur- 
factant-coated alumina microcolumn was eval- 
uated. This experiment was repeated for the 
solutions containing 50 Bg 1- '  of  chromium- 
(III). The results are shown in Fig. 2. This 
figure indicates that at pH 0.6 nearly all the 
chromium(III)  passes through the column 
while nearly all the chromium(VI) is retained 
on the column. The decrease in the adsorption 
of  chromium(VI) at pH values greater than 0.8 
can be attributed to the transition of chromi- 
um(VI) from the non-ionic form to the ionic 
form, which is not adsorbed on SDS-coated 

100 

8O 

60 .Q  

40 

( t )  

20-- 

1 3 5 7 9 11 
pH 

Fig. 1. Effect of the pH on the adsorption of SDS on 
alumina. (Conditions: 100 mg of SDS and 1.5 g of alumina 
in 50 ml of hydrochloric acid solution with known pH, 
mixed for 15 min.) 

13 
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pH 
Fig. 2. Effect of the pH on the adsorption of (curve A) 
chromium(VI) and (curve B) chromium(III) each 50 lag 1 i 
on SDS-coated alumina. 

alumina. The increase in the adsorption of 
chromium(III)  at pH values greater than 4.5 is 
most probably due to the formation of the 
uncharged Cr(OH)3 species which is easily ad- 
sorbed on SDS-coated alumina. 

3.3. Interference effects 

Some experiments were carried out in order 
to examine the effects of  common coexisting 
ions on the adsorption of chromium(VI) on 
SDS-coated alumina. In these experiments, so- 
lutions of 100 lag 1- ' of  chromium(VI) contain- 
ing the added interfering ion were treated 
according to the recommended procedure. The 
chromium content of  the effluents was deter- 
mined in order to calculate the deposition 
efficiency of  chromium(VI). The tolerances of  
the coexisting ions, defined as the largest 
amount  yielding a change of less than 5% in the 
adsorption efficiency of  100 lag l ~ of  chromi- 
um(VI), are given in Table 3. From the results 
obtained, it can be deduced that the presence of 
major cations and oxyanions (the most serious 

Table 4 
Results of  chromium(llI)  and chromium(Vl) determina- 
tions in synthetic mixtures 

Added (lagl 1) Found '~ (lagl ]) 

Cr(Ili) Cr(VI) Cr(ll l)  Cr(VI) Cr (total) 

20 20 20 .3±0 .3  19 .9±0.7  40 .2±0 .7  
31 21 30 .6±0 .6  20 .7±0 .6  51 .3±0 .8  
22 47 21 .7±0 .6  48 .4±0 .7  70 .1±0 .7  

Average and standard deviation of three determinations 

interferents on an activated alumina column 
[14]) have no large influence on chromium(VI) 
adsorption under the conditions used here. 

The interferences from high concentrations 
of  matrix ions on chromium(III)  and total 
chromium determinations were overcome by 
adding vanadium(V) plus molybdenum(VI),  
20 ~tg of  each, as chemical modifier. 

3.4. Calibration, precision and detection limit 

The calibration graphs for the determination 
of total chromium and chromium(III)  were 
both linear up to 100 ~tg 1- '  of  chromium. The 
repeatability of  the measurements were tested 
for different amounts of  chromium(III)  and 
chromium(VI). At the 40 lag l ~ level of  total 
chromium (20 Bgl ~ with respect to each spe- 
cies), the relative standard deviations (10 repli- 
cate analyses) were 1.4%, 3.6% and 1.8% for 
chromium(III) ,  chromium(VI) and total 
chromium respectively. This indicates that the 
precision of chromium(VI) determination is not 
significantly impaired by the presence of 
chromium(III) .  Detection limits defined as three 
times the standard deviation of a blank deter- 
mination were 0.571agl ~, 0.61 lag l ~ and 
0.35 lagl ] for chromium(III) ,  chromium(VI) 
and total chromium, respectively, based on ten 
replicate determinations of  the blank. 

Table 3 
Tolerance limits for coexisting ions in the adsorption of 
100 lag 1-] of chromium(VI) 

Tolerance limit of Coexisting 
ions to Cr(VI) ion 
(mgl I) 

5000 
1000 
600 
550 
500 
400 

K +, Ca 2+, Mg 2+ 
~+ Cu2+ Zn- , , N O ;  PO~- 

Mn 2+ 
AI-~+ 
Co 2 +, Fe 3 + 
Mo(VI), SO~ 

3.5. Application to samples 

In order to establish the validity of  the pro- 
posed procedure, the method has been applied 
to the determination of some simple mixtures of  
chromium(III)  and chromium(VI). The results 
are given in Table 4. The reliability of  the 
proposed procedure was also tested by carrying 
out recovery studies. The average per cent re- 
coveries obtained for the addition of chrom- 
ium(III) and chromium(VI) spikes to lake, 
waste and tap water samples are given in 
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Table 2. The results of Table 2 show that the 
recoveries of chromium(III) and chromium(VI) 
were correct to within _+ 1%. 

4. Conclusion 

A method using a microcolumn of SDS- 
coated alumina combined with GF-AAS has 
been developed for the determination of 
chromium(III) and chromium(VI). Attractive 
features of this novel method are its good 
sensitivity, good selectivity and improved sim- 
plicity provided by the SDS aggregates. In this 
method, unlike that using unmodified alumina, 
there is no need for an additional elution step. 
Chromium(III) is determined in the effluent 
while the total chromium concentration is di- 
rectly determined by GF-AAS, and chromi- 
um(VI) is then calculated by difference. 
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Abstract 

A spectrophotometric study is presented on the first ionization equilibrium of a class of substituted 
sulfonephthaleins, whose second ionization was the subject of the first part of this work. The present study 
was more difficult than the previous in that highly acid media and acidity functions had to be used. 
Nevertheless the results were of sufficient accuracy to allow the dual substituent analysis of Swain and 
Lupton (C.G. Swain and A.C. Lupton, Jr., J. Am. Chem. Soc., 90 (1968) 4328). Generally speaking, the 
dependences of equilibrium and spectral parameters on field and resonance parameters found in this and the 
previous paper were very similar. 

1. Introduction 

Sulfonephthaleins are a class of  arylsulfonic 
acids whose general formula is shown in Fig. 1. 

All the indicators are summarized in Table 1. 
These molecules are characterized by the three 
following acidic groups: sulfonic, hydroquin-on- 
ic and phenolic. The ionizations of  these 
substances can be represented by the equilibria 
shown below (form 1). The object of  the present 
work is the spectrophotometric measurement of  
pK values for the first ionization equilibrium and 

the study of the related spectral features in order 
to confirm, on these bases, the attribution of this 
ionization to the hydroquinonic group, the sul- 
fonic groups behaving as stronger acids. A 
correlation study between the equilibrium and 
spectral properties and the various substituents 
characterizing each molecule is proposed. With 
this information it is possible to complete the 
data acquisition in this class of indicators re- 
ported in a previous work [1] for second disso- 
ciation pK2 values. An analogous ~3C N M R  
analysis is unworkable because the solubility of 

~_ °3" ~ O H  
C ~ O H  

I 

K1 
s°3~///=~ o ~ S°3" / ~  o 

II Ill 

Form 1 

* Corresponding author. 
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R2 //o 

R4 R4 R 4  ~ 3  

R3 H 

1 

Fig. 1. General formula of sulfonephthaleins. 

sulfonephthalein is insufficient in acidic solu- 
tions. 

The estimation of the pK 1 values also re- 
quires high acid concentrations. Because of  the 
high concentration of our acidic solutions we 
had to use a suitable acidity function. The 
results of this study clarify the behaviour of a 
class of  very versatile indicators with a wide 
range of colours and pKs. 

2. Experimental 

2.2. Spectrophotometric measurements 

Absorption spectra were recorded at 25 °C, 
on a Hewlet t-Packard 8452 diode array spec- 
trophotometer using a 1 cm quartz cell. 

The acid chosen as solvent had to be non-ab- 
sorbing and strong enough to allow the obser- 
vation of reliable colour changes (pK values 
- 4 . 4  to 1.1). Although insufficient to obtain 
completely the diprotonated form of some indi- 
cators, hydrochloric acid proved the most suit- 
able among the acids tried, also in view of its 
non-oxidizing nature. 

A set of 14 HCI solutions from 10 -2 to 11 M 
were therefore prepared from 37% fuming hy- 
drochloric acid (Merck) and from volumetric 
standards 1.012 N and 0.1041 N (Aldrich). The 
titres of the 14 solutions were confirmed poten- 
tiometrically. 

For  each substance 14 samples were then 
prepared by mixing 0.500ml of an aqueous 
solution of approximately 1 x 10 4M indica- 
tor and 2.50 ml of the acid solution. 

Each sample was then spectrophotometri- 
cally analyzed in the range from 190 to 820 nm, 
obtaining 14 spectra, as for Chlorophenoi Red 
shown in Fig. 2 as an example. 

2.1. Materials 

The studied sulfonephthaleins were Aldrich 
products, used without further purification. 
Their purity was checked in the previous work 
[1] by the appearance of their NMR spectra. 

2.3. Calculation o f  ionization constants 

Spectral data were analyzed with the pro- 
gram SPECFIT [2] as in the first part of  this 
work [1]. 

Table 1 
Substituents R~, R2, R 3 and R 4 of the 15 studied sulfonephthaleins 

Indicator name Compound  R~ R z R 3 R 4 

Cresol Red 1 H CH 3 H H 
Phenol Red 2 H H H H 
3,4,5,6-Tetrabromophenol sulfonephthalein 2Br H H H Br 
Bromocresol Purple 3 Br CH 3 H H 
Chlorophenol Red 4 H C1 H H 
Bromochlorophenol Blue 5 Br CI H H 
Bromophenol Blue 6 Br Br H H 
Tetrabromophenol Blue 6Br Br Br H Br 
3',3",5',5"-Tet raiodophenol sulfonephthalein 7 I I CH 3 H 
Xylenol Blue 1CH 3 H CH~ CH 3 H 
Thymol Blue ' ICH 3 H CH(CH3) 2 CH 3 H 
Cresol Purple 2CH 3 H H CH 3 H 
Bromoxylenol Blue 3CH 3 Br CH 3 CH 3 H 
Bromothymol Blue 3'CH 3 Br C H ( C H J 2  CH 3 H 
Bromocresol Green 6CH 3 Br CH 3 H 
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Fig. 2. Experimental spectra of  Chlorophenol  Red. 
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Fig. 4. Reconstructed spectra of  Chlorophenol  Red. 
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3. Results and discussion 

3. I. Equilibrium data 

In the previous study all measurements were 
made at an ionic strength of  0.1 M KNO3, and 

[H +] was adjusted by titrating a mixture of 
approximately 10 -2 M in different acids. In the 
present case we had to use much higher acid 
concentrations. It was therefore no longer pos- 
sible to control the ionic strength or to use 
directly the acid concentration; it became neces- 
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Fig. 5. Dis t r ibu t ion  curves for the first ion iza t ion  of  

Ch lo ropheno l  Red.  

sary therefore to resort to an acidic function. 
The Ho function proposed by Hammet and 
Deyrup [3] was used. The literature [4] values 
were fitted with a seventh degree polynomial 
model to extrapolate the values for the hydro- 
gen ion concentrations used, as shown in Fig. 3. 

For dilute solutions, - l o g [ H  + ] was used. 
The experimental absorbance data were ana- 
lyzed by evolving factor analysis (EFA), using 
the above H0 function as a continuous vari- 
able. As an example we report the experimental 
spectra of Chlorophenol Red in the Ho range 
3.2 to - 4 . 7  (Fig. 2). These data do not present 
a well-defined isosbestic point. This is pre- 
sumably to be ascribed to spectral changes 
connected with the remarkable variation in 
ionic strength. The same spectra reconstructed 
taking into account the first two eigenvalues in 
the factor analysis are presented in Fig. 4. In 
these spectra all the contributions not deter- 
mined by ionization were removed. 

The evolving factor analysis (EFA) on these 
data indicates the presence of two absorbing 
species in the examined range. 

Table  2 

The pK~ values  of  the 15 studied su l fonephtha le ins  

C o m p o u n d  pK~ a 

1 1.11 +0 .01  

1CH 3 1.42 + 0.01 
I ' C H  s 1.49 + 0.01 

2 1 .16+0 .01  
2BR 0.64 + 0.01 

2CH 3 1.57 - 0.02 
3 - 2 . 0 0  + 0.01 

3CH 3 - 1.54 + 0.01 

3 'CH 3 - 1.55 + 0.06 
4 - 1.45 + 0.01 

5 - 3 . 6 + 0 . 1  

6 - 4 . 3  _+ 0.1 

6Br - 1.4 + 0.1 

6CH~ 4.4 + 0.1 

7 - 4 . 2 + 0 . 1  

Errors  were eva lua ted  as 3~r, where a is the s t andard  

devia t ion  furnished by SPECFIT 

The distribution curves in Fig. 5 and the 
spectra in Fig. 6 obtained with EFA without 
any model assumption are reported as symbols. 
S P E C F I T ,  moreover, allows a least-squares opti- 
mization based on an equilibrium model. We 
therefore assigned to structures I and II the 
two absorbing species indicated by EFA, which 
are connected by a single ionization equi- 
librium. The relative pK~ estimate was there- 
fore optimized. The resulting distribution 
curves and spectra are reported as continuous 
lines in Figs. 5 and 6. With the two procedures, 
the results are in good agreement. This proves 
that the experimental measurements were cor- 
rect. The pK~ values for all the 15 indicators 
were evaluated with the same procedure out- 
lined above for Chlorophenol Red. These ion- 
ization parameters are reported with their 
respective errors in Table 2. The same pK~ 

60000 

45000 

30000 

15000 

0 

350 370 390 410 430 450 470 490 510 530 550 570 

nm 

Fig. 6. Absorp t iv i ty  spectra  of  the basic and  acid forms of  Ch lo ropheno l  Red.  
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Fig. 7. The pK~ values reported as a substituent function. Continuous line, compounds l to 7; A, 1CH 3, 2CH3, 3CH 3, 
and 6CH3; C, I ' C H  3 and 3'CH3; <>, 2Br and 6Br. 

v a l u e s  a re  g r a p h i c a l l y  r e p o r t e d  as  a f u n c t i o n  

o f  o r t h o  s u b s t i t u e n t s  in  Fig.  7. T h e y  s h o w  a 

ve ry  s i m i l a r  b e h a v i o u r  to  t h a t  f o u n d  f o r  t he  

s e c o n d  i o n i z a t i o n .  T h e  a n o m a l o u s  o u t l y i n g  re-  

su l t  f o r  t he  6 B r  c o m p o u n d  will be  d i s c u s s e d  

la ter .  

3.2. U V - v i s i b l e  s p e c t r a  

T h e  U V - v i s i b l e  s p e c t r a  o f  t he  15 i n d i c a t o r s ,  

co l l e c t ed  as  r e p o r t e d  a b o v e ,  we re  d e c o m p o s e d  

w i t h  SPECPEAK [5] a n d  t he  m a x i m u m  w a v e -  

l e n g t h s  o f  t he  c o m p o n e n t  G a u s s i a n  p e a k s  in 

t he  3 0 0 - 6 0 0  n m  r a n g e  we re  o b t a i n e d .  T h e s e  

d a t a  a re  r e p o r t e d  in T a b l e  3. P e a k  I I I  w as  n o t  

r e p o r t e d  b e c a u s e  it is u n a f f e c t e d  w h e n  t he  sub -  

s t i t u e n t s  a r e  c h a n g e d .  

S o m e  q u a l i t a t i v e  o b s e r v a t i o n s  m a y  b e  m a d e  

o n  t he  t r e n d  o f  m a x i m u m  w a v e l e n g t h s  r e p o r t e d  

in  Fig.  8 as  a f u n c t i o n  o f  t h e  s u b s t i t u e n t s .  

(i) I n d i c a t o r s  1 - 7  p r e s e n t  a r e g u l a r  t r e n d  

a l t h o u g h  m a x i m u m  w a v e l e n g t h s  a n d  p K  t va l -  

ues  o f  i n d i c a t o r s  5, 6 a n d  7 a re  a f fec ted  b y  

c o n s i d e r a b l e  e r r o r s  d u e  to  t h e i r  ac id  s t r e n g t h .  

(ii) T h e  C H  3 a n d  C H ( C H 3 )  s u b s t i t u e n t s  in  

c o m p o u n d s  1CH3,  2 C H 3 ,  3 C H 3 ,  6 C H 3 ,  a n d  

I ' C H  3, 3 ' C H 3  r e spec t i ve ly  c a u s e  sh i f t s  t h a t  v a r y  

w i t h  r e spec t  to  the  t r e n d  o f  r e l a t e d  s u b s t a n c e s  

w i t h  o n l y  RI  a n d  Re s u b s t i t u e n t s .  

T h e  p r e s e n c e  o f  B r  in  p o s i t i o n  R 4 p r o d u c e s  a 

ve ry  i r r e g u l a r  t r e n d .  T h e  b a s i c  b a n d  a t  a p p r o x -  

i m a t e l y  450  n m ,  c o r r e s p o n d i n g  to  t he  p K  2 ac id  

b a n d ,  c o n f i r m s  a neg l ig ib l e  v a r i a t i o n  w i t h  t he  

s u b s t i t u e n t s .  

Table 3 
Parameters of the most intense Gaussian bands 

Indicator Peak 1 Peak II Peak IV Peak V 

~max m H Am~ X W H 2m~ ~ W H Ama x W H 

1 318 57 122 370.1 61.3 165 
2 325.0 46.1 134 372.6 48.6 215 
3 325 80 194 391.1 56 270 
4 324 74 134 390.1 70 173 
5 327.2 98 353 431.5 83.6 980 
6 328 93 189 - 
7 301 300 157 - - - 
ICH 3 290 200 200 368.4 56 137 
2CH 3 314 110 145 394 64 210 
3CH 3 322 130 188 411 54.5 174 
6CH 3 341.7 88 224 - - 
I'CH 3 321 78 180 387.1 56 179 
YCH 3 300 230 250 412.6 54.4 247 
2Br 290 100 190 357.5 44 118 
6Br - 366 96 70 

505.9 56.5 581 520 29 600 
493 51.5 666 507.9 28.9 1024 
513.1 59.1 670 534.3 34.5 1420 
508.2 58 446 525.8 32.2 703 

532.3 47.9 230 
483 63 61 532.3 46 141 
489 121 40 549.2 47 70 
496.8 33 61 544.9 60.8 717 
491 59 150 529.7 49.7 680 
530 69 200 563.4 53.2 700 
536 96 131 566.5 55 232 
498.5 35 91 545.3 58.1 879 
547.6 79.9 480 563.8 47.1 710 
511.9 54.1 420 526.3 26.6 498 
510 190 51 - - 
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Fig. 8. The  wave length  of  all  ind ica to r  peaks.  Con t inuous  line, c o m p o u n d s  1 to 7: A,  ICH3,  2CH3, 3CH3, and  6CH3; 

O,  I ' C H  3 and  3'CH3; ~ ,  2Br and  6Br. 

Table  4 
Resul ts  o f  S w a i n - L u p t o n  analys is  

Set y °  r I r 2 Std. e r ror  Zr  2 Correl .  Coeff. 

pK  I 1 1.243 - 5 . 2 1 3  1.778 0.290 0.336 0.995 
2 1.574 - 6 . 7 4 4  - 0 . 2 2 2  0.135 0.055 0.999 

2ma x 1 508.6 --2.380 --71.55 5.912 139.8 0.927 

2 529.7 0.064 --83.62 0.257 0.198 1.000 
pKlvs.  ~ 1 1.072 --5.939 - 0.303 0.459 --0.993 

2 1.604 --6.651 0.119 0.057 0.999 

2max VS. ~ 1 508.8 -- --66.91 5.308 140.8 --0.972 
2 529.7 -- - -83.74 0.223 0.199 -- 1.000 

4. Concluding remarks 

A Swain and Lupton [6] dual substituent 
analysis was carried out as in the first part  
of  this work [1], but the more recent ~ and 
~t values reported by Hansch et al. [7] were 
used; the results are reported in Table 4. The 
pK~ values and maximum wavelengths ~'max 
can in fact be well fitted with the equation 

y = yO+ r l /Ck2,~ ' where Y and ~ are the sum 
of  the tabulated values for the ortho sub- 
stituent, since the effects of  the R~ and R2 
substituents can be considered additive. 

Sets 1 and 2 in Table 4 represent the seven 
(1 7) and six (1CH3-6CH3) compounds re- 
spectively. As can be seen the goodness 
parameters (standard error, Er 2, correlation 
coefficient) referring to set 1 are very bad con- 

0 ¸ 

--4- 

- t~ .I 0 0.'2 0.'4 0.'6 0.'8 1.0 

Fig. 9. The pK values  of  set 1 and  set 2 repor ted as a 
funct ion of  the ~-  variable.  

580 

560 

~540 

520 

50O 
-0.5 -6.4 -6.3 -0.z -0.1 0.0 

Fig. 10. The .im~ X values for set 1 and  set 2 repor ted as a 
funct ion of  ~t. 
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sidering the acidic strength of indicators 5, 6 
and 7. 

The pK values and the maximum wave- 
lengths of  first dissociation depend on the R~ 
and R2 substituents with a trend analogous to 
that found for the second equilibrium. Also in 
this case the ,~- field variable alone accounts 
for 86% and 77% of  the pK 1 variability around 
the reference value of  the unsubstituted com- 
pound 2, respectively, for sets 2 and 1. The 
linear regression with only ~,~ as an indepen- 
dent variable nevertheless shows a standard 
error and Zr 2 very similar to those of  the 
two-variable regression. In Fig. 9 pK1 values 
versus ~ are reported for the two sets: set 1 
again is poorer than set 2. The two lines are 
indistinguishable on the basis of  the large er- 
rors by which they are affected. Nevertheless, 
by comparing the most accurate pK1 values of  
1 with | C H  3 and I 'CH3, 2 with 2CH 3 and 3 
with 3CH 3 and YCH3, a difference of about 
0.5 pK units, corresponding to the meta C H  3 

effect, can be remarked. These findings are in 
line with those for the first ionization. 

The meta C H  3 effect is more significant than 
that of  the ortho substituent because of the 
steric factor which causes a torsion of the 
phenolic rings. As can be seen from 1 and 2 or 
from 1CH3, I 'CH 3 and 2CH 3 indicators, the 
ortho substituents do no affect pK~ values. 
When R1 and R2 are halogens an i n d u c t i v e -  I 
effect causes an increase in acidity as shown in 
the series 2, 3, and 6 or in the corresponding 
sequence 2CH~, 3CH3, 6CH3. The trend of 
maximum wavelengths of  the most intense 
band VI may be seen in Fig. 10. This band was 
analyzed with the Swain Lupton method and 
the parameters shown in Table 4 were ob- 
tained. While pK~ values can be evaluated with 
the ~ parameter  alone, the band position for 
both sets shows an 80.5% and an 91% depen- 
dence on the resonance ~' parameter  for sets 1 
and 2, respectively. Fig. 10 reports ,im~ x values 
vs. ~ .  A shift of  21 nm between the intercepts 
of  set 2 with respect to set 1 is observed. 
Analogously to the previous study, the half- 
bandwidths of  set 2 spectra are larger than 
those of set 1. 

In conclusion, it should be pointed out that 
ionization of  the first exchangeable proton 
takes place at a pK 1 value which is normally 

approximately 7 units lower than the second 
ionization and the spectral properties of  the 
biprotonated form and of the completely de- 
protonated form have very similar spectra. 
This observation substantiates the sequence of 
ionization equilibria proposed above. In fact 
the similarity of  the spectra is well explained by 
their assignment to the two symmetric forms I 
and III,  as discussed by Schwarzenbach [8]. 
The first ionization of the sulfonic group, on 
the contrary, should give two non-symmetric 
forms with different spectral properties. This 
attribution is furthermore supported by the 
high similarity in the values of  the dual sub- 
stituent analysis on pKl and pK 2. 

The difference between the trends of  pK~ and 
pK2 observed when bromine is R 4 has to be 
explained. While pK2 values are not affected, 
pK, in fact shows an ambiguous behaviour. 
The acidity of  the 2Br sulfonephthalein in- 
creases and that of  6Br decreases. We can 
tentatively explain this behaviour by a decrease 
of  sulfonic group acidity to p K  ~ - 1.4 due to 
resonance effects of  the four bromine atoms. 
The ionization order of  sulfonic and hy- 
droquinonic groups, which is unaffected in the 
2Br compound, is in contrast, reversed in 6Br. 
The ionization of the hydroquinonic group in 
the last compound is expected, in fact, at 
p K ~  - 4 .  Further support of  sulfonic ioniza- 
tion is given by the spectral features of  6Br 
which is the only indicator whose acidic species 
is not coloured. 
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Abstract 

A systematic study of the fluorescence of complexes of some flavone derivatives with organotin 
compounds in hexane and in an aqueous micellar medium on Triton X-100 is reported. Some relationships 
between fluorescence intensity and the structure of the fluorogenic reagent or that of the organotin 
compound can be deduced, and the most suitable reagent for each organotin species can be chosen on the 
basis of sensitivity and selectivity. Results point out that flavone derivatives are appropriate post-column 
derivatization reagents for organotin compounds in liquid chromatography. 

I. Introduction 

Aryl and alkyl derivatives of tin are exten- 
sively used as PVC stabilizers, biocides, and 
catalysts and in antifouling paints. The variety 
of pathways for their entry into the environ- 
ment, together with their toxicity, has brought 
about investigations of methods for their sepa- 
ration and detection in environmental samples. 
Separation is usually carried out by gas chro- 
matography [l,2] or liquid chromatography [3]. 
For the latter, most detection systems are 
based on atomic spectroscopic techniques or 
molecular fluorscence. 

As organotin compounds are not intrinsi- 
cally fluorescent, a fluorogenic derivatization 
process is needed when detection is performed 
with fluorimetry. Derivatization can be carried 
out either pre-column, on-column or post- 
column, which is the most frequent. Flavone 
derivatives, which are well-known fluorogenic 
reagents for inorganic tin [4], have also been 
proposed for the ftuorimetric determination of 
organotin species [5-7] and they have been 
used for derivatization in liquid chromatogra- 
phy (LC) [8-14]. However there is a need for 

systematic study of the relative fluorescence 
intensities of organotin complexes with 
flavones in media commonly used in LC, which 
would allow the selection of the most suitable 
reagent for each specific problem. 

This paper describes a systematic study of 
the fluorescence properties of several flavone 
derivatives as labelling reagents for methyltin, 
butyltin, cyclohexyltin and phenyltin species. In 
Fig. 1 the structural formulae, the systematic 

o 

SYSTEMATIC NAME ORDINAF~Y NAME 

3-hydroxyflavone 

5,7-dihydroxyflavone 

3,5,7-trihydroxyflavone 

3,4',5,7-tetrahydroxyflavone 

3,3',4',7-tetrahydroxyflavone 

3.3',4', 5,7-pentahydroxyflavone 

3,5,7,2',4'-pentahydroxyfflavone 

Ftavonol 

Chrysin 

Galangin 

Kaempferol 

Fisetin 

Quercetin 

Morin 

* Corresponding author, 
Fig. 1. Structural formulae, systematic names and ordinary 
names of the flavone derivatives. 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights reserved 
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names and the ordinary names of the flavone 
derivatives studied are shown. 

Hexane, which is a suitable mobile phase for 
normal-phase LC of organotin compounds, is 
one of the reaction media selected. Further- 
more, it has been reported that, in comparison 
with hydro-organic media, non-ionic and 
cationic surfactants enhance the fluorescence of 
organotin complexes with flavone derivatives 
[6,9,15]. Among the micellar media tested, the 
best results in terms of sensitivity are obtained 
with non-ionic Triton X-100. Therefore Triton 
X-100 micellar solutions may be a good alter- 
native for fluorimetric detection of organotin 
species after chromatographic separation by 
reverse phase or ion exchange. Thus, the 
fluorescence of these complexes in 1% (m/v) 
Triton X-100 was also studied. 

2. Experimental 

2.1. Reagents 

Solutions were prepared in doubly deionized 
water (Culligan Ultrapure GS) of 18.3 Mf~ cm 
resistivity. 

Triphenyltin chloride (TPhTCI), diphenlytin 
chloride (DPhTC1), monophenyltin chloride 
(MPhTCI), tributyltin chloride (TBTCI), 
dibutyltin chloride (DBTC1), monobutyltin 
chloride (MBTC1), trimethyltin chloride 
(TMTC1), and tricyclohexyltin chloride 
(TCHTCI) were purchased from Fluka or 
Aldrich (purity above 95%) and were used 
without further purification. Stock solutions 
(0.5 g l ~ as tin) were prepared with methanol 
(Merck), except for TCHTC1, which was pre- 
pared with cyclohexane. These solutions were 
stored at 4 °C in dark glass bottles, and work- 
ing solutions (1-25mgl  -l) were prepared 
freshly prior to use, by dilution with methanol 
and water, or hexane (Merck). 

Ethanol solutions (3 × 10-4-5 x 10 -3 M) of 
flavonol (Aldrich), galangin (Aldrich), 
kaempferol (Fluka), quercetin (Merck), morin 
(Merck), fisetin (Aldrich), chrysin (Aldrich) 
and 7,8-dihydroxy-flavone (Toyko Kasey) were 
prepared daily. 

Buffer solutions of 0.05 M formic acid-solu- 
tion hydroxide (pH 3-4), 0.05 M succinic 
acid-sodium hydroxide (pH 5-6) and 0.05 M 
Tris-hydrochloric acid (pH 7-8) were used; 
pH values below 3 were adjusted with hy- 
drochloric acid. 

A stock aqueous solution of 8.3% (m/v) Tri- 
ton X-100 (Merck) was used. 

2.2. Apparatus 

Fluorescence measurements were performed 
on a Perkin-Elmer LS-50 spectrofluorimeter 
equipped with a xenon discharge lamp and 
10-mm pathlength quartz cells. The slit widths 
were adjusted to 3 or 10 nm in both monochro- 
mators depending on the fluorescence of the 
complexes. Measurements were performed at 
20 °C in a thermostatted room. The spec- 
trofluorimeter was calibrated daily using a 
Perkin-Elmer fluorescence intensity standard of 
ovalene. All fluorescence data are given with- 
out spectral correction. 

Spectrophotometric measurements were car- 
ried out on a Perkin-Elmer Lambda 19 double- 
beam spectrophotometer, using 10-mm quartz 
cells. 

A Crison Digilab-517 pH meter equipped 
with an Orion combined electrode was used for 
pH measurements. The potentiometric system 
was calibrated prior to use with buffer solu- 
tions, at pH 4.008 and 6.863, prepared from 
Merck salts according to DIN 19 266. 

All glassware used for experiments was pre- 
viously soaked in 10% nitric acid (Merck) for 
24 h and rinsed with doubly deionized water. 

2.3. Procedures 

Fluorescence measurements 
Hexane medium: transfer 2 ml of the hexane 

organotin compound solution (1 mg 1-1) into a 
10 ml volumetric flask containing 0.5 ml of the 
flavone solution (3.4 x 10 -4 M) and dilute to 
volume with hexane. When estimating detec- 
tion limits, more diluted solutions of organotin 
compounds were used. 

Micellar medium: transfer 1 ml of aqueous 
organotin compound solution (5 mg 1-') into a 
25 ml volumetric flask containing 0.5 ml of the 
flavone solution (2.1 x 10-3M), 2.5ml of 
buffer solution and 3 ml of Triton X-100 solu- 
tion, and dilute to volume with water. 

Immediately after the preparation, excitation 
and emission spectra were recorded and the 
fluorescence intensity at optimal wavelengths 
was read. The fluorescence intensity was read 
again 1 h later. Blank solutions were prepared 
and measured at the optimal wavelengths of 
the complex. 
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Table 1 
Wavelength of the excitation and emission maxima (2ex, 2em) and relative fluorescence intensities (Iv) of the complexes 
of organotin compounds (200 lag 1- l) with flavone derivatives in hexane 

Flavone DBT MBT DPhT MPhT 
derivative 

2ex 2~m IF 2~x 2em IF 2e× "~em IF 2ex 2em I~ 

Flavonol 396 445 13 400 454 48 396 445 44 400 452 27 
Galangin 434 488 0.4 416 474 8 429 483 2 418 475 7 
Kaemp~rol 420 468 5 428 476 78 426 469 47 429 475 37 
Quercetin 426 482 28 432 487 81 432 486 85 436 485 40 
Morin 418 488 51 425 498 39 425 491 86 425 495 42 
Fisetin 418 481 97 421 488 43 421 482 100 421 483 45 

UV absorption spectra 
Solutions used to obtain the UV absorption 

spectra were prepared by one of the procedures 
described above, but using more concentrated 
solutions of organotin compounds and flav- 
ones. The final concentration of the organo- 
tin compound was 1 mg 1-1 with a ten-fold 
excess of reagent. Absorption spectra of the 
complexes were recorded against a blank. 

3. Results and discussion 

3.1. Fluorescence in hexane 

The fluorescence intensities (relative to that 
of the DPhTC1-Fisetin complex, taken as 100), 
as well as the wavelengths of the excitation and 
emission maxima, of the complexes of some 
organotin compounds with six flavone deriva- 
tives are given in Table 1. Values correspond- 
ing to other species, such as TBT, TPhT, TMT 
and TCHT, are not given because they exhib- 
ited very weak fluorescence with all the flavone 
derivatives. 

In all the cases, both the excitation and 
emission spectra consisted of a single structure- 
less broad band with the excitation maximum 
in the range 410-435 nm and the emission 
maximum in the range 470-500 nm, except for 
complexes with flavonol (2exc= 390-400nm; 
2em = 445--460 nm). The emission intensities 
did not change significantly for 1 h after the 
preparation of the solutions. 

Values in Table 1 show that, in this medium, 
the complexes of diorganotin and monoorgan- 
otin compounds with the reagents studied are 
highly fluorescent. Most fluorescent systems, 
like fisetin or morin complexes of MBT, DBT, 
MPhT and DPhT, allow limits of detection to 
be reached at about 0.1 lag 1-1, which makes 
TAL 42-8-L 

them suitable as labelling reagents in environ- 
mental analysis. 

The fact that the fluorescence of trialkyl and 
triaryl complexes in hexane is much less intense 
than that of monoorganotin and diorganotin 
compounds, has already been reported by 
Arakawa et al. [5] and Langseth [16] in the case 
of morin, and has been attributed to the shield- 
ing of the tin atom by the carbon chains of the 
triorganotin compounds, which hinders the 
formation of the complex. To confirm this 
assumption, the UV absorption spectra of solu- 
tions containing, respectively, TBT, TPhT, 
DBT or DPhT and a ten-fold excess of morin 
or flavonol were compared with the corre- 
sponding reagent blanks. No change in the 
spectrum of the reagent was observed when 
TBT or TPhT was added to the solution, 
whereas a new band appeared in the region of 
380-430 nm in the case of DBT and DPhT, 
which suggests that complex formation for tri- 
organotin compounds takes place to a much 
lesser extent than for diorganotin derivatives. 
This behaviour agrees with data reported on 
the complexation of flavonol with butyltin spe- 
cies in methanol, chloroform and toluene [17]. 
In all the solvents stability constants for TBT 
were lower than those corresponding to DBT 
and MBT. 

Comparing the emission intensities given by 
the complexes of the different flavone deriva- 
tives (Table 1), some relationships between the 
structure and the fluorescence of the complex 
can be deduced. First, the presence of a hy- 
droxyl group at position 3 is essential to 
fluorescence, as shown by the fact that 7,8-di- 
hydroxyflavone and chrysin do not form 
fluorescent complexes. On the other hand, the 
presence of hydroxyl groups in ring A seems to 
decrease the fluorescence of the complexes, 
whereas their presence in ring C increases the 
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Fig. 2. The pH dependence of the fluorescence intensity of the complexes of organotin compounds in l"/,, (m/v) Triton 
X-100. ([Organotin = 200 pgl ~].) [], rnorin; ©, quercetin; 0 ,  kaempferol; A, galangin; A, fisetin; I ,  flavonol. 

emission intensity. In comparison with 
flavonol, which has no hydroxyl groups in 
these rings, in galangin, the addition of two 
OH groups in ring A causes a clear decrease in 
the fluorescence. In the case of kaempferol, one 
OH group has been introduced in ring C, 
increasing the fluorescence of the complexes in 
relation to galangin. When considering morin 
or quercetin, which contain two OH groups in 
ring C, a significant rise in the emission is 
observed. Finally, fisetin, which has lost a hy- 
droxyl group in ring A, shows the highest 
fluorescence intensity. 

3.2. Fluorescene in Triton X-IO0 medium 

Fig. 2 shows the influence of pH on the 
fluorescence of organotin complexes, and in 
Table 2 excitation and emission maxima wave- 
lengths are given for each complex in 1% (m/v) 
Triton X-100. Data corresponding to TMT 
and TCHT are not given, because their com- 
plexes exhibit very low fluorescence. As ob- 
served in hexane medium, all the spectra show 
a single broad band. 

The fluorescence of organotin complexes in 
this micellar medium is strongly dependent on 
pH. As the number of substituents in the tin 

atom increases, there is a shift of the optimum 
pH range towards higher values. This be- 
haviour is observed with both butyltin and 
phenyltin species, and agrees with the data 
reported [9,15]. On the other hand, in most 
cases the fluorescence of butyltin species takes 
place at a slightly higher pH than for the 
corresponding phenyltin species and this effect 
is more pronounced for diorganotin species. 

No fluorescence was detected from solutions 
containing chrysin or 7,8-dihydroxyflavone and 
any of the organotin species tested, in the pH 
range covered in this study. In order to ascer- 
tain whether complexes are formed in these 
systems, a UV-visible spectrophotometric study 
was carried out and TPhT was selected as the 
organotin compound model. From pH 4, sig- 
nificant differences are observed between the 
absorption spectra of solutions containing 
TPhT and 7,8-dihydroxy-flavone and those 
corresponding to the reagent blank. This confi- 
rms that complexation takes place, but the new 
species is not fluorescent. Nevertheless in the 
system TPhT-chrysin, spectra of the solutions 
containing both the organotin and the flavone 
reagent do not show any change in relation to 
the spectra of the reagent blank, which leads us 
to conclude that complexes are not formed. 
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Table 2 
Wavelength of the excitation 
compounds  (200 lag 1- ~) with 

and emission maxima (and relative fluorescence intensities of  the complexes of organotin 
flavone derivatives in 1% (m/v) Triton X-100 

Flavone TBT DBT MBT TPhT DPhT MPhT 
derivative 

2¢x ;t .... I v  ~' 2~x 2era IF= a "~ex 2 .... lt: a 2¢, 2era l v  ~ 2e~ ;re, ~ IV ~ 2e~ 2~m 1V a 

Flavonol 397 452 3 400 456 0.3 392 490 44 392 490 0.2 400 462 0.4 
Galangin 426 492 0.1 422 486 0.2 420 477 0.1 424 478 0.1 
Kaemp~ro l  414 500 0.1 430 484 0.7 430 481 26 418 493 2 430 83 7 430 482 21 
Quercetin 420 510 0.2 434 485 2 433 485 6 424 497 2 428 492 0.3 434 489 0.2 
Morin 407 543 3 418 493 l0 422 500 4t 411 525 7 411 525 26 422 500 23 
Fisetin 410 504 3 418 478 8 423 485 6 410 494 53 412 493 12 431 486 5 

Value corresponding to opt imum pH for each complex. 

The behaviour of 3-hydroxyflavone differs 
from that shown by the other flavone deriva- 
tives. It is an extremely sensitive reagent for 
TPhT, gives some fluorescence with DBT, and 
very low or no response with any of the other 
organotin species tested. A spectrophotometric 
study pointed out that absorption spectra of  
solutions containing TPhT and 3-hydrox- 
yflavone show the same trends as those of 
solutions containing TBT and 3-hydrox- 
yflavone, which reveals that the lack of fluores- 
cence of the TBT solution is not due to poor or 
no complexation, but to very low quantum 
yields. 

In comparison with the hexane medium, in 
Triton X-100 solutions the pH is an additional 
parameter that affects the fluorescence. In con- 
sequence, the search for relationships between 
the fluorescence of the complexes and the 
structure of the fluorogenic reagent is more 
difficult. Nevertheless, some of the relation- 
ships that have been found in hexane are also 
valid for Triton X-100 medium. Thus fluores- 
cence is obtained only if the flavone derivative 
has a hydroxyl group in position 3. On the 
other hand, as observed in hexane, galangin is 
the 3-hydroxy derivative that provides the low- 
est fluorescence intensities, and this behaviour 
may be related with the presence of hydroxyl 
groups in ring A, but not in ring B. Finally our 
data suggest that, in general, reagents that have 
hydroxyl groups in ring B, such as quercetin, 
kaempferol, morin and fisetin, provide more 
intense fluorescence. 

The intense fluorescence shown by some of  
these complexes allows very low limits of detec- 
tion to be attained. Thus the obtained value for 
the batch determination of TPhT with flavonol 
[6] is 0.07 lag 1 ~ and, when this reagent is used 
as the TPhT labelling reagent after the LC 

separation [12], the detection limit is 0.1 lag l 
(injected volume, 200 ~tl). Current studies that 
we are carrying out show that, when fisetin is 
used coupled with LC, limits of detection for 
TBT and TPhT are 4.5 lagl ~ and 0.15 lagl -~, 
respectively (injected volume 200 lal). Similar 
values can also be reached for monoorganotin 
and diorganotin species with the appropriate 
reagent. 

4. Conclusions 

The fluorescence intensity values correspond- 
ing to a hexane medium show that morin and 
fisetin are the reagents that provide the highest 
fluorescence intensities in this solvent with 
DBT, MPhT and DPhT, and fisetin is slightly 
superior. The most fluorescent MBT complexes 
are formed with kaempferol and quercetin, but 
morin and fisetin complexes of MBT also show 
strong fuorescence, with values comparable to 
those of MPhT. From these considerations, 
and taking into account that all morin and all 
fisetin complexes have very similar excitation 
and emission wavelengths, both reagents are 
suitable for the fluorimetric detection of these 
organotin species after normal-phase chro- 
matographic separation and they are compara- 
ble in terms of sensitivity. Nevertheless, if only 
MBT, or MBT and MPhT, are to be deter- 
mined, kaempferol or quercetin is a better 
choice. 

In Triton X-100 solution, morin and fisetin 
are the most general reagents, and morin is 
clearly superior for the monoorganotin species, 
whereas fisetin is the most sensitive reagent for 
triphenyltin. Kaempferol also provides excel- 
lent sensitivity for the monoorganotin species. 
If a general screening of butyl and/or phenyi 
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organo t in  c o m p o u n d s  is to be pe r fo rmed  by 
ion-exchange or  reverse-phase LC, ei ther mor in  
or  fisetin can be used for  pos t - co lumn der iva-  
t iza t ion before  f luorimetr ic  detect ion.  The 
choice between mor in  and  fisetin depends  on 
the need o f  sensit ivity for  m o n o o r g a n o t i n  vs. 
t r iorganot in .  In  any case, a change o f  p H  of  
the solut ion to be detected will be required 
dur ing  the analysis,  as o p t i m u m  condi t ions  for 
d io rgano t in  and m o n o o r g a n o t i n  are more  
acidic (pH below 2) than  those required for  the 
detec t ion  o f  t r io rgano t in  (pH above  4). 

F ina l ly  it can be conc luded  that  the fluores- 
cence o f  the complexes  o f  m o n o o r g a n o t i n  and 
d io rgano t in  c o m p o u n d s  in hexane  is h igher  
than  in Tr i ton  X-100. In con t ras t  the emission 
o f  t r io rgano t in  complexes  is more  intense in 
the micel lar  medium,  a l though  it is weaker  
than  that  o f  m o n o o r g a n o t i n  and  d io rgano t in  
derivatives.  
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Abstract 

The equilibrium constants of a,fl,7,d-tetrakis(1-methylpyridinium-4-yl)porphine (TMPyP) complexes of 
cadmium(II), lead(II), magnesium(II), and zinc(II) were spectrophotometrically determined using the 
absorption spectra at the Soret band and the fluorescence spectra. The values of the following constants at 
25°C and ionic strength 0.1M were evaluated: Kpb p=10  -8'07-+009, gCd p=10  -768+-003, gzn p 
= 101.72 +0.08, and KMg_ P = 10 7.40+_0.08 by the acid hydrolysis reaction of the TMPyP-metal complex at 
various pHs; Kpb_p= 10 7.80_+0.04 and Kcd p= 10 .7 .38+0.04 w e r e  determined by the ligand exchange 
reaction between TMPyP and nitrilotriacetic acid. 

1. Introduction 

It is well known that porphyrin compounds 
form very stable complexes with metal ions 
such as vanadium(V), cobalt(II), copper(II), 
etc. With respect to the stability of  these com- 
plexes, Falk reported the following qualita- 
tive order by using the elimination reaction 
of the metal ion with strong acid [1]: 
Pt(II) > Pd(II) > V(V) > Ni(II) > Co(II) > Ag(II) 
> Cu(II) > Fe(II) > Mn(II)  > Zn(II) > Mg(II) 
> Cd(II) > Ca(II)  > Sn(II) > Pb(II) > Li(I)2 > 
Ba(II) > Ag(I) 2. Recently, highly sensitive spec- 
trophotometric determinations of  various 
metal ions with water-soluble porphyrins have 
been developed using the absorption spectra at 

* Corresponding author. Present address: Department of 
Materials Science, Faculty of Engineering, Ibaraki Univer- 
sity, Nakanarusawa 4-12-1, Hitachi-shi, Ibaraki, 316 
Japan. 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights 
SSDI 0039-9140(95)01564-7 

the Soret band (around e = (20-70) × 104 M -1 
cm - ]  at around 400-500nm)  or the fluores- 
cence spectra at 600-700 nm [2-5]. 

The investigation of the porphyr in-meta l  
complex in solution chemistry has mainly cen- 
tered on the kinetics of  complexation or adduct 
formation equilibrium of the porphyrin 
complex with axial ligands, such as S C N -  for 
the c~,fl,7,d-tetrakis(1-methylpyridinium-4-yl)- 
prophine (TMPyP)-coba l t ( I I I )  complex [6]. 
However, systematic studies on the formation 
equilibria of  water-soluble porphyrin com- 
plexes are relatively few. Tabata  et al. deter- 
mined the formation constants of  the ~,fld',- 
6-tetrakis(4-sulfophenyl)porphine (TPPS) com- 
plexes of mercury(II),  zinc(II), and cadmium- 
(II) by using a kinetic model for the metal 
exchange reaction [7]. Hambright  et al. esti- 
mated the constant for the T M P y P - c a d m i u m -  
(II) complex to be 2.0 x 10 -8 using a spectro- 
photometric method for the Q band at around 
500-700 nm [8]. 

reserved 
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In this paper, the equilibrium constants (K) 
of TMPyP-lead(II), -cadmium(II), -magne- 
sium(II), and -zinc(II) complexes were deter- 
mined by a spectrophotometric method using 
absorption spectra at the Soret band and the 
fluorescence spectra. 

M 2 + + H2P~.~MP + 2H +, K= [MP][H +]2 
[M 2 + ][H2P] 

Moreover, the equilibrium constants for 
the TMPyP-lead(II) and TMPyP-cadmiu- 
m(II) complexes were also determined by the 
ligand exchange reaction with nitrilotriacetic 
acid. 

2. Experimental 

2.1. Apparatus 

A Shimazu model UV-365 recording dou- 
ble-beam spectrophotometer with 1 cm glass 
cells was used for the absorbance measure- 
ments. A Hitachi model 850 recording 
fluorimeter with 1 cm glass cells was used for 
the relative fluorescence intensity measure- 
ments. A Hitachi-Horiba model F-7ss pH 
meter with Horiba model 6026 glass-Ag/AgC1 
combined electrode was used. A Komatsu- 
Yamato model CRT-220 coolnics was used as 
the water thermostat (25.0_+0.1 °C) for the 
sample solution and the cell holder in the 
spectrophotometer. An NEC personal com- 
puter model PC-9801 was used for the calcula- 
tion of the equilibrium constant. 

2.2. Reagents 

All reagents used were of analytical-reagent 
grade unless otherwise described. The synthe- 
sis of TMPyP and the preparation of 10 -4 M 
TMPyP solution was as follows. TMPyP te- 
tratosylate was synthesized and purified as de- 
scribed elsewhere [9]. TMPyP solution was 
prepared by dissolving 34.9 mg of TMPyP te- 
tratosylate in 250 ml of distilled water. The 
standardization of TMPyP solution was done 
by photometric titration (molar ratio method) 
with a standard copper(II) solution [10]. All 
standard metal ion solutions (10-2M) 
were prepared from metal nitrates (Wako Jun- 
yaku Co.) and the concentrations were deter- 
mined by EDTA titration. Nitrilotriacetic acid 
(NTA) (Wako Junyaku Co.) was purifed by the 

reported method [11]. The 1 × 10 -4 M solutions 
of each metal ion and NTA were prepared by 
dilution with distilled water. The pH buffer 
reagents, 3-(N-morpholine)propanesulfonic 
acid (Mops; Dotaito), tris(hydroxymethyl)- 
aminomethane (Tris; Wako Junyaku Co.), hexa- 
methylenetetramine (hexamine; Wako Junyaku 
Co.), sodium tetraborate (borax; Kanto Ka- 
gaku Co.), sodium hydroxide, and hydrochloric 
acid (Wako Junyaku Co.) were used. 

2.3. Procedure 

2.3.1. Determination of  equilibrium constants 
by analysis of  pH-absorbacne and 
pH-fluorecence intensity curves 

The dissociation reaction of the porphyrin 
metal complex was observed for the determi- 
nation of the equilibrium constant. Each 
metal complex was prepared by a previous 
described method [3,12]. Namely, the reaction 
conditions were as follows. Zinc(II) complex: 
[ Zn2 + ]Xot,l = 0.98 × 10 -5 M, [H2P].rot, ! = 4.30 
× 10-6M, pH 9.3 (0.1 M borax), reaction 
time; 30 min (20 °C); magnesium(II) complex: 
[Mg2+]xotal = 3.99 × 10 -5 M, [HzP]xot,l=3.37 
× 10 -6 M, [oxine]Total = 8.00 × 10 5 M, pH 
9.3 (0.1 M borax), reaction time, 90rain 
(95 °C); cadmium(II) complex: [Cd 2 + ]Total 
= 0.96 × 10 -5 M, [HzP]Total = 4.30 × 10 6 M, 
pH 9.8 (0.1 M hexamine-0.1 M Tris buffer 
solution), reaction time, 10 min (20 °C); 
lead(II) complex: [Pb2+]xot,l= 1.82 × 10 -5 M, 
[H2P]xot,l=4.30× 10-6M, pH 7.66 (0.1 M 
Mops-0.1 M NaOH buffer solution), reac- 
tion time, 30 rain (20 °C). 

Owing to the dissociation reaction of each 
complex, 2.5 ml of 2 M NaNO3 solution are 
added to the system in order to maintain the 
ionic strength at I = 0.1 M, 20 °C. Next, after 
achieving the prescribed pH with a small 
amount of 2 M HC1 solution, the mixture 
was diluted with distilled water to the mark 
in the 25ml amber volumetric flask. The 
sample solution was then placed in a 50 ml 
amber sample bottle, and allowed to stand 
for the prescribed time at 20 °C in the ther- 
mostat. The absorbance of the cadmium(II) 
complex was measured at 448 nm after 2 
days, that of the lead(II) complex at 476 nm 
after 10min, the relative fluorescence inten- 
sity of the zinc(II) complex at 631 nm (exci- 
tation wavelength, 438nm) after 30 days, 
and that of the magnesium(II) complex at 
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648 nm (excitation wavelength, 453 nm) after 
27 days. 

2.3.2. Determination o f  equilibrium constants 
based on ligand exchange reaction 

The preparation of the lead(II) or cadmium- 
(II) complex solution was as follows. A 2.5 ml 
sample of 10-4M lead(II) or cadmium(II) 
standard solution was allowed to stand for 
30 rain at room temperature after achieving a 
pH of 10.7 with 2 ml of 0.1 M borax-0.1 M 
Tris-0.1 M NaOH mixed buffer solution. 
Next, 2.5ml of 2M NaNO3 solution are 
added in order to set the ionic strength at 
I =  0.1 M, and 5 ml of 10-4M NTA standard 
solution, and small amounts of 2 M HC1 solu- 
tion to achieve the prescribed pH were added, 
respectively. The sample solution was then 
placed in a 50 ml amber bottle, and allowed 
to stand for the prescribed time at 20 °C in 
the thermostat. The absorbance at 476 nm of 
the lead(II) complex and that at 448 nm of the 
cadmium(II) complex were measured after 2 
days. 

The concentration of H2P was determined 
by measuring the absorbance at 423 nm or the 
relative fluorescence intensity at 641 nm (exci- 
tation wavelength, 423 nm) in both the above 
procedures. 

3. Results and Discussion 

3.1. Equilibrium constants for TMPyP-  
cadmium(II), -magnesium(II), -lead(If), and 
- zinc(lI) complexes 

3.1.1. Cadmium(II), magnesium(II), and lead(II) 
complexes (pH 5.5- Z5) 

The hydrolysis species of the metal ion 
(MOH, M(OH)2) was considered and the con- 
centration [M] of the unreacted metal ion and 
side reaction coefficient (herein after, the a 
coefficient [13]) were defined 

[M]Fre e = [ M ]  q- [MOH] + [M(OH)2] 

[M]Fre e [MOH] [M(OH)2] 
a M - 1 4  + 

[M] [M] [M] 

The aM coefficient was calculated by using a 
constant with respect to the hydrolysis reaction 

Cd [14]: flCd= [CdOH][H] = 10 7.92 

[Cd] 

f lca= [Cd(OH)2][H] _ 10 11.38 

[CdOH] 

Ug [15]: /?~g = [MgOH][H] = 10_. ,1.4 o 
[Mgl 

Pb [16]: fllVb - [ P h ( O H ) ] [ H ]  10_8.84 
[Pb] 

fl[u = [Pb(OH)2][HI = 10_7.1, 
[PbOH] 

From these aM coefficents, the equilibrium con- 
stant K of Eq. (1) was as follows 

Many methods have been reported for the 
determination of the equilibrium constant of 
complexation. In this paper, a highly sensitive 
and reproducible spectrophotometric and 
fluorescence method was used. The absorption 
spectra in the Soret band and the fluorescence 
spectra of each metal complex are shown in 
Figs. 1 and 2, respectively. Since the Soret 
bands of the zinc(II) complex and the magne- 
sium(II) complex significantly overlap with 
that of free reagent, the fluorescence spectra 
were used for their concentration measure- 
ments. The complexation of the metal ion (M) 
and free-base type porphyrin (H2P) is given as 
follows 

K 
M + H2P,  • M - P  + 2H 

K =  [M-P][H]2 (1) 
[M][H2P] 

where K is the equilibrium constant. The spe- 
cies charge was omitted. 
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Fig. 1. Absorption spectra of  TMPyP,  T M P y P - c a d m i u -  
m(II) and TMPyP- lead( I I )  complexes. Curve (1), TMPyP; 
curve (2), TMPyP-Cd( I I ) ;  curve (3), TMPyP-Pb( I I ) .  
(Measurement  conditions: pH 9.30; 20 °C; 
[TMPYPITo~al = 4.30 x 10 -6  M; [Cd2+]Total = 0.96 x l0 -5  
M; [pb2+]-rotal = 1.82 × 10 -5  M.) 
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Fig. 2. Fluorescence spectra of  TMPyP, TMPyP-magnes-  
ium(II) and TMPyP-zinc(II)  complexes. Curve (1), 
TMPyP (excitation wavelength ,tex= 423 nm); curve (2), 
TMPyP-Zn( I I )  (,l¢x = 438 nm); curve (3), TMPyP-Mg(I I )  
(2ex = 453 rim). (Measurement conditions: pH 9.30; 20 °C; 
[TMPYP]Total = 4.30 x 10 -6  M; [Zn 2 + ]total = 0.98 x 10 -5 
M; [Mg2+]Total = 3.99 x 10 -5 M,) 

K =  [M-P][H]2 
[M]F,~.[HEP] a~ (2) 

where [M]Fre e ---- [ M ] T o t a l -  [M-P], and [P]Total = 
[H2P] + [M-P]. The concentration of M - P  
and H2P were determined by measuring the 
absorbance and relative fluorescence intensity 
at their respective maximum wavelenghts. 
Based on these data, the equilibrium constant 
K of Eq. (2) was calculated. 

3.1.2. Zinc(II) complex (pH 1.0,,-3.0 
Species of H3P and H4P and H4P for 

TMPyP are considered and the side-reaction 
coefficient (ap) was defined. Also, the side-reac- 
tion coefficient (aM) due to hydrolysis of the 
metal ion was neglected in this pH range. 

[Pk,o~ = [H2PI + [H3PI + [HAP] 

[P]F~= 1 [H3P] [H2P] 
ap = [H2P 1 + ~ -4 [H2P] 

The ap coefficient was calculated by using the 
acid dissociation constant [17] 

[H3P] 102.06 Ka4= [H4P] = 100.so 
Ka3 = [HEP][H] = [H3P][H] 

From this ap coefficient, the equilibrium con- 
stant K in Eq. (1) because 

K = [M-P][H]2 
[M]tPlvree % (3) 

where [M] = [M]Total - -  [M-P], [P]Free = [P]Total 

- [M-PI 
The concentration of M - P  was determined 

by measuring the relative fluorescence intensity. 
The equilibrium constant K of Eq. (3) was then 
determined. Results of sections 3.1.1. and 3.2.2. 
are shown in Table 1 and Fig. 3. 

3.2. Determination of equilibrium constant of 
lead(II) and cadmuim(II) complexes by ligand 
exchange reaction 

Nitrilotriacetic acid (H3Y) was selected as 
the reagent for the ligand exchange reaction. 
The material balance equation for the metal 
ions is given by 

[M]F~¢ = [M] + [MOH] + [M(OH)21 + [M-Y] 

= [M]Tota, - [M-PI (4) 

where [M-Y] = Ky[M][Y]TotaJ Kv[M] + av. 
The side-reaction coefficent of NTA (av) 
is given by 

• [HY] [H2Y] [H3Y] 
av = 1 - t - - - ~  + - - ~  + 

i v ]  

Therefore, Eq. (4) can be rearranged to 

[M/Fr~ = [M] + [-~ [MI + [MI 

Ky[Ml[Y]Tota l  
.4 (5) 

Kv[MI + ~ y  

and the value of ay was then calculated from 
the acid dissociation constants of H3Y [18] 

ray  = [ r tY]  = 109.73 K a y  = [H2Y] 
[Y][H] [HY][H] 

= 102.49 

Ka Y = [H3Y] = 101.89 
[H2Y][H] 

The hydrolysis constants of fl~b, fl[b, flca, and 
fl ca are the same as that previously mentioned. 
The Ky value was calculated from the forma- 
tion constants of the NTA metal complex 

KCvd = [CdY] = 1010.0 [191 
[Cdl[Y] 

RPb [PbY] = 10,,.4 v [201. 
v = [Pbl[YI 
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Table 1 

The pH dependence in the T M P y P - m e t a l  ion reaction system and the calculation of equilibrium constants K at 20 °C and 
1=0.1  M (NaNO3) 

Cd Pb Mg Zn 

pH IogA a l o g K  pH log ,4 a l o g K  pH log ,4 a IogK pH log ,4 ~ l o g K  

7.07 6.49 - 7 . 6 5  6.49 4.85 - 8 . 1 3  7.34 7.21 - 7 . 4 6  2.01 5.71 

6.94 6.19 - 7 . 6 9  6.33 4.60 - 8 . 0 6  7.19 6.90 - 7 . 4 8  1.96 5.63 

6.82 5.96 - 7 . 6 9  6.09 4.20 - 7 . 9 8  7.06 6.82 - 7 . 3 0  1.90 5.57 

6.77 5.82 -7 .71  5.89 3.75 - 8 . 0 3  6.96 6.53 - 7 . 3 8  1.82 5.42 

6.67 5.65 - 7 . 7 0  5.72 3.41 - 8 . 0 2  6.84 6.31 - 7 . 3 7  1.70 5.14 

6.55 5.42 - 7 . 6 9  5.69 3.32 - 8 . 0 3  6.74 6.07 -7 .41  1.62 4.87 
6.47 5.26 - 7 . 6 8  - - - 6.60 5.82 - 7 . 3 7  - - 
6.36 5.05 - 7 . 6 6  - - - 6.46 5.55 - 7 . 3 6  - 

. . . . . .  6.33 5.28 - 7 . 3 8  - 
- - - 6.15 4.84 - 7 . 4 7  - 

Average, Average, Average, 

- 7 . 6 8  _ 0.03 - 8 . 0 4  __+ 0.09 - 7 . 4 0  + 0.08 

1.69 

1.72 
1.77 

1.78 

1.74 
1.64 

Average, 

1.72 + 0.08 

" A  = [M-P]/[H2P][M] was calculated from Eqs. (2) or (3) with the observed parameters 

7 0  

i~ ' (4) , ~" (I) I ~ (4) 
~,j 6.0 

o ~ 5.0 

4.0 

1.0 2.0 6.0 7.0 
pH 

Fig. 3. Plots of log [M-P]/ [H2P][M ] vs. pH for the dissociation reaction of TMPyP-metal( l l )  complexes at 20 °C and 
1= 0.1 M (NaNO3). Line (1), TMPyP-Zn( I I )  (slope, 2.11); line (2), TMPyP-Mg( I I )  (slope, 1.99); line (3), TMPyP-Cd(I I )  
(slope, 2.00); line (4), TMPyP-Pb(I I )  (slope, 1.90). 

The solution of the quadratic Eq. (5) for [M] 
was calculated; K can be determined by substi- 
tuting this solution in Eq. (1) 

The results are shown in Table 2 and Fig. 4. 
The equilibrium constants obtained in this 
study are summarized in Table 3. The values of 
log K in Figs. 3 and 4 were also obtained from 
the y-intercept in the relationship log A vs. pH. 
In Fig. 3, this analysis method gave the follow- 
ing values: l o g  K r M P y P _ P b  = - -  7.44 (slope, 
1.90); log K T M P y P _ C d  = - -  7,71 (slope, 2.00); 
log KTMeyt'-Mg = -- 7.32 (slope, 1.99); and 
log KTMPyp_Z, = 1.53 (slope, 2.11). More- 
over, similarly in Fig. 4, the values were 
log KTravye_eb = -- 7.93 (slope, 2.01) and 
log KxMpyP_Cd = -- 7.05 (slope, 1.96). However, 
this method was not adopted, because the pH 
region of the experimental points was narrow 
and the slope of the straight line obtained by 

the least-square method slightly deviated from 

the 2.00 theoretical value. The average value of 
K obtained from each experimental point was 
adopted as an equilibrium constant of the por- 
phyrin complex in this study. The order of 
stability for each metal complex agreed well 
with that (Zn(II) > Mg(II) > Cd(II) > Pb(II)) 
reported by Falk [1]. With respect to the 
lead(II) complex, the measurement of the equi- 
libruim constant based on the ligand exchange 
reaction is useful because of being able to 
reduce the influence of hydrolysis. As a result, 
the straight line (slope, 2.01) in Fig. 4 was 
better than that in Fig. 3 (slope, 1.90), since 
that in Fig. 4 is close to the theoretical value 
(slope, 2.00) of the two-proton reaction. Com- 
pared with the equilibrium constant in this 
study and those of Tabata et al. [7], reported 
for the TPPS-cadmium(II), -zinc(II) and 
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Table 2 
The pH dependence in the TMPyP-metal  i o n - N T A  ligand exchange reaction system and the calculation of equilibrium 
constants K 

Cd Pb 

pH log A " log K pH log A ~ log K 

8.42 9.47 - 7.37 10.06 12.36 - 7.76 
8.34 9.28 - 7.40 9.95 12.12 - 7.79 
8.24 9.07 -7 .40  9.85 11.90 -7 .80  
8.13 8.87 - 7.39 9.78 11.77 - 7.78 
8.05 8.70 -7 .40  9.67 11.53 -7.81 
7.97 8.53 - 7.41 9.57 11.30 - 7.84 
7.83 8.23 -7 .39  9.43 11.07 -7 .79  
7.78 8.18 - 7.37 9.37 10.89 - 7.84 
7.61 7.85 - 7.37 9.23 10.68 - 7.78 
7.56 7.77 -7 .36  9.15 10.48 -7.81 
7.48 7.59 - 7.36 9.01 10.23 - 7,79 
7.34 7.34 - 7.35 8.92 10.05 - 7.79 
7.25 7.15 -7 .34  8.82 9.83 -7.81 

Average , -  7.38 ± 0.04 Average , -  7.80 + 0.04 

a A = [M-P]/[H2P][M ] was calculated from Eqs. (5) and (1) with the observed parameters 

Table 3 
Summary of the equilibrium constants for TMPyP-lead(lI),  -magnesium(ll) ,  -zinc(II), and -cadmium(ll)  complexes ~ 

Equilibrium Pb Cd Zn Mg 
Constant 

log K b -8 .04  -I- 0.09 -7 .68  -I- 0.03 - 1.72 + 0.08 -7 .40  + 0.08 
log K ~ -7 .80  +__ 0.04 -7 .38  ___ 0.04 - 

a All measurement conditions were described in the experimental section. 
b Equilibrium constants based on the dissociation reaction of TMPyP complexes (pH dependent, see Table 1). 
c Equiliblium constants based on the NTA ligand exchange (Table 2). 

o 

13.0 
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11.0 

10.0 

9.0 

8.0 

7.0 
I 

7.0 8.0 9.0 10.0 

pH 

Fig. 4. Plots of  Iog[M-P]/[H2P][M] vs. pH for the dissociation reactions of TMPyP-cadmium(II)  and -lead(lI) 
complexes by NTA ligand change at 20°C and l = 0 . 1  M ( NaNOJ .  Line (l), TMPyP-Cd(II)(slope, 1.96); line (2), 
TMPyP-  Pb(II)(slope, 2.01). 
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- lead(II) complexes, the different values of the 
formation constants (i.e. log Kmpps--log 
KTMPy P were - 2 . 1 7 + 0 . 0 9  for any of them. 
Also, the equilibrium constant K value with 
respect to the TMPyp-cadmium(II) complex 
approximately agrees with the value previously 
reported by Hambright et al. [17]. 
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Abstract 

Dopamine tissue sensors were prepared using biofilms containing pretreated tissue powder of potato, 
banana, mushroom and apple. These sensors showed good stability, reproducibility and service life span of 
more than 200 days involving 300 to 500 measurements. Overlaying the sensors with a Nation coating 
considerably improved the sensor selectivity for dopamine by effectively precluding neutral and anionic 
solutes from entering the biofilm thus removing the interference of most of the 23 solutes examined in this 
study. The response of the Nation-coated apple powder sensor in a mixture containing dopamine and the 
three strong interferents (arterenol, histidine and tyrosine), at concentrations within their respective linear 
calibration range, was linear with respect to the concentration of each of the solutes. The sensitivity of each 
of the components in the mixture was higher than the corresponding single component linear range 
sensitivity. 

1. Introduction 

Polyphenolase, an enzyme present in many 
fruits, fungi and vegetables, catalyses the oxida- 
tion of phenolic and allied compounds includ- 
ing dopamine [1,2], an important neuro- 
transmitter associated with Parkinson's disease, 
muscular immobility and tumour when its con- 
centration deviates from its normal level [3]. 
Polyphenolase sensors have been prepared with 
biofilm fabricated from tissues of apple [4-6] 
banana [5,7,8] potato, mushroom [5,9] and av- 
ocado [9]. In most cases, fresh tissues were used 
either by themselves [4,7,9,10] or mixed with a 
conductive material such as carbon paste [8]. 
They were characterized by very short service 
life owing to microbial degradation. They were 
normally stored at 4 °C to - 1 0  °C when they 
were not being used. Tan and Chen [4,5] over- 
came the deterioration problem by removing 
water-soluble biodegradable materials from the 

* Corresponding author. 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights 
SSDI 0039-9140(95)01507-8 

tissue prior to its use for the biofilm prepara- 
tion. They reported a service life of more than 
3 months and were stored in phosphate buffer 
at room temperature when they were not in use. 
The sensors also showed better reproducibility, 
stability and sensitivity than the untreated tis- 
sue sensors. Polyphenolase also catalyses the 
oxidation of many other biogenic amines, 
amino acids and phenolic compounds. As a 
result, polyphenolase based biosensors gener- 
ally showed poor  selectivity. The selectivity 
problem is more serious with tissue sensors 
since the tissue also contained many other types 
of enzymes besides polyphenolase. Dopamine 
selectivity has been enhanced by overlaying the 
sensor with functional membranes such as base- 
hydrolysed cellulosic film to preclude larger 
molecule interferents [11], protonated poly(4- 
vinylpyridine) film to remove cationic interfer- 
ents [12] and Nation to remove anionic 
interferents [6,13]. Enzyme inhibitors and acti- 
vators have also been used to improve the 
selectivity of  tissue-based adenosine sensor [14]. 

reserved 
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This paper reports the effects of overlaying four 
different tissue powder sensors with a Nation 
film on their efficacy and selectivity for do- 
pamine sensing. 

2. Experimental 

2.1. Materials and preparation 

All the chemicals used in this study were 
analytical reagent grade. Stock solutions of  
0.05 M disodium hydrogen phosphate 
(Na2HPO4 • 2H20, Merck) and 0.05 M sodium 
dihydrogen phosphate (NaH2PO4 • 2H20, 
Merck) were prepared. Appropriate amounts 
of the two stock solutions were mixed when 
required to give 0.05 M phosphate buffers of 
pH ranging from 4.89 to 8.49. The pH was 
measured using a Hanna pH meter (Model 
8417). Altogether 22 compounds of various 
biogenic amines, catecholamines, amines, 
amino acids and phenolic compounds were 
used to examine the sensitivity of the tissue 
sensors relative to dopamine. All compounds 
except phenol (BDH) were obtained from 
Sigma. Solutions of unstable and easily oxidiz- 
able compounds such as biogenic amines were 
prepared as required using nitrogen-deaerated 
deionized water. 

2.2. Sensor fabrication and experimental 
procedure 

Four Nation-coated tissue power sensors 
were prepared using biofilms containing ap- 
proximately the same mass of immobilized 
potato, banana, mushroom and apple pre- 
treated powder according to the procedure de- 
scribed in an earlier paper [6]. The fabrication 
involved pretreating the tissue to remove wa- 
ter-soluble biodegradable solutes, immobilizing 
the tissue powder on polycarbonate membrane, 
coating Nation on a polycarbonate membrane 
and finally securing these membranes over a 
dissolved oxygen probe (YSI Model 50, Yel- 
lowstone Instrument). 

The sensor was placed in a jacketed beaker 
containing 50 ml of 0.05 M phosphate buffer of 
known pH and constant temperature. The so- 
lution was saturated with dissolved oxygen by 
bubbling air continuously through it. A Pine 
AFRDE4 potentiostat maintained the dis- 
solved oxygen probe at - 0 . 8  V and the current 
output was monitored continuously on a HP 

3466A digital multimeter and simultaneously 
recorded on a Rikadenki chart recorder. At 
steady-state, the baseline current, I 0 was noted. 
A known amount of the test solute was added 
to the buffer. The new steady-state current, Is 
was recorded. The difference, AI ( = / 0 - I s ) ,  
was noted as the sensor response correspond- 
ing to the concentration of the test solute in the 
buffer solution. The response time for the sys- 
tem to equilibrate after the addition of the test 
solute was also recorded. The sensor was re- 
moved, washed with deionized water and re- 
turned to the jacketed beaker which was 
refilled with 50 ml of fresh buffer solution. The 
recovery time for the sensor current to return 
to its baseline value was noted before starting 
the next measurement. Measurements were car- 
ried for each of the four sensors at different 
pHs, temperatures and concentrations of do- 
pamine and other solutes. To obtain good re- 
producibility and stability, the sensor has to be 
preconditioned when new or has been left un- 
used for several weeks, and also each time the 
pH or temperature of the solution was 
changed. This was done by repeating the mea- 
surement procedure several times in the new 
environment with the same solute concentra- 
tion until the results were reproducible. 

The selectivity and interference effects of  the 
22 compounds were examined at 298 K and at 
the respective optimum pH of the sensor by 
comparing the sensor response of  the solute 
with dopamine at the same concentration of 
40.1 jaM. Solutes showing a relative sensitivity 
(response) with respect to dopamine equal or 
greater than 10% were considered as strong 
interferents. For  the sensor which showed the 
least number of such strong interferents, linear 
range calibration was carried out for each of 
the strong interferents. Measurements were 
also made in solutions containing different con- 
centrations of  dopamine and these strong inter- 
ferents. 

3. Results and discussion 

3.1. Effect of pH 

The response of the four Nation-coated sen- 
sors generally increases with decreasing pH of  
the solution with a slight maximum shown by 
the apple sensor at pH about 5.56 (Fig. la). 
Without the Nation coating, the sensors 
showed optimum response at pH 6.50 for 
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potato, 5.56 for apple and banana and 7.40 for 
mushroom [5]. A similar pH effect is shown in 
Fig. l(b) on the ratio of  the response of 
Nation-coated sensor (AIc) to that without the 
Nation coating (AIu). All the data for the un- 
coated sensors were obtained in a previous 
study [5]. These observations may be attributed 
to the increased swelling of the Nation film at 
lower pH [15] resulting in higher solubility and 
diffusivity of the solute and hence better mass 
transfer [16]. Although Alhaique et al. [15] 
reported no pH effect on the permeability of  
cationic exchange Nation film towards posi- 
tively charged species such as dopamine, the 
diffusion rate of dopamine through the Nation 
film would nevertheless vary with pH by virtue 
of  its effect on the hydrolysis of dopamine in 
the solution. Since lower pH favours the hy- 
drolysis of dopamine, the concentration of its 
positively charged species would, therefore, in- 
crease with decreasing pH. Its diffusion rate 
through the Nation film would increase, result- 
ing thereby in a higher sensor response. In the 
absence of the Nation coating, the hydrolyis of  
dopamine has no effect on its diffusion through 
the polycarbonate membrane. The reduced sen- 
sor response of the Nation-coated sensors is, 
however, a measure of the mass transfer resis- 
tance and the cationic exchange activity of the 
Nation film. 
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Fig. 2. Temperature effect on sensor responses of  Nation- 
coated sensors and the ratio A1,./AIo. 

3.2. Effect of temperature 

The response of all the four sensors in- 
creased monotonically with temperature in- 
creasing from 288 to 308 K (Fig. 2a). The data 
for the uncoated sensors were obtained in a 
previous study [5] at their respective optimum 
pH. The response of the Nation-coated sensors 
relative to the uncoated sensors is shown in 
Fig. 2(b). Only the apple sensor showed a 
decreasing trend. Since measurements using the 
apple sensor with and without the Nation coat- 
ing were made at the same pH, the temperature 
effect on the reaction constant and diffusion 
through the polycarbonate membrane and bi- 
ofilm should be the same for both cases. The 
decrease in the relative response is, therefore, a 
measure of the temperature effect on the hy- 
drolysis of dopamine, the extent of swelling 
and the cation transport property of the 
Nation film. In the other three cases, the in- 
crease in the relative response with temperature 
would also include the effects due to operating 
the Nation-coated sensors at lower pH. 

3.3. Response and baseline recovery 

The response time of the Nation-coated sen- 
sors generally increased with increasing do- 
pamine concentration. The response time at 
298 K was about 3-14  min in the linear con- 
centration range of  pH 5.56 for apple and 4.89 
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Table 1 
Sensing characteristics for dopamine in 0.05 M phosphate buffer 

Parameters Potato Banana Mushroom Apple 

Temperature (K) 298 298 298 298 
pH 4.89 4.89 4.89 5.56 

(6.5) (5.56) (7.4) (5.56) 
Mass immobilized (rag) 30.1 30.0 30.0 30.2 
Linear range (gM) 4 40.1 4-40.1 4-79.9 4 79.9 

(4- 99.7) (4-60.1) (4 129) (4 60.1) 
Sensitivity (gA/gM) 0.0147 0.0184 0.0137 0.0167 

(0.0271) (0.0344) (0.0329) (0.0325) 
Response time (min) 3.1- 11 3 9 3.3 14.2 4.2 9 

(5 11) (4.4-7.4) (3.8 8.8) (3.6 9) 
Recovery time (rain) 3 16 2 13.5 4.3 25 3-27 

(7 30) (7- 13) (5-12) (]0-30) 
Service life (day) > 240 > 235 > 206 > 214 

Figures in parenthese are for the uncoated sensors obtained from Ref. [5]. 

for the other three sensors (Table 1). These 
were comparable  with the response time (val- 
ues in parentheses in Table 1) o f  those without  
the Nat ion coating and operat ing at their re- 
spective op t imum pH and higher linear concen- 
tration range [5]. The negligible change in the 
response time with the addit ion o f  the Nat ion 
film could be due to the lower concentra t ion 
involved and operat ing at lower pH (except for 
apple). Carr  [17] and Chen and Tan  [5] found 
that the response time is longer with lower 
operating temperature,  higher concentrat ion 
and lower diffusivity o f  the substrate. 

G o o d  reproducibility, stability and service 
life span were obtained by leaving the sensor 
after each measurement  in a fresh phosphate  
solution to allow it to return to its baseline 
value. The baseline recovery time for the 
Nat ion-coated sensors varied from 2 - 2 7  min 
compared  with 5 - 3 0  rain for the uncoated sen- 
sors [5] for the same reasons o f  lower substrate 
concentrat ion in the biofilm and pH. 

3.4. Reproducibility, stability and service life 

The stability and reproducibility o f  the four 
sensors with and without  the Nat ion coating 
was examined over a period of  more  than 200 
days by repeating the steady-state measurement  
in a 0 . 0 5 M  phosphate  buffer containing 
40.1 laM dopamine at 298 K and at their re- 
spective operat ing pH. The sensors were used 
in between these measurements  for other  para- 
metric studies involving more than 300 mea- 
surements for the mush room sensor and more 
than 500 measurements for the other three 
sensors. They were stored in substrate-free 

phosphate  buffer at room temperature when 
they were not  in use. The time plot o f  the 
relative response expressed as per cent o f  the 
initial value corresponding to the first steady- 
state measurement  immediately after its pre- 
condit ioning is shown in Fig. 3. All the four  
sensors showed a mean relative response of  
100.1-104.1% with a s tandard deviation o f  
1.46-4.25 and a coefficient o f  variation (CV) of  
1.5-4.1%. These results showed conclusively 
that the pretreated tissue powder  sensors have 
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Fig. 3. Stability and reproducibility of the sensor response. 
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considerably better stability, reproducibility 
and longer service life compared with sensors 
using untreated tissues [4,7,9,10] or purified 
tyrosinase [18]. Moreover, the storage of the 
present sensors when they were not in use was 
considerably more convenient in phosphate 
buffer at room temperature compared with 
- 1 0  ° to 4 °C storage conditions for the un- 
treated tissue sensors. The Nation coating fur- 
ther reduced the contamination and 
deactivation of the enzyme in the tissue powder 
by precluding most of the interferents from 
entering the biofilm. 

3.5. Calibration against dopamine 

The results of the calibration of the four 
Nation-coated sensors against dopamine at 
298 K and pH 5.56 for the apple sensor and 
4.89 for the other three sensors are given in 
Table 1. Corresponding values for the un- 
coated sensors obtained in a previous study [5] 
are given in parentheses for comparison. Lin- 
ear response was observed over the concentra- 
tion range of 4-40.1 gM for potato and 
banana sensors and 4-79.9 gM for mushroom 
and apple sensors with sensitivity of about 
0.0137-0.0183 gA/laM compared with 0.0271- 
0.0344 ~tA/laM reported earlier for the un- 
coated sensors [5]. The presence of the Nation 
film, therefore, reduced the sensitivity to about 
half that of the uncoated sensors. A similar 
drop in sensitivity was observed by Gerhard et 
al. [19] and Harrison et al. [20] for their 
Nation-coated sensors. 

3. 6. Selectivity and interference 

The response of the four sensors to 22 so- 
lutes relative to their response to dopamine at 
the same concentration of 40.1 gM at different 
pHs are shown in Fig. 4(a-d).  The data for the 
uncoated sensors [5] given as PU 6.5 in Fig. 
4(a), BU 5.56 in Fig. 4(b), MU 7.4 in Fig. 4(c) 
and AU 5.56 in Fig. 4(d) were included for 
comparison. The anionic repulsion property of 
the Nation film significantly reduced or totally 
eliminated the interference of anionic interfer- 
ents including amino acid with pI  values less 
than the pH of  the solution such as DOPAC 
(Dc), homovanillic acid (H), vanillymandelic 
acid (V), L-histidine (Hd), L-tryptophan (Tp), 
L-DOPA (Da), L-tyrosine (Ty), L-cysteine 
(Ce), L-cystine (C) and 3-indolylacetic acid (I). 
On the other hand, its cationic exchange prop- 

erty enhanced the sensor sensitivity towards 
cationic solutes while the reduced sensitivity 
towards the neutral solutes such as catechol 
(Ct) could be due to its mass transfer resis- 
tance. The exclusion of anions and neutral 
molecules reduced the contamination and deac- 
tivation of the enzymes in the tissue and fur- 
ther improved the stability, reproducibility and 
service life span of the sensor. Among the four 
sensors, dopamine sensing by the apple powder 
sensor was affected by the least number of 
interfering solutes and the number was further 
reduced by the Nation coating. The present 
sensors showed significantly lower sensitivity to 
the interferents reported for a purified mush- 
room tyrosinase sensor [18]. 

The effect of concentration on the extent and 
nature of interference was studied using the 
Nation-coated apple sensor at a pH of 5.56. 
The results showed that increase in the solute 
concentration did not affect the interference of 
epinephrine (E), H, V, tryptamine (T), C, I, 
phenol (P), ascorbic acid (Aa), 3-methoxytyra- 
mine hydrochloride (M), serotonin (S), Tp, Da, 
adenine (Ad), riboflavin (R), DOPEG (Dg) and 
Ct up to a concentration as high as 100 gM. 
The results confirmed that these solutes have 
little or no interference on dopamine sensing 
within the linear calibration range of do- 
pamine. However, the relative selectivity of uric 
acid (Ua) with respect to dopamine at the same 
concentration decreased from 17% at 40.1 ~tM 
to 3% at 98.3 ~tM. This showed that the sensi- 
tivity of  dopamine is more concentration de- 
pendent than that of uric acid outside the 
linear range. Linear calibration was carried out 
for arterenol (Ar), Dc, Ty, Hd and Ce. The 
results are given in Table 2. The linear range 
sensitivity of arterenol, histidine and tyrosine 
to dopamine was about 11 12% that of do- 
pamine. Their interference in a mixture with 
dopamine was examined by determining the 
sensor response at different concentrations of 
the four components in the mixture. The con- 
centration of each of the components was lim- 
ited to within its linear calibration range. The 
experimental sensor response-composition 
data were correlated assuming linear interac- 
tion and the results obtained given by: 

A/mixtur e = 0 . 0 1 7 8  Cdopamine -~- 0.0033 Car t . . . . .  1 

+ 0 .0037Chis t id in  e -I- 0 .0023Ctyros ine  

The correlation showed a mean fractional error 
of 0.088 with a standard deviation of 0.12 and 
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Fig. 4. Relative selectivity of sensors with and without the Nation coating for 22 solutes with respect to dopamine-- 
D(dopamine), M(3-methoxytramine hydrochloride), Ad(adenine) S(serotonin), Ar(arterenol), T(tryptamine), 
E(epinephrine), Ua(uric acid), R(riboflavin), Aa(ascorbic acid), Ct(catechol), P(phenol), Dg(DOPEG), H(homovanillic 
acid), V(vanillylmandelic acid), Dc(DOPAC), Hd(histidine), Tp(tryptophan), Da(DOPA), Ty(tyrosine), Ce(cysteine), 
C(cystine) and l(3-indolylacetic acid). (The data for the uncoated sensors were obtained from Ref. [5].) 

a mean ratio o f  calculated to experimental 
response o f  1.064 with a s tandard deviation o f  
0.135. The componen t  sensitivity in a mixture 
was higher than the corresponding pure com- 

ponent  sensitivity for all the components .  The 
increase is in the order  o f  decreasing molecular  
weight o f  the components :  dopamine  (MW 
189.6) increased by 5.4%, tyrosine (MW 181.2) 
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Table 2 
Calibration and relative selectivity of apple tissue powder sensor 
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Solute Linear range (~M) Sensitivity (laA//aM) % relative selectivity 
coated (uncoated) 

Dopamine 4-79.9 0.0169 100.0(100.0) 
Arterenol 4 95.0 0.0019 l 1.6(51.7) 
Histidine 4 - 60.0 0.0018 10.8(12.0) 
Tyrosine 4 40.3 0.0018 10.5(49.8) 
Cysteine 4 23.7 0.0012 7.4(22.8) 
DOPAC 4 40.2 0.0005 3.0(72.0) 

by 32.3%, arterenol (MW 169.2) by 71.7% and 
histidine (MW 155.2) by 107.8%. Solute diffus- 
ing in the same direction mutually increased 
their mass transfer rates and the increase was 
higher with smaller molecules. This would, 
therefore, explain the mutual increase in the 
response and sensitivity of the components in 
the mixture. The increase may also be at- 
tributed to the difference in the affinity of the 
Nation film for the various components de- 
pending on their positivity at the operating pH. 

4. Conclusions 

Four Nation-coated tissue powder sensors 
were fabricated using tissues of potato, banana, 
mushroom and apple which have been pre- 
treated to remove the water-soluble biodegrad- 
able solutes contained in the tissue. They 
showed good stability, reproducibility and ser- 
vice life span of over 200 days involving 300- 
500 measurements compared to the few days 
life span of untreated tissue and purified 
polyphenolase sensors. The sensors were stored 
in phosphate buffer at room temperature un- 
like the raw tissue sensors which have to be 
stored at 4 to - 1 0  °C. Overlaying the sensors 
with a Nation coating considerably increased 
sensor selectivity for dopamine and decreased 
the number of interferents among the 22 so- 
lutes examined in this study by effectively pre- 
cluding the neutral and anionic solutes from 
entering the biofilm. This further reduced the 
contamination and deactivation of the enzymes 
in the tissue. Apple tissue powder sensor 
showed the least number of interferents. Its 
response to a mixture of dopamine and three 
other strong interferents (arterenol, histidine 
and tyrosine) was linear with respect to the 
concentration of the components. The compo- 
nent sensitivity of all the components in the 
mixture was higher than the respective single 

component sensitivity. The long service life 
span of these sensors and the effectiveness of 
Nation coating in reducing interference of most 
of the solutes have enhanced their potential 
applications in clinical analysis of dopamine in 
physiological fluids and as a detector for liquid 
chromatograph. 
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Talanta 

Book reviews 

Information Theory in Analytical Chemistry, by 
K. Eckschlager and K. Danzer, Wiley, 
Chichester, 1994, xv +275 pp., £54.00. ISBN 
0-471-59507-1. 

Imagine, if you will, a book on relativity that 
does not mention Einstein. It would be hard to 
take very seriously as a work of authority. 
Eckschlager and Danzer's book is concerned 
with information theory, a subject which was 
pioneered by Claude Shannon and developed 
in numerous areas of physics by Ed Jaynes. 
These men are the giants of the field, and 
indeed, major contributors to 20th century sci- 
ence, but Shannon receives only a passing ref- 
erence, and Jaynes is ignored altogether! This 
sets the tone for what I regard as a very 
unsatisfactory book. 

It is unsatisfactory first of all because of a 
tendency to gloss over key issues. For example, 
the use of entropy in an information theory 
context is still a subject of controversy, yet this 
problem is completely ignored: "Entropy is a 
universally valid measure of uncertainty, disor- 
der, irrespective of the system whose order is 
characterised by it" state the authors. This is 
their belief, but at the very least there should 
be some references to the literature here from 
which the reader can explore this rich seam of 
controversy. 

Bayes' theorem (called rather quaintly 
"Bayes' relation" in the book) is a key ingredient 
in the use of information theory. It enables you 
to code into the calculations suitable prior 
knowledge of the parameters being sought. It 
too gets scant attention. This is another unsatis- 
factory tendency; information theory is pre- 
sented as an isolated edifice. There are numerous 
discussions of increases in information content 
when certain mathematical techniques are used, 
but often it is just traditional statistics in another 
guise, when what is needed is a Bayesian method 
in which the entropy functional is used in 
conjunction with Bayes' theorem. 

The reader will have noticed that the English 
of the quotation in paragraph two above is 

rather stilted; this is characteristic of the whole 
book. Sentences are not grammatically incor- 
rect in general, but they are rather unusual in 
their grammar and use of words; the text does 
not flow easily. So if you are an analytical 
chemist looking for a useful book on informa- 
tion theory, this is not the one, but if you do 
purchase it be aware that the method is much 
more wide ranging and intellectually stimulat- 
ing than this. 

C.J.  G i l m o r e  

Quality Assurance for Biopharmaceuticals, by 
J.F. Huxsoll, Wiley, New York, 1994, 206 pp., 
£49.50. ISBN 0-471-03656-0. 

This book is an excellent, instructive, con- 
cise, easily readable, reference source on qual- 
ity assurance (QA). It deals with general basic 
principles and the particular problems associ- 
ated with manufacture and control to assure 
the quality of biopharmaceuticals. Testing, 
documentation, labeling, validation, audit, 
training, safety and waste management --- all 
have their place in the book. The frequent use 
of lists summarising the requirements for, e.g. 
QC, documentation, validation, etc., and lists 
explaining the multitude of abbreviations used 
in QA literature is to be commended. All who 
work in QA know that statistical analysis is 
required. The relevant chapter represents a ba- 
sic, concise guide to all the statistical methods 
required in the control of QA processes. For 
those with an interest in marketing biopharma- 
ceutical products in the USA, Europe and 
Japan, the last three chapters in the book deal 
with the regulatory issues and variations in 
requirements between these three major mar- 
kets. 

All eleven chapters in the book are written in 
the same concise style. All contain appropriate 
references at the end of each chapter for fur- 
ther reading. A minor criticism, from the point 
of the reader outside the USA, is that the book 
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is aimed at a USA public and thus the text uses 
USA legislative requirements for illustrative ex- 
amples. 

R.R. Moody 

Pharmaceutical and Biomedical Applications of  
Liquid Chromatography, edited by C.M. Riley, 
W.J. Lough and I.W. Wainer, Elsevier, Oxford, 
1994, x +  379 pp., £85.00. IBSN 0-08-041009- 
X. 

As is outlined in the Introduction, this text is 
a sequel to a previous volume edited by I.W. 
Wainer on Liquid Chromatography in Phar- 
maceutical Development. As such it is a valu- 
able addition to the literature in this area since 
it deals with developments in LC which have 
been developed or which have assumed greater 
importance since the publication of the earlier 
book. 

The book is divided into four parts, each 
dealing with different aspects of a general area. 
Part 1 deals with two aspects of on-column 
separations namely the very general amine-con- 
taining compounds such as primary amines, 
amino acids and peptides and also methods of 
obtaining fast separations of enantiomers. The 
chapter on capillary electrophoresis with which 
this part begins could usefully have been omit- 
ted. Half of it is devoted to standard elec- 
trophoretic theory and the remainder is a very 
general overview which requires to be dealt 
with in much greater detail to be useful. 

Part 2 consists of four chapters each dealing 
with a topic representing a variant on sample 
pretreatment. The chapter on solid phase ex- 
traction, while short, is a good general account 
of the process. The chapter on on-line microdi- 
alysis pretreatment combines good treatment 
of  theoretical considerations with numerous 
specific applications of the technique. This part 
of the text concludes with a short but readable 
account of column switching as applied to chi- 
ral separations. 

The third part of the book focuses on the use 
of liquid chromatography as a preparative 
method. One chapter deals generally with the 
problems of obtaining pure samples of drugs 
for evaluation studies using liquid chromatog- 
raphy. The other is concerned specifically with 
the purification of  naturally occurring 
biomolecules. This chapter reviews different 
chromatographic modes of operation as well as 
discussing the different retention mechanisms 

which have been employed for proteins and 
peptides. 

The concluding part contains two chapters 
each concerned with the validation of assays 
based on liquid chromatography. The first of 
these, Chapter 10, deals with the strategic as- 
pects of developing a separation and this is 
followed with a short account of validation 
parameters. Here the separate validation re- 
quirements for main component and impurity 
assay are nicely distinguished. The last chapter 
is a much more in-depth account of assay 
validation including useful flow charts and nec- 
essary statistical relationships. 

Overall this is an excellent companion vol- 
ume to the previous Liquid Chromatography 
in Pharmaceutical Development. Most practis- 
ing chromatographers will find chapters di- 
rectly relevent to their own current interests. In 
addition, the coverage of the developments 
which have taken place over the last few years 
is so well balanced that all of us will find this 
book useful in obtaining at least a nodding 
acquaintanceship with areas outside our direct 
interest as well as providing a useful range of 
references for further reading. 

R.B. Taylor 

Reviews on Analytical Chemistry - -  Euroanaly- 
sis VIII, edited by D. Littlejohn and D. Thor- 
burn Burns, The Royal Society of Chemistry, 
Cambridge, 1994, x + 365pp., £75.00. ISBN 0- 
85186-982-3. 

The compilation of papers which go together 
to make this book represents 25 of the invited 
lectures presented at the Euroanalysis VIII 
conference held in Edinburgh in 1993. They 
consist of a very diverse range of subjects and 
vary in their style from reviews to more re- 
search-based papers. The editors have at- 
tempted to give some structure to the chapters, 
but the text covers a wide range of subject 
areas and by its nature lacks cohesion. Readers 
are advised to look closely at the contents of 
the book as many major areas of analytical 
science were obviously not presented as papers 
at the conference. Nevertheless, given that the 
text was prepared as a summary of the papers 
at Euroanalysis VII, it clearly achieves its aim, 
with a set of  well written and easy-to-read 
papers. I would question, however, the review 
aspects of some of  the chapters and this may be 
a misleading feature of the title. 
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obtaining fast separations of enantiomers. The 
chapter on capillary electrophoresis with which 
this part begins could usefully have been omit- 
ted. Half of it is devoted to standard elec- 
trophoretic theory and the remainder is a very 
general overview which requires to be dealt 
with in much greater detail to be useful. 

Part 2 consists of four chapters each dealing 
with a topic representing a variant on sample 
pretreatment. The chapter on solid phase ex- 
traction, while short, is a good general account 
of the process. The chapter on on-line microdi- 
alysis pretreatment combines good treatment 
of  theoretical considerations with numerous 
specific applications of the technique. This part 
of the text concludes with a short but readable 
account of column switching as applied to chi- 
ral separations. 

The third part of the book focuses on the use 
of liquid chromatography as a preparative 
method. One chapter deals generally with the 
problems of obtaining pure samples of drugs 
for evaluation studies using liquid chromatog- 
raphy. The other is concerned specifically with 
the purification of  naturally occurring 
biomolecules. This chapter reviews different 
chromatographic modes of operation as well as 
discussing the different retention mechanisms 

which have been employed for proteins and 
peptides. 

The concluding part contains two chapters 
each concerned with the validation of assays 
based on liquid chromatography. The first of 
these, Chapter 10, deals with the strategic as- 
pects of developing a separation and this is 
followed with a short account of validation 
parameters. Here the separate validation re- 
quirements for main component and impurity 
assay are nicely distinguished. The last chapter 
is a much more in-depth account of assay 
validation including useful flow charts and nec- 
essary statistical relationships. 

Overall this is an excellent companion vol- 
ume to the previous Liquid Chromatography 
in Pharmaceutical Development. Most practis- 
ing chromatographers will find chapters di- 
rectly relevent to their own current interests. In 
addition, the coverage of the developments 
which have taken place over the last few years 
is so well balanced that all of us will find this 
book useful in obtaining at least a nodding 
acquaintanceship with areas outside our direct 
interest as well as providing a useful range of 
references for further reading. 

R.B. Taylor 

Reviews on Analytical Chemistry - -  Euroanaly- 
sis VIII, edited by D. Littlejohn and D. Thor- 
burn Burns, The Royal Society of Chemistry, 
Cambridge, 1994, x + 365pp., £75.00. ISBN 0- 
85186-982-3. 

The compilation of papers which go together 
to make this book represents 25 of the invited 
lectures presented at the Euroanalysis VIII 
conference held in Edinburgh in 1993. They 
consist of a very diverse range of subjects and 
vary in their style from reviews to more re- 
search-based papers. The editors have at- 
tempted to give some structure to the chapters, 
but the text covers a wide range of subject 
areas and by its nature lacks cohesion. Readers 
are advised to look closely at the contents of 
the book as many major areas of analytical 
science were obviously not presented as papers 
at the conference. Nevertheless, given that the 
text was prepared as a summary of the papers 
at Euroanalysis VII, it clearly achieves its aim, 
with a set of  well written and easy-to-read 
papers. I would question, however, the review 
aspects of some of  the chapters and this may be 
a misleading feature of the title. 
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Chapter 1 gives a historical perspective of 
Scottish analytical chemistry and contains many 
facts, elucidating many of the relationships be- 
tween alchemy, scientific chemistry and analyti- 
cal science. Individual sections describe the life 
and work of some notable chemists and contain 
many interesting anecdotes. With the growing 
importance of validation and data quality it is 
not surprising that papers 2 and 3 focus on this 
subject. Traceabilio~ to the Mole: A New Initia- 
tive by CIPM might not seem a wildly attractive 
title to the analyst but the text is an excellent 
review on calibration techniques mainly using 
isotope dilution mass spectrometry. The third 
paper is a very provocative view of the quality 
of analytical methods and demonstrates an in- 
teresting analogy to the presence of towers on 
the Dutch landscape. The next two papers focus 
on initiatives to improve the quality of food 
analysis and in particular the regulatory require- 
ments. Paper 6 looks at water quality standards, 
identifying the good and the bad guys and states 
what effluents should or should not contain. 
Factors that influence elemental species in sedi- 
ments form the basis of a detailed review whilst 
the speciation of organic sulphur in hydrocar- 
bons is given a very thorough discussion in a 
complimentary paper. The final four papers in 
the book deal with clinical applications of 
analytical science, mainly the use of capillary 
electrophoresis as a diagnostic tool, magnesium 
determinations, the use of stable isotopes in 
clinical studies and assays based on antibody 
screening. The remaining 12 papers tend to be 
orientated mainly towards techniques rather 
than applications and include a review on 
plasma mass spectrometry and the use of mass 
spectrometry in process analysis. These topics 
based papers continue with laser induced molec- 
ular luminescence, a most interesting review of 
high resolution imaging techniques, neural 
networks including the use of fuzzy logic, elec- 
trochemical applications including microelec- 
trodes, modified electrodes for sensor and 
in-vivo monitoring, and two reviews on flow 
analysis. The papers vary in length but are very 
readable taking anything from 20 to 40 minutes 
to complete any one article. Each paper is 
packed with information and high quality tables 
and diagrams can be found throughout the text. 
There is a limited index for reference purposes, 
but the real value of the book does not lie in its 
reference capability, but in the fact that it offers 
a snapshot 'state of the art' view on particular 
topics and how they are developing. As indi- 

cared earlier many of the more traditional as- 
pects of analytical chemistry are not covered in 
the book, but those included are recommended 
to the reader who wishes to consolidate their 
current knowledge or just browse into other 
areas of analytical methodology. 

S.J. Haswell 

Handbook of Surfactants, 2nd ed., by M.R. 
Porter, Blackie, London, 1994, x i i+  324 pp., 
£75.00. 1SBN 0-7514-0170-6. 

As implied in the title, this is a practical book 
aimed at those who work with surface-active 
agents. Compared to the first edition the book 
has been updated and extended and the chapters 
on surfactant theory and polymeric surfactants 
have been completely rewritten. 

Following a short introduction, a general 
approach to using surfactants in formulations is 
given. The author's experience is very much in 
evidence both here and in the following chapter 
on information sources where his opinions on 
certain published works and databases are 
confidently stated, e.g. "By far the best book 
o n . . .  ", "Good  but more theoretical than prac- 
tical", and "Does not quite live up to title". 

There then follows a comprehensive chapter 
(63 pp.) on surfactant theory which is superbly 
illustrated with 59 diagrams and contains many 
up-to-date references from the 1990s. This chap- 
ter presents a very good, non-mathemati- 
cal description of surfactant theory, with de- 
tails such as the definition of HLB number and 
the experimental observation (by light scatter- 
ing) that there are about 71 sodium lauryl 
sulphate molecules in a micelle at 23 °C. 

The following four chapters, which make up 
more than half of the book, are devoted to the 
four main classes of surfactant: anionic, non- 
ionic, cationic and amphoteric. These chapters 
start with an introduction and then the main 
types are discussed under sub-headings such as 
Nomenclature, Description, General properties, 
Applications, and Specification. As expected, 
the chapter on anionics (70 pp.) is dominated by 
the sulphates and sulphonates but the carboxy- 
lares, isethionates, phosphates, sulphosucci- 
nates, sulphosuccinamates and taurates are also 
mentioned. A total of 15 sub-divisions are made 
to cover the nonionic surfactants (79 pp.) with 
the Tweens and Spans (Atlas trade names) 
discussed under Sorbitan derivatives. The chem- 
istry of ethoxylation is also given in this chapter. 
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The short chapter on cationic surfactants 
(10 pp.) briefly discusses quaternary ammo- 
nium, amine and imidazoline salts and I recog- 
nised Cetrimide BP (an antiseptic detergent) as 
being in this category. Amphoterics (18 pp.) 
covers betaines, glycinates and amino propi- 
onates and mentions their mildness on skin 
and mucous membrane compared with other 
types of surfactants. A further short chapter is 
concerned with speciality surfactants and in- 
cludes Bolaform surfactants (polar groups at 
both ends of the hydrophobic group) and 
Gemini surfactants (two surfactant molecules 
linked with an organic spacer via the two hy- 
drophilic groups). The final chapter covers 
polymeric surfactants and is followed by two 
appendices - -  the first on names of hydro- 
phobes and average composition of fats and 
oils and the second on the all important eco- 
logical and toxicity requirements. 

Overall, I found this book very detailed. 
Having read it from cover-to-cover I find it 
difficult to retain all the information offered 
and I will have to revert to using it as in- 
tended, i.e. as a handbook. It includes much 
practical information such as details of surfac- 
rant mixtures and compatibilities and the the- 
ory and practical chapters compliment each 
other extremely well. It will be a very worth- 
while purchase for all those involved with sur- 
factants. 

P.J. Cox 

Principles and Applications of Electrochemistry, 
by D.R. Crow, Chapman and Hall, London, 
1994, x i+282pp. ,  Softback, £16.99. ISBN 0- 
7514-0168-4. 

This well known text is now into its 4th 
edition. It has undergone extensive revision 
but has maintained a traditional approach in 
bringing the text up-to-date with the content 
requirements of modern undergraduate courses 
in chemistry. The book is divided into two 
parts. Part I (153 pp.) covers the principles of 
ionic interactions, ionic equilibria, conductiv- 
ity, interfacial phenomena, electrochemical 
cells and electrode processes. The author's 
teaching experience shows in the clear and 
lucid way in which the fundamental principles 
are presented and appropriately illustrated 
with suitable diagrams, tables or problems. 
Part II (98 pp.) gives the applications which 

have as their basis the theoretical consider- 
ations given in Part I. These include equi- 
librium constant determinations by both 
conductivity and pH measurement, polarogra- 
phy, amperometric titration and coulometric 
methods. The last but one chapter gives a brief 
overview of electrochemical sensors and in the 
final chapter, the exploitation of  electrode pro- 
cesses, e.g. as sources of energy in industry, is 
explained and exemplified. 

As an aid to understanding the text, prob- 
lems are given at the end of each chapter and 
answers in an Appendix. Each chapter also has 
suggestions for further reading. In this day and 
age where self study is becoming more impor- 
tant a text such as this is recommended. 

R.R. Moody 

Analysis of Addictive and Misused Drugs, ed- 
ited by J.A. Adamovics, Dekker, New York, 
1994, viii +671pp.,  US$195.00. ISBN 0-8247- 
9238-6. 

Approximately half of this text consists of 
separate chapters devoted to individual ana- 
lytical techniques used for the quantification 
of drugs. The remainder of the book, some 
300 pages, consists of an appendix in the form 
of a reference table of analytical methods for 
approximately 400 compounds listed as con- 
trolled substances by the U.S. Drug Enforce- 
ment Agency or as banned drugs by the 
International Olympic Committee. The data 
provided in this appendix include, for each 
compound, the matrix, analytical technique, 
any sample pretreatment required, stationary 
and mobile phases for chromatographic analy- 
ses (which constitute the vast majority of the 
methods cited), detection method, comments 
including additional references and original lit- 
erature reference. 

This section will be useful as a source of 
analytical information for those requiring to 
undertake analysis of such durgs in that it 
assembles information into a concise and use- 
able format. While this appendix is not exhaus- 
tive, it does serve the more general purpose of 
indicating the relative degree of use of different 
analytical techniques in this field. In this sense 
it shows current usage of the different tech- 
niques discussed in the individual chapters. It 
is stated in the text that the purpose of the 
appendix is to complement the material in indi- 
vidual chapters. It seems approproate, there- 
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compound, the matrix, analytical technique, 
any sample pretreatment required, stationary 
and mobile phases for chromatographic analy- 
ses (which constitute the vast majority of the 
methods cited), detection method, comments 
including additional references and original lit- 
erature reference. 

This section will be useful as a source of 
analytical information for those requiring to 
undertake analysis of such durgs in that it 
assembles information into a concise and use- 
able format. While this appendix is not exhaus- 
tive, it does serve the more general purpose of 
indicating the relative degree of use of different 
analytical techniques in this field. In this sense 
it shows current usage of the different tech- 
niques discussed in the individual chapters. It 
is stated in the text that the purpose of the 
appendix is to complement the material in indi- 
vidual chapters. It seems approproate, there- 
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fore, that each of the analytical methods in 
these chapters is treated from a different stand- 
point. 

In Chapter 1 the principles of enzyme im- 
munoassays are covered together with some of 
the commercially available technology while in 
Chapter 2 biosensors based on enzyme reac- 
tions and bioaffinity are described in general 
terms. Chapter 3 is an account of a single 
commerical TLC system. Chapter 4 provides 
considerable information on the general princi- 
ples of obtaining LC separations including 
choice of stationary and mobile phase compo- 
sition. Numerous applications of these to 
forensic situations are described. The relative 
state of use of capillary electrophoresis is 
shown in Chapter 5 in that the majority of 
information is concerned with explaining the 
principles of separation in the various modes of 
CE and limiting examples to essentially bulk 
material. Chapter 6 is an amalagam of TLC 

and coupled GC-MS. These appear to have 
been included in a single chapter in order to 
describe the principle of initial screening for 
abused drugs in biological fluids and subse- 
quent confirmation. This chapter also contains 
a large tabulation of TLC and GC-MS dat~ 
for different drugs. 

The last two chapters are somewhat extrane- 
ous to the main thrust of this text. The chapter 
on drug testing of athletes is basically a de- 
tailed account of particular screening and 
confirmation procedures. Likewise, that on 
drug analysis in South America, describes op- 
erating procedures rather than extending the 
analytical content of the book. These chapters 
will have a much less general appeal than the 
rest of this text which will be a useful addition 
to the analytical literature concerned with test- 
ing for drug abuse and misuse. 

R.B. Taylor 
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Abstract 

The instrumental development and analytical applications of derivative ultraviolet/visible region absorp- 
tion spectrophotometry produced in the last seven years (since 1987) are reviewed. 

1. Introduction 

In a review published some years ago [1] we 
exposed the theoretical aspects, instrumental 
devices and analytical applications of deriva- 
tive ultraviolet/visible spectrophotometry (DS) 
until 1986. Although this technique does not 
really constitute a very important innovation, 
its ability to solve problems, especially for bi- 
nary and ternary mixtures of compounds 
whose spectra show considerable overlapping, 
have made its use grow spectacularly over the 
last few years, especially in pharmaceutical, 
clinical and biochemical, as well as in inorganic 
and organic analysis. 

The purpose of this paper is to review the 
publications on instrumental and theoretical 
aspects of derivative spectrometry and its use 
in the diverse fields of applications published 
since 1987, in order to fill the gap existing since 
the publication of our first review. 

2. Theoretical and instrumental aspects 

Over the last few years, the use of digital 

* Corresponding author. 
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differentiation by means of computers to ob- 
tain derivative spectra has been the usual pro- 
cedure. Higher order derivatives can easily be 
obtained. General principles of these methods 
have been reviewed [2], and diverse interfer- 
ences for coupling conventional spectrophoto- 
meters to microcalculations have been 
developed [3]; diverse algorithms (such as those 
of Fourier and Savitzky-Golay) are often used 
for obtaining the derivative spectra [4]. 

Diode-array spectrophotometers are actually 
widely used owing to their speed. Different 
computer-based data-acquisition systems for 
use with diode-array spectrophotometers have 
been described [5]. Diverse programs were de- 
veloped to control the system and to process 
the results. Program functions usually included: 
(i) acquisition of data and correction for diode 
sensitivity, (ii) correction for positional shifts in 
array, (iii) creation of the data-base, (iv) fitting 
of the baseline, location of peaks, conversion 
to wavelength and identification of elements 
present, (v) display of raw and enhanced data 
from individual arrays, and (vi) use of an artifi- 
cial intelligence approach to identify compo- 
nents of a sample [6]. 

The attained derivative spectra have been 
assayed by other procedures, e.g. by subtrac- 

reserved 
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tion of delayed spectra. In this procedure, pro- 
duction of a derivative spectrum is achieved 
with the use of a single data system without the 
creation of noise and without the need for 
computer software; the spectrum is stored in 
one half of the memory. A small horizontal 
shift is made, the size of which is not critical, 
and the resultant is transferred to the second 
half of the memory; the derivative spectrum is 
then created by subtraction of one half from 
the other [7]. 

An inconvenience of the derivative technique 
is that the signal-to-noise ratio (S/N) becomes 
progressively worse for higher orders. For this 
reason, practical derivative techniques include 
some degree of low-pass filtering or smoothing 
to control the increase in noise. Over the last 
few years, this problem has usually been solved 
by three types of digital filtering: ensemble 
averaging, least-squares polynomial smoothing 
and Fourier smoothing. Several computer pro- 
grams were written for the actual applications 
of the concepts of these digital filters on UV/ 
visible spectrophotometer systems; as a result, 
ensemble averaging could not be applied as a 
routine operation for the spectrophotometer 
used; the maxima S/N enhancement factors 
achieved by least-squares polynomial smooth- 
ing were 6.17 and 7.47 for the spectra of Gaus- 
sian and Lorentzian distribution models, and 
16.42 and 11.78 by Fourier smoothing for the 
spectra of the two models, respectively [8]. 
Talsky concludes that, in general, the more 
favourable S/N was obtained from four to six 
orders of derivative when electronic differentia- 
tion combined with diverse filtering systems 
was used [9]. 

The precision and accuracy in derivative 
spectrophotometry have been evaluated in a 
wide variety of situations. Using a computer- 
ized numerical method, it has been concluded 
[10] that if the spectrophotometric measure- 
ments are accurate to four significant figures, 
the relative error of the first numerical deriva- 
tive is 0.6%; if measurements are accurate to 
three significant figures, the relative error of the 
first numerical derivative is 6°/'0. Compared 
with conventional spectrophotometry, the first 
derivative from a recording spectrophotometer 
caused an average error of ~ 4%, but at the 
peak of the first derivative the error was ~ 2%. 
Kimbrell et al. [11] recently developed a theo- 
retical study on the multiple interacting factors 
which determine precision in derivative spec- 
trometry. According to this work, the precision 

varies by close to an order of magnitude when 
reasonable combinations of factors levels are 
used; the derivative order typically interacts 
strongly with the polynomial degree of the 
smoothing and derivatizing functions, and with 
the window width of these functions. 

Enhancement of the precision and accuracy 
in derivative spectrophotometry of highly ab- 
sorbing samples has been investigated using 
transmittance-ratio methods [12]. The precision 
and accuracy obtained in multi-component de- 
terminations have also been considered, espe- 
cially in mixtures of pharmaceuticals [13,14]. 
Detection limits have been evaluated for differ- 
ent substances using diverse derivative orders 
[15]; in general, no appreciable differences from 
conventional photometry are observed. 

2.1. Multicomponent analysis 

Derivative UV/visible spectrophometry has 
been widely used over the last few years in the 
analysis of multicomponent mixtures. For this 
reason, diverse procedures for the resolution of 
overlapped derivative peaks have been applied. 
Thus, the zero-crossing method has been used 
for the first- and second-derivative spectra in 
diverse mixtures [16]. Another procedure used is 
the named "K-ratio" method, in which the 
K-coefficient dual wavelength spectrophotomet- 
ric method is taken as the mathematical model 
in order to resolve the difference nth-derivative 
spectral data at one wavelength for determining 
diverse two-component systems with zeroth- 
derivative and n th-derivative spectra that were 
seriously interfered with [17,18]. 

Diverse computer programs have been ap- 
plied to the analysis of multicomponents using 
derivative spectra. Delaye et al. [19] developed 
a program (DESpl) for the computerized recog- 
nition of the spectral components in known 
binary mixtures, whereas Park et al. [20] de- 
scribe another program (SPECMAN PLUS), writ- 
ten in Pascal, which provides automated 
spectral comparison techniques, utilizing the 
value of the root-mean square (RMS) of each 
difference; this comparison routine of the pro- 
gram can deal with spectra of compounds of 
different concentrations and different spectral 
recording resolutions. Recently, a multivariate 
statistical tool, the partial least-squares (PLS) 
method, has been applied to derivative data 
with good results [21]; the PLS technique has a 
calibration step where the relationship is esti- 
mated from a set of reference samples, and this 
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step is followed by prediction in which the 
results of the calibration are iised to prediei or 
estimate the component concentration from the 
unknown sample spectrum. 

Other procedures for multicomponent analy- 
sis using computer calculations have also been 
reported. The FDAS-SL method [22], which is 
a means of measuring the shift-length (SL, nm) 
of the maximum absorption wavelength of a 
compound by utilizing the first-derivative ab- 
sorption spectrum (FDAS), was used in the 
simultaneous determination of binary mixtures; 
this method utilizes the shift of the absorption 
spectrum of a compound at surfactant concen- 
trations above the critical micelle concentration 
and the mixed molar ratio is obtained from the 
shift-length; each concentration of the com- 
pound is calculated by Beer's law. Karstang 
and Kvaleim [23] describe a technique based 
upon regression modelling of spectra for accu- 
rate estimation of the concentration of analytes 
in the presence of background constituents; 
this novel technique gives reliable predictions, 
while all the contaminated samples are detected 
as outliers in the conventional approach. 

2.2. Combination of DS with flow injection, 
liquid chromatography and kinetic analysis 

The advent of a multi-dimensional detection 
system and the affordability of personal com- 
puters provided with software that allows stor- 
age and subsequent processing of data has 
fostered developments of new experimental 
procedures in which DS is used in combination 
with dynamic techniques, such as flow-injection 
and liquid chromatography. 

The simultaneous determination of com- 
pounds in two-, three- and four-component 
mixtures with completely overlapping spectra 
was achieved by flow-injection with a diode-ar- 
ray detection system, using the third-derivative 
spectra in the range 214-290nm. The ab- 
sorbance spectrum of each solution was 
recorded 10.7 s after sample injection with an 
integration time of 0.4 s [24]. 

In liquid chromatography, the information 
supplied by derivative spectroscopy used as a 
detection system has been exploited in three 
different ways, namely: (i) using the first 
derivative of the elution profile obtained at the 
wavelength of the absorption maximum; in the- 
ory, the derivative should be zero at this point 
and therefore the disappearance of the main 
peak reveals the presence of other constituents 

with different absorption features: this proce- 
diii'e:is ealied the "null spectral derivative tech- 
nique"; (ii) using the complete derivative 
obtained by recording the elution profile; this 
procedure is known as the "spectral derivative 
mapping technique" [25,26]; (iii) using the 
derivative spectra of the components obtained 
around the maxima signal of the overlapped 
chromatographic peaks; the detector was set to 
collect a spectrum every 1 s, over an adequate 
wavelength range; this procedure makes possi- 
ble the easy transformation of a chromato- 
graphic problem in a spectrophotometric 
problem [27]. 

Derivative techniques have also been used in 
kinetic analysis. A selective empirical data pro- 
cessing method based on a modification of the 
conventional kinetic derivative method has 
been reported [28]. The method is based on 
parameters not directly correlated with the ini- 
tial rate, but which are similar to those used in 
derivative spectrometry as the distance between 
two peaks or the value of the derivative at a 
single time. Two types of kinetic curves were 
tested, namely curves with and without induc- 
tion periods. Different-order derivatives were 
obtained by numerical differentiation using 
the Savitzky-Golay method. The proposed 
method is shown to provide improved selectiv- 
ity. 

3. Applications 

3. I. Inorganic analysis 

The use of DS in inorganic analysis, espe- 
cially in the determination of mixtures of metal 
ions, has undergone an appreciable increase in 
the last few years. Diverse chromogenic 
reagents (EDTA, dithizone, 8-hydroxyquino- 
line, some hydrazones, etc.) have been pro- 
posed. The different determinations achieved 
are described in Table 1. However, the analysis 
of anions has hardly been investigated; only the 
simultaneous determination of nitrite and ni- 
trate in water using linear regression DS has 
been described [76]. 

3.2. Organic compounds 

Binary and ternary mixtures of organic com- 
pounds have been widely analyzed using DS. 
Although pharmaceutical formulations are the 
mixtures most frequently assayed, and are es- 
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Table I 
Determination of metal ions 

Elements Reagents Remarks Ref. 

AI, Fe(Ill), Cu, 8-Hydroxyquinoline 1st deriv., extraction into 28 
Ti, Ni chloroform~ binary, ternary 

Be 

Be, AI 

Co 

Co, Fe(ll) 

Co, Cu 

Cu, Fe(llI) 

Cu, Ni 

Cu, Ni 

Cu, Zn 

Cu, Zn, Mn(ll) 

Fe(llI) 

Fail) 

Fe(lll), Bi 

Hg 

Hg, Co 

Ir, Rh, Pt, Ag 

La, Pr, Nd, Sin, 
Eu, Ho, Er 

Mn 

Mo 

Mo, Ti 

Beryllon III 

5,8-Dihydroxy-l, 4- 
naphthoquinone 

8-Hydroxyquinoline 

3-(4-Phenyl-2-pyridinyl)- 
1,2,4-triazine 

Methylenediamine 
tetraacetic acid 
2,(5-Bromo-2-pyridylazo)- 
5-diethylaminophenol 

Sodium cyanide 

5,10,15,20-Tetrakis-(4- 
trimethylammonio-oheny I )porphine 

2-(5-Bromo-2-pyridylazo)- 
5-diethylaminophenol 

EDTA 

1,10-Phenanthroline 

EDTA 

Iodide + Pyronine G 

Benzyl-2-pyridylketone-2- 
quinolylhydrnzone 

Sulfochlorophenoazo- 
rhodanine 

Triethylenetetramine- 
hexaacetic acid (TTHA) 

(NH4)2S20$ + AgO) 

and quaternary mixtures were 
analyzed 

3rd deriv. 

Simultaneous determination; 
7.2-396 and 10.8-1080 
ng ml - J, respectively 

Ist deriv., cobalt is oxidized 
by air only in the presence 
of Fe(Iil) or V(V), extraction 
into chloroform is used 

1st deriv., simult, determ., 
extraction into dichloroethane, 
57-2000 and 2-200 ng ml-I ,  
respectively 

1st deriv., simult, determ. 

Simult. determ., 2-10 lag ml- i  of 
each ion 

3rd deriv., simult, determ., 
0.55-5.8 and 0.55-6.8 lagml - t ,  
respectively 

1st deriv., aqueous solutions of 
both metal ions were analyzed 

4th deriv., determinations were 
performed in the presence of 
sodium dodecylsulphate 

I st and 2nd deriv., simult. 
determ., using the equation 
set of solutions and the least- 
squares method 

1st and 2nd deriv. 

2nd deriv., 1-12 lag ml -I ,  iron is 
determined in bronze 

1st deriv, 0.5-8.0 and 0.1- 
35.7 lag ml-  t, respectively 

3rd deriv., 0.04-0.8 lag rol- 

l st deriv., simult, determ. 

Bromopyrogallol red 

Salicylfluorone + 
hexadecylmethylammonium 
bromide 

3rd deriv. 

I st deriv., manganese is 
oxidized to permanganate 

3rd deriv., simultaneous 
determ. 

3rd deriv., simult, determ. 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 
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Table I (continued) 

Elements Reagents Remarks Ref. 

Nd Tiron 

Nd Ascorbic acid 

Nd, Er 5,7-Dibromoquinolin-8-ol 

Nd, Er 5-Suifo-7-iodoquinolin-8-ol 
(ferron) + diethylamine 

Nd, Er 4-Benzoyl-3-methyl- l- 
phenylpyrazolin-5-one 

Nd, Er 

Nd, Sm, Eu, 
Gd, Tb, Dy 

Ni, Co 

Ni, Co 

Ni, Cu, V 

Ni, Cu, Zn 

Ni, Cu, Zu 

Pb 

Pd, Pt 

Pd, Pt 

Pd, Nd, Sm, Eu, 
Ho, Er 

Pr, Nd, Eu, Ho, 
Er, Tm 

Pr, Nd, Dy 

Sin, Gd, Dy, 
Nd 

Ta 

8-Hydroxyquinoline + 
diethylamine 

HCI 

2-(4,5-Dimethy l-2- 
thiozolylazo)-5- 
dimethylaminobenzoic 
acid 

Benzyl-2-pyridylketone-2- 
quinolyihydrazone 

2-(5-Bromo-2-pyridylazo- 
5-diethylamino)phenol 

4-(2-Pyridylazo)resorcinol 

I -(2-Pyridylazo)-2-naphthol 

1,10-Phenanthroline + 
Rose Bengal 

Dithizone 

N,N-Diethyl-4- 
nitrosoaniline 

EDTA and oxalic acid 

2-Thenoyltrifluoroacetone 
and 2,6-dimethylpyridine 

5-Bromo-2-(2-pyridylazo)- 
5-diethylaminophenol 

3rd deriv. 49 

5th deriv., Nd is determined in 50 
magnesium alloys 

3rd deriv., simult, determ., 51 
Trition X-100 is used as 
suffactant, up to 18 lagml -~ of 
Nd and up to 21 lagml -~ of Er 

3rd deriv., up to 14lagml - t  for 52 
Nd and up to 13 lagml -~ for Er 

3rd deriv., simult, determ., 53 
5.8-29 and 6.7-40 lag ml -L  
respectively 

3rd deriv., 3-18 and 4.5-21 
lag ml -  ~, respectively 

1st deriv. 

ist deriv., simult, determ., the 
method makes possible the 
determination of both elements 
in nickel minerals 

1st deriv., 480 and 512 nm, 57 
simult, determ. 

1st deriv., simult, determ., 58 
these elements have been 
determined in petroleum 
samples 

Ist deriv., simult, determ., 59 
Kalman filter is used 

2nd deriv., simult, determ., 60 
0.3-2.0, 0.5-3.0 and 0.5-3.0 
lag ml -  t, respectively 

4th deriv., extraction of the 61 
complex into chloroform 

5th deriv., simuit, determ., 62 
extraction into carbon 
tetrachloride 

1st deriv., simult, determ., 63 
567.5 and 549.2 nm, 
respectively 

2nd and 4th deriv., Sm and Eu 64 
can be determined in the 
presence of other metals 

2nd deriv. 

2nd deriv., spectra in acid 
solutions were measured 

2nd deriv., 4th deriv., spectra 
in acid solutions (HCIO4) were 
measured 

Ist deriv., Ta is determined in 
nickel-based alloys containing 
niobium 

54 

55 

56 

65 

66 

67 

68 
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Elements Reagents Remarks Ref. 

Ti Hydrogen peroxide 2nd deriv., up to 10 lag ml-~, Ti 69 
is determined in steels 

U, Th Carminic acid Ist deriv., simult, determ., 2- 70 
50 and 1-40 lag ml- i 
respectively 

U, Th 4-(2'-Thiazolylazo) 1st deriv., simult, determ. 71 
resacetophenone oxime 

V, Co 4-(I'H-I', 2',4'-Triazol-3'- 2nd deriv., simult, determ., 72 
ylazo)-2-methylresorcinol 0. I 0- 1.02 and 0.12- I. ! 8 

lag ml- ~, respectively 

w, Mo Sacilylfluorone and 73 
cetyltrimethylammonium 
bromide 

Zn meso-Tetrakis 2nd deriv., up to 0.24 lag ml- ~, 
(3,5, dibromo--4- zinc can be determined in 
hydroxyphenyl)porphyrin biological samples 
(T(DBHP)P) 

74, 75 

pecially considered in the next paragraph, 
other diverse mixtures (antioxidants, pesticides, 
herbicides, etc.) have been determined with 
good results. Table 2 shows the diverse proce- 
dures described since 1987. Li and Shi [100] 
reviewed years ago the articles published on 
organic compounds (including pharmaceuticals 
and clinical samples) until 1988. 

3.3. Pharmaceutical analysis 

The application of DS in pharmaceutical 
analysis has undergone explosive growth over 
the last 5 years. This fact is due to the easy 
application of this technique to pharmaceutical 
formulations, which are usually mixtures of  
two or three components of different chemical 
structures, and therefore show UV/visible spec- 
tra with different peaks and/or different ampli- 
tudes. DS has also proved particularly useful in 
eliminating matrix interferences, including 
those of aromatics, which have weak absorp- 
tion in the near ultraviolet. 

More than a hundred methods for pharma- 
ceutical mixtures have been described over the 
last few years [101-215], and are shown in 
Table 3. Particularly numerous are the determi- 
nations referring to mixtures of antidepressives 
and transquilizers, as well as to formulations 
containing caffeine with other stimulants and 
antihystaminics, or mixtures of diverse sui- 
phamides or antibiotics. 

3.4. Analysis o f  amino acids, proteins and other 
biological compounds 

DS has been widely used in the analysis of 
binary and ternary mixtures of amino acids. 
Mixtures of phenylalanine, tyrosine and trip- 
tophane have been especially studied. Proce- 
dures described since 1987 [216-235] are 
shown in Table 4. 

3.5. Clinical and forensic analysis 

DS has been proposed for the identification 
of compounds in mixtures of special interest in 
clinical and forensic analysis, and diverse gen- 
eral reports have been published in recent years 
[236,237]. Specific procedures are summarized 
[238-257] in Table 5. Diverse procedures using 
second derivative spectra have been described 
for the determination of haemoglobin and car- 
boxyhaemoglobin in blood, as well as for the 
analysis of  diverse pharmaceutical compounds 
in biological fluids. 

3.6. Food analysis 

Procedures involving the application of  UV/ 
visible DS to food analysis are summarized 
[258-271] in Table 6. In general, derivative 
technique has been especially used in the deter- 
mination of additives (colouring, flavour en- 
hancers) in foods. 
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Table 2 
Determination of organic compounds 

Compounds Remarks Ref. 

Alkaloids Total alkaloids of Coptis chinensis were 77 
extracted in HC1-MeOH and determined 

3rd and 4th deriv, was used 78 Antioxidants (butylated 
hydroxyanisole, butylated 
hydroxytoluene and Pr 
gallate) 

Carbaryl and chlorpyrifos 

Carbendazim 

Chlorophenols 

Chlorpromazine and fl- 
cyclodextrin 

Cocaine 

2-Fuffuraldehyde, 5- 
hydroxymethyl 
fuffuraldehyde and 
malonaldehyde 

5-Hydroxyflavonoids 

Indulin C 

1 ndazole- 3-carboxylic acid 

Nicotine 

Paeonol 

Phenol compounds 

Phloroglucinols 

Piperonyl butoxide, 
neopynamine, permethrin 
and fenitrothion 

Polymers 

Polymers 

Salieylaldeh~le arid 
para -hydroxybenzaldehyde 

PLS was also 
applied to simultaneous determination 

2nd deriv., the compound is determined in 
Kolfugo extra formulations 

Ist deriv., two-, three- and four-component 
mixtures were possible using multivariate 
calibration 

2nd deriv., the binding constant between 
both compounds in aqueous solution was 
determined by means of an iterative 
calculation method 

Ist and 2nd deriv., the compound (up to 10 
lag ml-~) is determined in methanol 

Simult. determ., the three chemicals were 
reacted previously with 2-thiobarbituric 
acid, PLS analysis is used 

I st deriv. 

2nd deriv., spectra are used for studies of 
degradation of lignin 

2nd, 3rd and 4th deriv., several isomers N2 
and N 2 substituted were identified using 
this technique 

Ist and 2nd deriv., nicotine is determined in 
tobacco products 

1st deriv., the derivative values at 279 and 
242 nm were used for quantification of 
paeonol, and their difference was 
proportional to up to 10 lag ml -  ~ of this 
substance 

Ist and 2nd deriv., mixture of to up to nine 
phenols (phenol and halogen, nitro-, 
methoxy- and methyl-derivatives, 1-100 laM) 
were determined with use of the 
mathematical algorithm MULTI3 

2nd deriv., flow-injection analysis coupled 
with liquid chromatography and a diode 
array detector was used 

2nd deriv., binary mixtures can be resolved 

1st and 4th deriv., polystyrene and mixtures 
of several prepolymers were studied 

2nd deriv. 

2nd deriv., simult, determ. 

79 

80 

81, 82 

83 

84 

85 

86 

87 

88 

89 

90 

91 

92 

93 

94 

95 

96 
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Compounds Remarks Ref. 

Salicylaldehyde, 3- 1st deriv., simult, determ. 97 
hydroxybenzaldehyde and 
4-hydroxybenzaldehyde 

Tocopherols 

Trifluralin, benfluralin, 
isopropalin and oryzalin 
(herbicides) 

2nd deriv., individual ~-, p-, 7- and ~- 
tocopherols were determined 

1st deriv., detection range found 
was 1-7 pg ml-  

98 

99 

Table 3 
Methods described for the analysis of compounds in pharmaceutical formulations 

Compounds Remarks Ref. 

Acetylsalicylic acid and 4th deriv., 0.02-0.2mgml - I  for each 101 
chlormezanone compound 

Acetylsalicylic acid and 276, 286, 304 and 314 nm for acetylsalicylic 102 
paracetamol acid; 256 and 320 nm for paracetamol. 

Regression equations must be used 

2nd and 3rd deriv., 4-(6-methylnaphthalen-2- 
yl)4-oxobut-2-enoic acid is used as reagent 

Aliphatic thiol drugs 103 

Acetaminophen and Binary mixtures only 104 
orphenedrine, ibuprofen or 
chlorzoxazone 

Aminazine and diprazine 250-255 nm 105 

4-Aminophenol 2nd deriv., 224 nm, 0.5-38% of 4- 106 
aminophenol can be determined in the 
presence of paracetamol 

I st and 2nd deriv. Aminodarone hydrochloride 

Amitriptyline and 
chlordiazepoxide or 
perphenazine 

Amoxycillin 

Amoxycillin and 
cephalexin 

! st deriv. 

107 

108 

2nd deriv., 280 nm, 3.3-55.4 pg ml-  

2nd deriv., up to 90 lag ml- i  for amoxycillin 
(276 nm) and up to 60 lag ml-  t for cephalexin 
(267.5 nm) 

Ascorbic acid and analgin 1st deriv. I l l  

Asparaginase 259 nm, 0.05-0.125 mg ml - i I 12 

Benzalkonium HCI 2nd deriv., 255-275 nm, determination can be 113 
achieved in the presence of pilocarpine, 
hypromellose and polivinyl alcohol 

Benzodiazepines 1st and 2nd deriv., single compounds only 114 

Benzodiazepines and/or 2rid deriv., 19 compounds can be clearly 115 
their metabolites identified, whereas four can only be differentiated 

two by two (diazepam-prazepam and 
alprazolam-cstazolam) 

Benzodiazepines and Determination in biological fluids 116 
benzophenones 

109 

II0 
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Table 3 (continued) 

Compounds Remarks Ref. 

Bretylium tosylate, 1st deriv., picric acid is used as reagent, 5-20 117 
hyoscine Bu bromide, lag ml-~ for each compound 
oxyphenonium bromide, 
cetrimide and 
benzalkonium chloride 

Bromazepam I t 8 

Bufotoxin lactone 119 

2nd deriv., 237-247 nm, up to 30 lag ml-  

2nd deriv., 359 and 376 nm, determination is 
made in Houzhenwan (traditional chinese 
antipyretic) 

Caffeine and amidopyrine 1st deriv., 275-296 nm, linear regression 120 
method of multiwavelength is used 

Caffeine and ist deriv. 121 
antihistaminics 

Caffeine and sodium 9-33 lag ml-1(269 nm) for caffeine and 6.5-19.5 122 
benzoate (241 nm) for sodium benzoate 

Canrenone 2nd deriv., 300 nm, 2-10 lag ml-~, 123 
determination in the presence of 
spironolactone 

Carbimazole and 3rd deriv., 265 and 295 nm, respectively 124 
methimazole 

Cephalosporins and their 2nd deriv., 4-24 lag ml-~ 125 
degradation products 

Clomiphene citrate and 1st deriv. 126 
tamoxifen citrate 

Chlorpheniramine maleate 2nd deriv., 228-260 nm, 4-36 lag ml-~ 127 

Chlorpheniramine maleate 128 
and phenylephrine- HCI 

Chlorphenoxamine and 225, 232 nm for chlorphenoxamine and 256, 129 
caffeine 283 nm for caffeine 

Chlorpromazine and its 3rd deriv. 130 
sulphoxide 

Clotrimazole 1st deriv., 266 nm 131 

Captotril and 1st deriv., 228-248 nm 132 
hydrochlorothiazide 

Cytarabine and acyclovir 1st and 2nd deriv., 268 and 272, respectively 133 

Danthron and phanquone I st deriv., previous formation of complexes 134 
with metal ions 

Diazepam and oxazepam 4th deriv. 135 

Diazepam and otilonium Ist deriv., 264 and 406-408 nm, respectively 136 
bromide 

Dicloxacillin and ampicillin 2nd deriv., up to 60 lag ml -  L for each compound 137 

2,6-Diisopropylphenol 2nd deriv., 0.10-0.25 lag ml-~ 138 

Diphenhydramine or 2nd deriv., extraction into chloroform 139 
naphazoline, and methylene 
blue 

Diphenhydramine 

Diphenhydramine, 
ephedrine and 
pentoxyverine 

2nd deriv., 215 or 251 nm 140 

Ist and 4th deriv. 141 



1204 C.B. Ojeda et al. / Talanta 42 (1995) 1195-1214 

Table 3 (continued) 

Compounds Remarks Ref. 

Diloxanide furoate and I st and 2nd deriv., 0.02-0.1 mg ml- t  (262 nm) 142 
metronidazole and 0.04-0.2 mg ml -  ~ (248 nm), respectively 

Domperidone 1st deriv. 143 

Enalapril maleate 144 

Estradiol and progesterone 145 
or testosterone 

Estrone, equilin, 17-~- 146 
estradiol and 17-~- 
dihydroequilin 

Ethinyl oestradiol and 147 
norethisterone 

Famotidine 148 

Febuprol 149 

Fendiline HCI and other 150 
related compounds 

Glibenclamide, mebeverine 151 
and clopamide 

Hydrochlorothiazide and 152 
amiloride HCI 

Hydrocortisone, 153 
dexamethasone, 
prednisolone and 
prednisone 

4-Hydroxyphenoxymethyl 154 
penicillin 

Imipramine and 155 
amitriptyline 

imipramine, trimipramine, 156 
amitriptyline, dothiepin and 
cyproheptadine 

Insulin 157 

lsoniazid and pyridoxine or 
thiacetazone 

fl-Lactam antibiotics 

Levamisole hydrochloride 

Levodopa 

Levodopa 

Lidocaine 

Methylene blue, 
hexamethytene tetramine 
and resorcinol 

Minoxidil and retinoic acid 

Nifedipine 

Nitofurantoin and 
phenazopyridine 

Notriptyline and 
perphenazine 

4th deriv. 

I st, 2nd, 3rd and 4th deriv., 280 and 338 nm 

1st and 2nd deriv. 

2nd deriv., 304 nm 

276 and 280 nm 

2nd deriv., 0.25-1 g I - 

2nd deriv., determination can be achieved in 
the presence of their degradation products 

Ist deriv., 284.7 nm 

1st deriv. 

4th deriv., 304-314 nm, 0.06-0.30 mg ml -  i 

Ist and 2nd deriv., 0.62-10.14 pgml - I  and 
0.63-10.40 pg ml - t ,  respectively 

I st and 2nd deriv. 

7th deriv., bovine and porcine insulin can be 
discriminated 

Ist deriv., 8.2-41.1 pgml -~ and 7.1-23.6pgml -~ 

Determination in turbid solutions containing 
liposomes 

Ist deriv., 239 nm 

2nd deriv., 267 nm 

2nd deriv., 280-290 nm, 2.4-120 lag ml - 

3rd deriv. 

Ist deriv., 273, 221 and 300 nm, respectively 

Ist deriv., 290 and 351 nm, respectively 

I st deriv., 402 nm 

Ist deriv., 335 and 317 nm, respectively 

4th deriv., 239.6 and 268.8 nm, respectively 

158 

159 

160 

161 

162 

163 

164 

165 

166 

167 

168 
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Table 3 (continued) 

Compounds Remarks Ref. 

Oestradiol 3 -12  lag m l -  ~ 1 6 9  

Oxytetracycline 170 

Parabens 171 

Paracetamol 2nd deriv. 172 

Paracetamol and 2nd deriv., 270.8 and 278,9 nm, respectively 173 
chlorzoxazone 

Paracetamol and 2nd deriv., 250.2 and 227,6 nm, respectively 174 
methocarbamol 

Paracetamol and 1st deriv., 256.7 and 242.8 nm, respectively 175 
phenylpropanolamine HCI 

Penicillins and 1st, 2nd and 3rd deriv., 13 penicillins and five 176 
cephalosporins cephalosphorins in different combinations 

were assayed 

Perphenazine and I st and 2nd deriv., 1 - 8 lag m l -  ~ and I - 30 lag m l -  ~, 177 
amitriptyline respectively 

Perphenazine and 1st and 2nd deriv., other tranquilizers and 178 
amitriptyline antidepressants were also assayed 

Phenothiazines 1st and 2nd deriv. 179 

Phenothiazines 2nd and 4th deriv. 180 
Phenothiazines 2nd deriv., binary mixtures 181 

Phenylephrine I st deriv., determination is in the 182 
presence of chlorapheramine, sulphacetamide or 
prednisolone 

l-Phenylethylamine Determination is in the presence of 183 
fosfomycin 

Phenylephrine HCI and 1st deriv., 275 and 237 nm, respectively; 184 
carbinoxamine maleate related compounds were also assayed 

Phenytoin and 2nd deriv. 185 
phenobarbital  

Phenytoin 2nd deriv., 4 .5-160 lamol 1 - t 186 

Prazosin and polythiazide 2nd deriv., 346 and 236 nm. respectively 187 

Prenylamine lactate and 2nd deriv. 188 
other related compounds 

Propofol 2nd deriv., 286 rim, 0.1-0.25 mg m l -  ~ 189 

Pseudoephedrine and Ist deriv. 190 
chlorpheniramine 

Pseudoephedrine, 2nd deriv., 240-300 nm 191 
chlorpheniramine and 
dextromethorphan 

Puerarin I st deriv., 3 .2-16 lag m l -  ~ 192 

Rifamixin 2nd deriv. 2 -40  lag ml-~ 193 

Salbutamol Ist deriv., 286 nm 194 

Salbutamol 2nd and 4th order, 1-80 lag mt -~, determination 195 
is in the presence of gelatine 

Salicylic and salicyluric Ist deriv., 2 .6-52 tag m l - i  and 2.1-42 lag m l - t  196 
acids 

Simvastatin 197 
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Compounds Remarks Ref. 

Spironolactone and 
hydrochlorothiazide 

Sulfamethoxazole and 
trimethroprim 

Sulfacetamide, 
sulfadimidine and 
sulfathiourea 

Sulfonamides 

Sulphamethizole 

Sulphaquinoxaline and 
pyrimethamine 

Synephrine 

Tetracyclines 

Theophylline 

Thiamine, riboflavine, 
nicotinamide, pyridoxine 
and ascorbic acid 

Thiamine, riboflavine, 
nicotinamide, pyridoxine 
and calcium pantothenate 

Thiobarbituric acid 

Thioxanthenes 

Tocopherols 

Tolazoline, atropine 
homatropine, 
tetrahydrozoline and 
xylometazoline 

Triamterene and 
hydrochlorothiazide or 
xipamide 

Triamphenicol glyeinate 
and N-acetylcisteine or 4- 
hydroxyisophthalic acid 

Trimethroprim and 
sulfamethoxazole 

198 

280 and 290 nm, respectively 199 

! st deriv. 200 

1st and 4th deriv., Bratton-Marshall reaction 
combined with derivative photometry is used 

Ist deriv., up to 43 ~gml -s, determination is 
in the presence of nitrofurantoine 

ist deriv., 1-25 mg ml-a and 1-50 mg m l - I  
respectively 

1st deriv. 

2nd deriv. 

I st deriv., 284, nm 

Multiple linear regression analysis is used 

1st deriv., multicomponent program is used 

2nd deriv., determination is in the 
pressure of reactive products of lipid 
peroxidation in plants 

Ist deriv., 4-40 I~g ml- 

:-,/~-, 7- and 6-tocopherols were 
determined at 298, 302, 304 and 306 nm, 
respectively 
I st deriv., picric acid is used as reagent, 
extraction is made into chloroform 

I st deriv. 

2nd deriv., 274-278 nm, 6-55 lag ml-i for 
triamphenicol 

201 

202 

203 

204 

205 

206 

207 

208 

209 

210 

211 

212 

213 

214 

215 

3. 7. Environmental analysis 

A few applications o f  derivative UV spec- 
t ropho tomet ry  to environmental  analysis have 
been described over the last few years. High-or-  
der derivative absorpt ion  spec t rophotomet ry  
has been used in the determinat ion o f  oil in 
waste water to avoid complex sample extrac- 

t ion and to eliminate interference by other  
chemical species; the calibration curve varied 
rectilinearly up to 100 mg  1- ~ o f  oil, with 
0.05 N H2SO4 as reference s tandard and light 
petroleum as blank [272]. 

Derivative spec t rophotomet ry  has also been 
used in combina t ion  with thermal soil desorp- 
t ion in the field screening o f  b e n z e n e - t o l u e n e -  
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Table 4 
Methods for the analysis of amino acids and proteins 

Compounds Remarks Ref. 

Adenine and thymine 2nd deriv., adenine and thymine were 216 
determined in DNA (not more than 10 ~tg 
DNA is required) 

Amino acids 2nd deriv., aromatic amino-acids were tested 217 

Amino acids 2nd deriv, and size-exclusion HPLC were 218 
combined and applied to the determination of 
aromatic amino acids of polypeptides 

Chlorophylls a and b 1st deriv., 671 nm for a and 467 nm for b 219 

Metaloporphyrins 3rd deriv., the method is based on 220 
variation of the Soret band wavelength with the type 
of functional group structure of the 20-carbon 
porphyrin chromophore 

Phenylalanine, tyrosine and Factorial analysis procedure for interpreting 221 
triptophane derivative spectra is proposed; application is 

made to the determination of these 
compounds in the presence of aromatic 
chromophores content in mitochondrial 
proteins 

Ibidem 2nd deriv. 222 

Ibidem Phenylalanine is determined in the presence 224 
of the other compounds by means of the 
negative derivative peak near 258 nm 

Phospholipids HPLC 2nd deriv, is used; 225 

Phosphotyrosine 

Polynucleotides 

phosphatidylcholine, 
phosphatidylethanolamine, phosphatidylserine 
and phosphatidic acid were characterized 

HPLC 2nd deriv, is used, phosphatyrosine 
residues in peptides were identified 

Conformational isomerizations of 
polynucleotides are studied by means of 4th 
deriv, spectrophotometry 

HPLC deriv, spectrophotometry is used for 
the separation and detection of proteins and peptides 

4th deriv, is used for protein quantification 
during purification 

Size-exclusion HPLC derivative 
spectrophotometry is used 

Detection of diverse proteins and phenol 
were achieved in DNA samples 

2nd deriv., proteolysis of native bovine 
somatotropin is studied 

2nd deriv., presence of tryptophan in 
peptides is studied 

2nd deriv., both amino acids were 
determined in synthetic peptides 

226 

Proteins 229 

Proteins 230 

Proteins 231 

Proteins and phenol 

Somatotropin 

Tryptophan 

Tryptophan and tyrosine 

227, 228 

232 

233 

234 

235 

TAL 42:9-B 
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Table 5 
Clinical and forensic analysis 

Substances Type of Remarks Ref. 
sample 

AIIopurinol and uric Urine Ist and 2nd deriv. (284 and 243 238 
acid nm, respectively), 2-12 pg ml-  

Bile salts 2nd deriv., critical micellar 239 
concentrations of bile salts were 
determined 

Cerebroespinald Ist and 2nd deriv., simultaneous 240 
fluid determination, effects of turbidity 

are minimized 

Blood 2nd deriv., 418 nm 241 

Blood Sorer region of the UV spectrum 242 
is used, method has been applied 
in postmortem blood samples 

Plasma 2nd deriv., 281 nm, I - 100 ~g ml-  

Urine 3rd deriv., limit of detection is 
i 5 0  ng ml -  i 

Ist deriv. 

Bilirrubin, 
methaemoglobin and 
oxyhaemoglobin 

Carboxyhaemoglobin 

Carboxyhaemoglobin 

Ceftizoxime 

Clonazepam 

Haemoglobin 

Haemoglobin (total) and 
carboxyhaemoglobin 

Plasma or 
serum 

Blood 

Haemoglobin and Plasma 
urinary porphirins 

Imipenem Plasma 

Lipids Plasma 

Lipids Plasma 

243 

244 

245 

246 

Myoglobin 

3rd deriv., carboxyhaemoglobin 
shows a maximum at 565 nm, and 
oxyhaemoglobin crosses the zero 
line at 565 nm 

2nd deriv., limits of detection are 247 
0.060 ttmol for haemoglobin 
and 10mmoll -~ for 
coproporphyrin and uroporphyrin 

3rd deriv., 306-312 nm, 248 
detection limit is 3 pg ml -  

2nd deriv., lipid dienes as 249 
markers of lipid peroxidation in 
heptane extracted from plasma from 
patients with arthritis are 
analyzed 

Lipid peroxidation is used, and 250 
hydroperoxidienes formed were 
studied by derivative 
spectrophotometry 

2nd deriv., myogiobin is 251 
determined in the presence of 
haemoglobin: diverse algorithms 
were used 

Nitrazepam and Biological 5th deriv., limits of detection 252 
clorazepam fluids are I I~g ml - ~ and 1.5 ~g ml - ~, 

respectively 

Paracetamol and Plasma 2nd deriv., recovery is slow 253 
salicylate 

Pesticides Serum and 2nd deriv., 245 nm, carbamate 254 
gastric juice pesticides were analyzed, 

detection limit for carbaryl is 250 
ttg ml-  i 

Phenylbutazone and Plasma 4th deriv., 1-5 pg ml-~ for 255 
oxyphenbutazone phenylbutazone and 3-8 gg ml-  

for oxyphenbutazone 

Porphyrins Urine 2nd deriv. 256 

Rifampicin Plasma Binding of rifampicin by plasma 257 
proteins is studied 
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Table 6 
Food analysis 

Substances Type of Remarks Ref. 
sample 

:t- and fl-acids Hops 

Chlorogenic acids Instant 
coffee 

Enzymes Red fruited 
pears 

Flavour enhancers Food 
preparations 

Food colours Foods 
(synthetic) 

Food colours Foods 
(synthetic) 

2-Furfuraldehyde and 5- 
(hydroxymethyl)-2- 
furfuraldehyde 

Lipid oxidation 
products 

Pigments 

Quinine 

Refined oil 

Saccharin, benzoic acid 
and ethyl-4- 
hydroxybenzoate 

Orange juice 

Vegetable oils 

Orange-drink 
powder 

Soft drinks 

Virgin olive 
oils 

Beverages 

Seed oils Olive oils 

Sorbic and benzoic Soft drinks 
acids 

2nd deriv., simult. 258 
determ. 

2nd deriv., 325 nm, chicory 259 
does not interfere 

4th deriv., of peroxidase, esterase 260 
and acid phosphatase were 
determined 

1st and 2nd deriv., partial least- 261 
squares and principal component 
regression modelling of 
spectrophotometric data have been 
used 

2nd deriv., Amaranth, Tartrazide, 262 
New Coceine, Sunset Yellow and 
Brillant Blue were determined in 
binary mixtures 

I st deriv., Acid Blue, Food Red, 263 
Acid Red and Food Yellow were 
determined simultaneously 

1st deriv., thiobarbituric acid is 264 
used as reagent, 436 and 414 nm 
were used 

2nd deriv., degree of rancidity of 265 
diverse vegetable oils (peanut, 
sunflower, corn, soybean, grape 
seed) was determined 

1st deriv., carminic acid and 266 
citron yellow were determined at 
468 and 548 nm, respetively 

4th deriv., limit of detection is 5 267 
ng ml- 

2rid deriv., interfering oxidizing 268 
products were removed with 
alumina 

2nd deriv., peanut, sunflower, 
corn, soybean, grapeseed oils 
were determined 

2nd deriv., 1-7 lag ml - t 

269 

270 

271 

e thy lbenzene-xy lene  in solids [273]. Ano the r  
method has been developed for the analysis of  
env i ronmenta l  polycyclic a romat ic  hydrocar-  
bons  (PAHs)  utilizing an algori thm in which 
the samples spectrum was used to bui ld a 
vector con ta in ing  the second to fifth deriva- 

tives; this was mult iply regressed against  simi- 
lar vectors con ta in ing  the corresponding 
derivative of  the uni t  molar  UV spectra of  the 
target PAH;  the PAHs  selected in this step 
were used for a second mult iple regression 
filter, fitting all possible compounds  into a 
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single Beer's law model; a third filter, based on 
sensitivity analysis, selected the significant com- 
ponents of the sample system [274]. 

Finally, a second-derivative UV spectropho- 
tometry method is described for the determina- 
tion of nitrate in soils; ammonium nitrite and 
urea may be determined in the same experi- 
ments [275]. 
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Abstract 

Speciation applications of the flow-injection technique are discussed in relation to the hydrodynamic 
manifold components that are adapted for this purpose. Alterations include double halting of the propulsion 
system, coupling of injection valves, modifications of the transport-reaction zone, use of switching valves, 
and merging and splitting points. Detector remodelling, the use of sensors and special detectors, and data 
processing methodologies are also reviewed in connection with the flow-injection/chromatography coupling. 
Finally, foreseeable trends and desirable advances are outlined. 

I. Introduction 

One of  the toughest problems facing analyti- 
cal chemists on the verge of the 21st century is 
that of  specification, towards which substantial 
portions of  R&D budgets are being alloted in 
developed countries. 

The environment is one of the areas most 
seriously affected by problems arising from cer- 
tain toxic physicochemical forms of  elements 
and compounds. The vast amounts of pollu- 
tants that are being discharged into the envi- 
ronment, and their usually rapid 
interconversion, demand continuous or the 
least frequent monitoring of many such species. 
This entails developing expeditious, precise 
methods capable for monitoring environmen- 
tally hazardous substances in real or near-real 
time. 

Flow-injection analysis (FIA) is one of the 
most attractive approaches to speciation on 
account of its high flexibility, throughput and 
automatability, as can be inferred from the 
abundance of literature on this topic [1-7]. As 

* Corresponding author. Tel: 957-218616. Fax: 957-218606. 
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in other areas of  social interest, the potential of 
FIA for speciation has not been fully explored; 
a call of  the analytical community's attention 
to the great capabilities of FIA in this respect 
is, therefore, in order. 

There is a current trend to refer to this 
technique as flow-injection (FI), on the reason- 
ing that only in certain instances does sample 
treatment by this unsegmented flow approach 
involve true analysis. 

Developments in FI/speciation coupling 
have so far relied on alterations of  one or more 
of the basic elements of  a hydrodynamic mani- 
fold, namely the propulsion unit, injection sys- 
tem, transport and/or reaction zone and 
detector. Speciation can also be accomplished 
prior to introducing the sample into an FI 
system [8]. In such a case, the manifold is 
intended to facilitate interference removal and/ 
or derivatization, as well as (obviously) transfer 
the analyte to the detector. Coupling an FI 
manifold to a high-discrimination instrument 
or data processing detector can also be of 
assistance for speciation. Fig. ! shows a global 
view of  these approaches, typical examples of 
which are discussed below. 

reserved 
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Fig. 1. Approaches to speciation in flow-injection analysis. 

We should note that the conventional chemi- 
cal criteria for speciation in environmental 
analyses (e.g. oxidation state, coordination 
form, electron configuration) [9] do not apply 
in pharmaceutical analyses, where the target 
problem is discrimination of chiral compounds 
[10-17], nor in clinical analyses, which include 
such well-known systems as free and esterified 
cholesterol [18-20] or free and combined cal- 
cium [21-25], in addition to isoenzyme dis- 
crimination, a key to diagnosing diseases of 
great social concern such as infarction [26-33]. 
This article reviews examples of speciation 
methods based not only on these, but also on 
other criteria. 

2. Speciation prior to flow injection 

Sample treatment, usually with an acid, facil- 
itates conversion of species into forms that can 
be measured by the detector. Thus, alternate 
introduction of treated and untreated samples 
into the FI manifold the sequential speciation 
of two forms of a given compound. Such is the 
case of selenium speciation as Se(IV)/Se(VI) by 
the catalytic action of Se(1V) on the reaction 

CIO3 + 5C1- + 6H + . ' " 3C12 + 3H20 

The oxidation product of o-tolidine with CI2 is 
used for the quantitation at 440 nm. Selen- 

ium(VI) is reduced off-line to Se(IV) by boiling 
HCI [34]. The speciation of this element 
in sediments and planktonic material 
entails multistep digestion with HNO3/ 
HCIO4 to dissolve all the selenium, as well 
as dilute sodium hydroxide to relate sel- 
enite and selenate. The dissolved species are 
subsequently determined using a selective hy- 
dride generation/atomic absorption method 
[351. 

Voltammetric stripping methods afford very 
low detection limits for selenium by virtue of 
preconcentration at the electrode, which is 
typical in stripping methods. Both the ca- 
thodic and anodic modes have been used for 
selenium(IV) determination with a gold work- 
ing electrode (anodic stripping [36]) or a 
glassy carbon working electrode (cathodic 
stripping [37]). Alternate pretreatment of sam- 
ples with hot concentrated HCI enables specia- 
tion by reduction of Se(VI). A continuous 
flow manifold facilities not only the removal 
of interferents for cationic species by use of an 
ion-exchange microcolumn in the sample 
stream prior to the injection valve, but also 
automatic regeneration of the Hg film of the 
working electrode and automatic switching of 
electrolyte solutions between the preconcentra- 
tion and stripping step, thus dramatically in- 
creasing automatability, throughput and 
precision. 
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Fig. 2. Merging zones/doubly stopped-flow manifold for speciation of free and bound SO~. P, IV, L, a, D, W, A and AX 
denote peristaltic pump, injection valve, reaction coil, confluence point, detector, waste, absorbance of free SO_, and 
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3. Speciation with a modified propulsion system 

Alterations of an ordinary propulsion unit 
such as a peristaltic pump have opened up a 
wide range of FI uses such as gradient tech- 
nique [38-41] (by use of programmed drum 
rotation speeds), reversed FI, which is particu- 
larly effective for accomplishing liquid-liquid 
extraction without phase separation [42-45], 
and reaction-rate measurements [46,47] with 
alternate changes in the drum rotation direc- 
tion. In any case, the simplest way of manipu- 
lating a peristaltic pump is by alternately 
starting an stopping the flow. This approach, in 
combination with the merging-zones mode, en- 
ables the simultaneous determination of free 
and bound SO2 in wine. The procedure in- 
volves simultaneous dual injection via two par- 
allel valves and stopping the flow twice 
sequentially as shown in Fig. 2(A). The flow is 
first stopped when plug~ reaches the detector, 
where the indicator reaction is monitored to 
quantify free SO2. Simultaneously, plug2 is 
stopped at L2, where the bound analyte is 
subjected to alkaline hydrolysis. Restarting the 
pump flushes plug~ out of the system and 
drives plug2 to the detector, after merging at 
point a with the reacting mixture. The flow is 
stopped again when plug, reaches the detector. 
The measured absorbance changes comprise 
the contributions of both free and bound SO2 
[48]. 

4. Speciation with a customized injection unit 

The injection system is one of the FI units 
that can be most readily altered by means 

available to ordinary research laboratories and 
not surprisingly has received by far the most 
attention by workers on FI/speciation [49-53]. 
Two or more injection valves can be arranged 
serially or in parallel, or be coupled internally. 
They can also accommodate solid reactors of 
different nature in their loops in order to facil- 
itate conversion of the target analytes into their 
most suitable forms for subsequent derivatiza- 
tion-detection. By way of example, Fig. 3 
shows some typical valve arrangements used 
for nitrogen speciation. 

Two valves connected in series or parallel 
(Fig. 3(A)) have been used for nitrogen specia- 
tion as ammonia/urea [54], with fluorimetric 
monitoring of the NH3/OPA (o-phthalalde- 
hyde+mercapto-ethanol) reaction product. 
Simultaneous injection of two sample aliquots 
into the FI manifold is used to determine en- 
dogenous NH 3 in the plug with the shorter 
residence time; the other plug, delayed by pas- 
sage through an enzyme reactor containing 
urease immobilized on controlled-pore glass 
(CPG), is employed to determine both nitrogen 
forms initially present in the sample after urea 
is converted into ammonia. These nitrogen spe- 
cies can also be determined by photometric 
monitoring using an asymmetric merging-zones 
manifold (Fig. 3(B)), where one valve is loaded 
with buffer and the other with Nessler's 
reagent. As the injection valves are simulta- 
neously switched to their inject position, the 
head of the Nessler's plug reacts with the sam- 
ple (carrier) to produce a signal proportional to 
the ammonia concentration. The buffer injected 
via the first valve restores the baseline before 
the carrier is passed through the immobilized 
enzyme reactor (IMER), where the urea is con- 
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Fig. 3. Manifolds for speciating N based on an altered injection system: (A) with valves in a serial or parallel arrangement 
for the fluorimetric determination of NH3-urea; (B) by reversed FIA using the asymmetric merging-zones mode (Nessler's 
reagent is used as derivatizer and the reaction product is monitored photometrically); IMER and b denotes immobilized 
enzyme reactor and sample sub-loops, respectively; (C) with internally coupled valves (CI) and an optional solid reactor 
(C2). OPT and MCE are o-phthalaldehyde and mercaptoethanol, respectively. 

verted into ammonia, which subsequently 
merges with the tail of  Nessler's plug to give a 
signal proportional to the concentration of  am- 
monia plus urea. The urea concentration is 
then obtained by difference [55]. 

The internally coupled injection valves used to 
establish pH gradients [56] provide an excellent 
means for accomplishing speciation. One such 

arrangement was used in conjunction with the 
N H 3 / N H _ , - N H e + O P A  chemical system for 
speciation of these nitrogen forms, based on 
the fact that OPA reacts with NH3 in basic 
medium whereas hydrazine yields a fluorescent 
product in acid medium. OPA solutions at two 
different pH values are used; one acts as car- 
rier, the other filling the loop of  the secondary 
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injection valve (that of the main valve is filled 
with sample), as shown in Fig. 3(C0. Simulta- 
neous injection from the two valves produces a 
profile including four sample/reagent inter- 
faces, and gives rise to a pH difference between 
the terminal and central interfaces that is as 
large as required by the chemical system and 
which can be manipulated through the loop of 
both valves. The two central interfaces can give 
rise to a single peak providing the loop of the 
secondary valve is small enough. Only three 
peaks appear on the recording; the two outer 
peaks correspond to hydrazine and the central 
peak to ammonia [57]. 

One other way of using internally coupled 
valves is by placing a solid reactor (whether 
redox or enzymatic) [58] in the loop of the 
secondary valve, as shown in Fig. 3(C2). The 
assembly, including a copperized cadmium mi- 
crocolumn, was used for speciation of nitrogen 
as nitrite/nitrate. Both sub-loops of the main 
valve were filled with sample, and the sec- 
ondary loop with carrier. By switching both 
valves to their inject positions, the carrier was 
passed through the redox column in the oppo- 
site direction to which it was filled in order to 
prevent overpacking the column, which would 
have been a problem otherwise. The first sam- 
ple sub-plug, which was not reduced, was al- 
lowed to reach the detector, where it gave a 
signal proportional to the nitrite concentration. 
The second portion passed through the redox 
column to reduce nitrate to nitrite, thereby 
effectively giving a signal proportional to ni- 
trate plus nitrite. The nitrate concentration was 
then obtained by difference [58]. A similar ar- 
rangement was used for iron speciation as 
[Fe(II)/Fe(lII)] with 1,10-phenanthroline as the 
derivatizing reagent. The manifold was a part 
of an analyzer that also enables the determina- 
tion of sulphate and ammonia, and the precon- 
centration of the analytes on an ion-exchange 
microcolumn located in the loop of an auxil- 
iary valve. A series of switching valves circulate 
the appropriate reagents for each determina- 
tion, the reaction products being monitored 
with a single, conventional photometric detec- 
tor [59,60]. 

The above system enables the simultaneous 
determination of the analytes according to the 
FI criterion, by which simultaneous determina- 
tions are those based on a single injection 
operation [61]. However, sequential determina- 
tion of two forms of a compound can be 
performed with a simpler assembly, such as 

that reported by Sperling et al. for chromium 
speciation [as Cr(III)/Cr(VI)] by on-line precon- 
centration with selective adsorption on activated 
alumina and flame atomic absorption detec- 
tion. They use a conical microcolumn designed 
by themselves [62] that is placed in the loop of 
a commutator; preconcentration and elution 
are done in opposite directions in order to 
avoid both the gradually increasing compact- 
ness of the column and passage of the sample 
matrix through the detector. It is worth empha- 
sizing the low detection limits thus achieved 
(1.0 and 0.8ngml -~ for Cr(III) and Cr(VI), 
respectively) [63]. 

5. Speciation with an altered reaction/transport 
unit 

Modifications of the reaction/transport unit 
mainly involve using diverting/switching valves 
[64] and/or splitting/merging points [65]. A 
manifold including one such unit allows specia- 
tion in a single injection operation with fixed- 
time or reaction-rate measurements. Cerium 
speciation as [Ce(III)/Ce(IV)] was accom- 
plished using a manifold such as that shown in 
Fig. 4(A), with a redox reactor in one of the 
split channels, and monitoring the native 
fluorescence of Ce(III). The injected plug is 
split into two portions, one of which is rapidly 
driven to the detector, where endogenous 
Ce(III) is monitored. The other portion is de- 
layed by passage through the redox reactor: it 
does not overlap with the first portion on 
passage through the detector, but produces a 
signal that consists of the contributions from 
both cerium forms initially present in the sam- 
ple [66]. 

The speciation of flee- and esterified-choles- 
terol in serum was also accomplished using a 
manifold with splitting/merging points [67,68]. 
A cholesterol esterase solid reactor inserted in 
one of the split channels produced the enzy- 
matic hydrolysis of esterfied cholesterol in the 
sub-plug circulated through the channel, while 
the plug in the other channel underwent no 
hydrolysis. A cholesterol oxidase reactor placed 
beyond the merging point catalyzed the oxida- 
tion of cholesterol from the two plugs, which 
reached the reactor and detector sequentially. 
An enzyme electrode (peroxidase immobilized 
on a gold electrode) produced a signal due to 
the reduction of the hydrogen peroxide formed 
in the previous enzymatic step. 
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The different reaction-rate of cyanide with 
B6 vitamins to yield fluorescent products also 
affords speciation of these compounds (as py- 
rodoxal-Py- and pyridoxal-5-phosphate-Py5P) 
in serum by means of an FI manifold with 
splitting/merging points (Fig. 4(A)). A two-peak 
recording is obtained per injected sample; the 
first peak is due to the reaction product of 
Py5P/cyanide, with faster kinetics; the second 
is due to the products of both vitamins [69]. 
The main drawback of this approach is the 
need for a compromise in the pH to be made 
for development of the derivatizing reactions of 
both analytes which detracts from the sensitiv- 

ity. The sequential determination of these ana- 
lytes by means of a manifold including a 
switching valve circumvents this shortcoming, 
as it allows a solution at the optimum pH for 
each reaction to be selected. The ensuing 
method is somewhat slower as it requires one 
sample injection per analyte; this augments 
sample consumption, which can be a serious 
drawback for clinical analyses [69]. 

The use of valves for selecting the most suit- 
able reaction medium for each analyte has also 
been reported in connection with arsenic speci- 
ation (as arsenite/arsenate), and phosphate de- 
termination by measurement of the formation 
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Fig. 5. Reversed FI manifolds for chromium speciation and typical recordings obtained: (A) with continous monitoring 
of Cr(VI) and periodic measurement of Cr(lll); (B) by the asymmetric merging-zones mode (simultaneous determination): 
(C) by sequential determination of Cr(VI) (manifold 1) and Cr(VI)+ Cr(lll) (manifold 2). a is a merging point. 

of a heteropolyacid with Mo(VI) and reduction 
to Molydenum Blue in the presence of ascorbic 
acid. The switching valve in Fig. 4(B) facilitates 
merging of the main channel with a stream of 
water (determination of arsenate), KIO 3 (deter- 
mination of the arsenite/arsenate mixture) or 
H z S O  4 (determination of PO 3-) [70]. Specia- 
tion of the two arsenic forms has also been 
accomplished using Fleitman's reaction for the 
selective formation of arsine, followed by 
efficient trapping of this volatile hydride and 
measurement by electrothermal atomic absorp- 
tion spectrometry [71]. Riide and Puchelt [72] 
recently reported a method based on flow-in- 
jection/hydride generation/atomic absorption 
spectrometry (FI/HG/AAS). The FI manifold 
provides a suitable acid medium for hydride 
formation for arsenic, arsenous, monomethyl- 
arsonic and dimetylarsinic acids. Switching to 
the specific medium by means of the valve is 
followed by injection of a sample aliquot for 
the determination of a single analyte, so only 
sequential determinations are feasible. 

Reversed FI has been used to develop a wide 
range of speciation methods, particularly for 
chromium as [Cr(III)/Cr(VI)]. The derivatizing 
reaction involves chromic ion and diphenyicar- 
bazide (DPC). Chromium(Ill) does not react 

with DPC, so it must have been oxidized previ- 
ously, usually with Ce(IV). The most serious 
shortcoming of reversed FI is a high sample 
consumption relative to normal FI. However, 
this poses no problem with water samples (tap, 
sea, waste, etc.), which are usually abundant. 
The three configurations outlined in Fig. 5 
were tested for speciation of chromium in wa- 
ter with the Cr(VI)/DPC system as indicator. 
Configurations A and B allow the simultaneous 
determination of the two oxidation states of 
the metal, while configuration C permits their 
sequential determination. Fig. 5(A) demon- 
strates continuous monitoring for Cr(VI) and 
periodical determination of Cr(llI). In Fig. 
5(B), asymmetric merging of a large DPC plug 
and a small oxidant plug gives two peaks re- 
lated to the concentration of Cr(VI) and the 
sum of the two oxidation states, respectively. 
Valve SV in Fig. 5(C) is used to switch between 
the determination of Cr(VI) (upper manifold) 
and [Cr(VI)/Cr(III)] (lower manifold) [73]. 

A switching valve can also be employed to 
construct an open-closed system [74] for use in 
the reverse FI mode in order to accomplish 
efficient speciation with fixed-time or reaction- 
rate measurements. The manifold in Fig. 4(C) 
was used for the speciation of chromium [75] 
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and iron [76] by simultaneous injection of the 
derivatizing reagent (diphenylcarbazide and 
1,10-phenanthroline, respectively) and a redox 
agent (Ce(IV) and hydroxylamine, respec- 
tively). The reagent injection provided several 
peaks for one of the analytes (Cr(VI) or 
Fe(II)); after the contents of the closed circuit 
were dispersed, the derivatizing reagent/sample 
mixture met the redox agent plug. Subsequent 
measurements consisted of the contributions 
from the two oxidation states. 

6. Speciation with a modified detection unit 

Discrimination between chemical forms can 
be accomplished using one or more detectors 
which can be interfaced to a computer to expe- 
dite data processing. Two flow-cells arranged in 
series or parallel in a double-beam spectropho- 
tometer, or aligned within the optical path of a 
single-beam spectrophotometer, allow two 
peaks to be obtained per sample injection. The 
first peak corresponds to the species that reacts 
with the derivatizing reagent, and the second to 
both forms initially present in the sample. With 
serially connected cells, the point of merging of 
the redox agent lies between the cells, so the 
double peak is due to the above-described con- 
tributions. With parallel cells or cells aligned 
within optical path of a single-channel detec- 
tor, a splitting point for the sample is used 
after the injection system. Each of the channels 
is merged with suitable reagents and leads to 
one of the cells. For a double peak to be 
obtained, the arrival of either reacting plugs at 
the flow-cells must be delayed in order to avoid 
overlap in the optical path [77]. 

Manifolds including several detectors are 
simpler, but also costlier, to construct. Coupled 
spectrophotometers have been used in combi- 
nation with selective reactions for Fe(III) and 
Fe(II) complex formation with thiocyanate and 
1,10-phenanthroline, respectively, for the deter- 
mination of both oxidation states in mixed 
process liquors [78]. A molecular spectrometer 
and an atomic detector in a serial arrangement 
were also used for speciating Fe(II)/Fe(III) and 
Cr(III)/Cr(VI) (determination of one oxidation 
state and the total concentration) [79]. 

A more complex assembly consisting of three 
detectors arranged in series was used for the 
speciation of nitrogen (as NH3/NO~-) and de- 
termination of pH, conductivity and residual 
chloride in waters [80]. The configuration is an 

excellent example of the versatility of FIA, in 
that a single-channel configuration affords five 
determinations under optimum conditions (pH. 
reagents and residence time), and switching 
between normal and reversed FIA as required. 

Flow-through (bio )chemical sensors are 
among the most promising types of sensors on 
account of their ability to solve a host of real 
analytical problems [81]. They can play a vari- 
ety of roles in speciation. Some entail no spe- 
cial data processing as speciation does not take 
place in the sensor itself, but in the hydrody- 
namic manifold prior to the sensor. Such is the 
case with the speciation of aluminium based on 
manipulation of the sample prior to insertion 
in order to discriminate reactive and total AI, 
and passage through an ion-exchange column 
to determine non-labile mono-meric AI [82- 
84]. Acid soluble AI and labile monomeric AI 
can be determined by difference. The principal 
use of this flow-through sensor (flow-cell 
packed with silica beads and C~s as the bonded 
phase) is for in situ concentration in order to 
enhance the sensitivity [85]. 

7. Speciation based on data treatment 

Most of the approaches dealt with in this 
section could also be included in section 6 in 
that they entail use of an unconventional detec- 
tor, which in turn generally requires a com- 
puter for data acquistion and processing. 

The simplest such devices are fast scan 
voltammetric detectors, which can be connected 
to x - y  and x - t  recorders (the latter are as- 
sisted by an electronic device) to obtain normal 
and derivative cyclic voltammograms, as in the 
resolution of a mixture of phenol, guaiacol and 
2-4  dichiorophenoi [86]. Despite the fact that 
the method has been applied with no com- 
puter, data treatment using one of these devices 
instead of direct measurement of the plateau or 
peaks of the recordings (normal and derivative 
measurements, respectively) would have en- 
sured more accurate and reproducible results. 

Detectors with multidetection capabilities (e.g. 
diode array spectrophotometers, DAS) must 
inevitably be interfaced to a computer in order 
that data may be acquired as they are pro- 
duced by the detector. The reaction products of 
organic isomers such as 1- and 2-naphthol, or 
o-, m-, and p-cresol with 2-aminobenzothia- 
zole/nitrite ion provide very similar absorption 
spectra. Binary and ternary mixtures of these 
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isomers have been resolved using FI-DAS for 
simultaneous monitoring at the 10-20 wave- 
lengths where spectral differences between 
products are maximal [87]. A DAS-based mul- 
tisensor was used for the speciation of aromatic 
amines by differences in the absorption spectra 
of the analytes of 10 wavelengths, using a 
flow-cell packed with C~8 bonded silica in a 
single-channel manifold with 40:60 v/v 
methanol/phosphate buffer as carrier-eluent. 
Analyte concentrations of 5 × 10 7 M  were  

thus resolved [88]. A similar flow-through mul- 
tisensor, in a somewhat more complex FI 
modified effecting both hydrolysis and deriva- 
tization (Griess reaction), was applied to the 
speciation of carbamate pesticides. Retention 
of azo dyes on the solid packing of the flow-cell 
afforded determination limits 50 times lower 
than that of the conventional FI method [89]. 

The joint use of FI-flow-through sensors-syn- 
chronous derivativ'e spectrofluorimetry [90-92] is 
one other approach to speciation where FI 
affords automated sample conditioning and 
derivatization. The sensor provides enhanced 
sensitivity, while the detector enables selectivity 
improvements by synchronizing the excitation/ 
emission scan and processing data for deliver- 
ing results based on a derivative signal. One 
such triple combination was used for speciation 
of B 6 vitamins (as pyridoxal, pyridoxal-5-phos- 
phate and pyridoxic acid) by derivatization 
with cyanide to produce fluorescent com- 
pounds that were retained on C,8 bonded silica 
beads packed in a flow-cell. Elution/regenera- 
tion was realized with a switching valve that 
enabled passage of a 2 M HCI stream through 
the sensor. Analytes were thus determined in 
serum [93]. A similar assembly was used for the 
speciation of PAHs [94]. Halting the flow after 
retention was found to provide more repro- 
ducible results as regards data acquistion. A 
comparison of numerical vs. electronic deriva- 
tion showed the best results in terms of sensi- 
tivity and reproducibility to be obtained with 
the former. 

Multispeciation of up to seven forms of 
chromium (molecular, anionic and dimeric 
Cr(VI), and hydroxylated Cr(llI)) was accom- 
plished using a resert, ed asymmetric merging- 
zones man(fold as described above [73], where a 
glass-calomel microelectrode was placed in the 
sample stream. Use of suitable computer soft- 
ware to process pH and total Cr(VI) and 
Cr(III) concentration data, in addition to the 
acid-base equilibrium constants, enabled caicu- 

lation of the concentration of the seven forms 
[95]. 

8. Use of Fl-chromatography for speciation 

Although chromatography, particularly 
HPLC [96-105], provides a means for enhanc- 
ing resolution in speciation analyses, its poten- 
tial in this context can be further expanded by 
coupling with FI. 

Stockwell and Corns [106] recently elabo- 
rated on commercially available continuous 
systems devised by them for coupling to atomic 
fluorescence detectors (AFS) for speciation of 
Hg, As and Se, which afford detection limits 
below the parts-per-trillion level. These hy- 
phenated HPLC-FI-AFS and GC-FI-AFS sys- 
tems enable optimum pretreatment/speciation 
of the sample components prior to atomic de- 
tection [107]. 

One FI-HPLC approach with a wide range 
of applications in routine analysis involved the 
two-fold use of the FI manifold as a screeming 
system and a post-column derivatizing system 
for analytes with similar chemical properties. 
The most receptive field for this type of hy- 
phenated system is the analysis of large sample 
batches including only a few of interest on 
account of their toxicity or potential use as 
disease indicators. One typical example is the 
food analysis for aftatoxins. Screening of about 
300 food samples for this type of carcinogen 
revealed their presence in only 6% [108]. A 
straightforward single-channel FI system per- 
mits measurement of up to 150 samples h-~ ~. A 
bromine solution is used as the carrier/reagent 
in order to enhance the fluorescence of the 
oxidized forms of the analytes. Only those few 
samples that produce signals corresponding to 
toxicity of suspected concentrations of the 
analytes are injected/separated in the chro- 
matograph and the eluent derivatized/moni- 
tored in the FI manifold [109]. A similar 
assembly including an immobilized enzyme re- 
actor for derivatization can be used for the 
screening/separation determination of bile 
acids in order to avoid overloading clinical 
laboratories with samples for patients with 
liver disorders [110]. 

FI-HPLC assemblies, such as those de- 
scribed above, have been used for the total and 
individual determination of polluting pesticides 
with photometric detection of the Griess 
product [i11]. The sensitivity can be signifi- 



1224 M.D. Luque de Castro et al. / Talama 42 (1995) 1215-1227 

A) TRIS/HACc~PH= 7.8 "[~-.~-'~ TRIS/HAc + NaAc 1M !..I 

.P. _:---:->-4 

I ,  w, - oo _ . ' 
1 ~ ~ - ~ ~ ~ ~ .," ",. I 

BUFFE. I VA_%~ . . . . .  I I  "" "" ' 
C~ - ~ ~ I SAMPI~ ~ ,W,-~..~.mW~,~k-~ - - I-MTEI~ ~ 5 

REAGENT I I SV [ ~= ~ L, i ~ i  

P1 
I J 

B )  mAU 
1200 

~--""----"~ OPEN - CLOSED 
SIGNALS 

1 ° ° ° -  

8 0 0 -  

T 

600- 

400- ~ .  

200- 

0 -  I 
1 I 0 

I 
I FIA p, 

'~SIMULTAN EOUS 
INJECTION HPLC 
and FIA VALVES 

I I 
10 20 30 

HPLC 

Fig. 6. (A) HPLC/FIA open-closed assembly for the total and individual determination of creatine kinase isoenzyme 
activities. LGP and PC denote liquid gradient programmer and personal computer, respectively. The sample stream can 
load both the FI and chromatographic valves or only one, depending on their positions. The lower part (FI manifold) is 
used for screening purposes; the upper system has a separative function, the FI manifold acting in this case as a 
post-column derivatization/detection system of the separated isoenzymes. (b) Recording obtained by simultaneously 
inserting the sample into the flow-injection system and the chromatographic column through the pertinent injection valves 
shown in (A). The bold line corresponds to a normal FI system (with the switching valve in the open position). The 
multiple-peak recording (thin line) was obtained by actuating the switching valve and trapping each zone in the closed 
circuit during the intervals between elution of successive isoenzymes. CK is creatine kinase, and MM, MB and BB are its 
isoenzymes. 

cantly enhanced (50-100  times) by coupling 
with a f low-through sensor for  preconcentra-  
t ion o f  the moni tored  produc t  at the point  o f  
detection. One such set-up was used for the 
determinat ion o f  mixtures o f  pesticides [112], 

and carbaryl  and its hydrolysis product  [! 13]. 
One effective way o f  increasing the sensitivity 

o f  an F I - H P L C  method  is by replacing the 
conventional  manifold with an open-closed 
system [74-76] (see Fig. 6). This approach  was 
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used for the individual and total determination 
of creatine kinase activities using two coupled 
enzymatic reactions [114]: 

creatine phosphate 
CK 

+ ADP _ • creatine + ATP 
Mg2+ HK 

ATP + D-glucose. 

D-glucose-6-phosphate + ADP 
G6PDH 

D-glucose-6-phosphate + NADP ÷ 

D-glucose-6 -lactone-6-phosphate 

+ NADPH + H ÷ 

where CK, HK and G6PDH denote creatin- 
kinase, hexokinase and glucose-6-phosphate 
dehydrogenase, respectively. The two enzymes 
are immobilized together and the packed reac- 
tor is inserted into the open-closed circuit. 
Injections through an FI valve produce multi- 
peak recordings that provide the total isoen- 
zyme concentration. Injection through the 
HPLC valve, followed by sequential trapping 
in the circuit of each individual isoenzyme, 
gives rise to a multipeak recording for each 
isoenzyme, which enhances the sensitivity (see 
Fig. 6(B), which shows signals corresponding 
to the total determination, the conventional 
individual determination (with a single passage 
of the eluent through the detector) and the 
typical multipeak recording). The ensuing 
method was successfully applied to serum sam- 
ples [114]. 

An FI system and a gas chromatograph are 
always naturally coupled in the precolumn por- 
tion. Derivatization of the analytes [115] or a 
two-fold derivatization/separation step by liq- 
uid-liquid [116] or ion-exchange [117] is quite 
common place in this context. An automatic 
method for the on-line preparation of fatty 
acid methyl esters from olive oil and other 
types of oil prior to their gas chromatographic 
determination provides excellent results [115]. 
Free fatty acids in dairy products can also be 
determined by directly coupling a continuous 
preconcentration ion-exchange/derivatization 
module to a gas chrom-atograph [117]. Pesti- 
cides of the N-methylcarbamate family have 
been quantified by use of an electron capture 
detector (ECD) with on-line derivatization/liq- 
uid-liquid extraction/gas chromatography. 
The hydrolysis products of N-methylcarba- 
mates (phenols) are derivatized and extracted 
in a continuous fashion using pentafluoropro- 
pionic anhydride (the derivatizer) in n-hexane 

as extractant. In this way, the thermal instabil- 
ity of N-methylcarbamates is overcome by for- 
mation of fluorinated derivatives that can be 
identified and quantified at the ng ml -~ level 
with an ECD [I 16]. 

9. Future of speciation analysis 

As in many other areas of social interest, if 
the analytical process is resolved into several 
stages, including sampling, storage, preliminary 
operations, measurement-transducing, and 
data acquistition and processing, one can con- 
clude that different extents of speciation devel- 
opment have been reached at each stage. Thus, 
the later stages have been the subject of more 
extensive research than the earlier steps. It can 
therefore be expected that reasearch will be 
focussed on such comparatively less developed 
stages in the future. 

The main aim of sampling-storage is to pre- 
serve the integrity of the species to be deter- 
mined by avoiding interconversion and losses. 
The principle technical choices for this purpose 
are as follows 

(1) Probe and flow-through sensors. Probe 
and flow-through sensors enable in situ and 
on-line measurements, respectively, thus avoid- 
ing the need for minimizing manipulations 
prior to measurements. The type of sensor to 
be used depends on the nature of the sample 
matrix. 

(2) Sampling minicolumns. These enable spe- 
cific retention of each analyte form to be deter- 
mined, but demand careful choice of the 
column. 

(3) Chemical treatment. Chemical treatment 
of samples is aimed at preventing interconver- 
sion or loss of analytes. It entails thorough 
investigation and the use of automatic designs 
in order to minimize manipulation. 

(4) In situ separation techniques. These are 
also intended to avoid analyte interconversions 
and losses; however, the target analytes are 
separated physically whether in different phases 
or as a whole. 

Use of one or more of the above approaches 
prior to speciation-discrimination steps using a 
continuous separation technique, be it chro- 
matographic or otherwise, and the most conve- 
nient hydrodynamic manifold in each case, 
should provide the optimal solution for each 
specific problem. The use of detectors with a 
high discrimination power (e.g. MS, FT-IR, 
etc.) in combination with continuous unseg- 
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mented techniques is also bound to play a 
central role in speciation analysis in the near 
future. All these approaches demand substan- 
tial investments in research and development if 
speciation is to take the place it deserves in 
chemical analysis. 
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Abstract 

The kinetics of complexation reactions of five water-soluble heterocyclic hydrazones with nickel(II) and 
palladium(II) ions have been investigated by stopped-flow spectrophotometry. Rates of complexations with 
nickel(II) and palladium(II) in the absence of chloride ion were found to be proportional to the first order 
of the ligand and metal ion concentrations and to the inverse first order of the hydrogen ion concentration 
except for the complexation of ct-(2-benzimidazolyl)-~t-(5-nitro-2-pyridyl)hydrazono-3-toluenesulfonic acid 
with palladium(II). Rates of complexation with palladium(lI) in the presence of chloride ion were best 
described by a two-term expression, both terms being first order in the palladium ion and ligand 
concentrations and inverse first order in the hydrogen ion concentration. The first term has zero dependence 
of the chloride ion concentration, whereas the second is first order with respect to the chloride ion 
concentration. The rate constant for each complexation reaction was determined. The complexation of the 
hydrazones with nickel(II) was estimated to go according to an Eigen mechanism and that with palladium 
(II) according to the associative mechanism. 

1. Introduction 

Among the water-soluble hydrazones which 
consist of 5-nitro-2-pyridylhydrazine and hete- 
rocyclic ketones having one or two sulfo 
groups in their molecules, :t-(5-nitro-2- 
pyridyl)hydrazono-:t-(2-pyridyl)-3-toluenesul- 
fonic acid (NPHPTS) [!], ~-(5-nitro-2- 
pyridyl)hydrazono-~- (2-quinolyl)-3-toluenesul- 
fonic acid (NPHQTS) [2], :t-(2-benzothiazolyl) 
- :t - (5 - nitro - 2 - pyridyi)hydrazono-3-toluenesul- 
fonic acid (BTNPHTS) [2], ~-(2-benzimida- 
zolyl)-ct-(5-nitro-2-pyridyl)hydrazono-3-toluene- 
sulfonic acid (BINPHTS) [2] and disuifonated 
(2-benzimidazolyl)(phenyl)methanone 5-nitro- 
2-pyridylhydrazone (DSBINPH) [3] were re- 

cently found to be very useful as highly sensi- 
tive spectrophotometric reagents for metals. 
Some of  them were applied to the determina- 
tion of  trace amounts of  cobalt [1,4] and nickel 
[3,5]. In addition, complexation equilibria be- 
tween the above-mentioned five hydrazones 
and metal ions including cadmium(ll), 
cobalt(II), copper(lI), iron(lI), palladium(II) 
and zinc(II) were investigated previously [6]. In 
this work kinetics of complexation reactions of 
these five hydrazones with nickel(lI) and palla- 
dium(II) have been studied in detail by 
stopped-flow spectrophotometry in order to 
more fully understand these complexation reac- 
tions. 

* Corresponding author. 
' Present address: Analytical Research Center, Central Re- 
search Laboratory, Research & Development Division, 
Japan Energy Corporation, 3-1%35. Niizo-minami, Toda- 
shi, Saitama 335. Japan. 

2. Experimental 

2.1. Reagents 

All reagents were of  analytical-reagent grade 

0039-9140 95509.50 '-: 1995 Elsevier Science B.V. All rights reserved 
SSDI (}039-9140(95J01565-5 
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and all solutions were prepared with distilled, 
demineralized water, unless stated otherwise. 

Hydrazone solutions, 5.0 x 10 -4 or 1.0 x 
10 -3 M, were prepared by dissolving each hy- 
drazone, synthesized as in earlier work [1-3], 
in water or 0.01 M sodium hydroxide solution. 
These solutions were further diluted with wa- 
ter if necessary. 

Standard solutions of nickel(II) and palla- 
dium (II), about 0.5 mgcm -3, were prepared 
by first dissolving their nitrates in 0.01 M 
perchloric acid and then standardizing by 
EDTA titration. Working solutions were pre- 
pared by dilution of these solutions with wa- 
ter. 

Buffer solutions were prepared by mixing 
0.2 M tris(hydroxymethyl)aminomethane (Tris) 
solution and 0.2 M nitric acid. 

2.2. Apparatus 

A JASCO KS-100M stopped-flow system 
was used, which consists of a stopped-flow 
module with a flow cell of optical path 
10mm, a diode-array spectrophotometer, an 
oscilloscope, an X-Y plotter, a microcom- 
puter and a thermostatic bath. This system 
has a minimum dead-time of 2 ms and affords, 
on both the oscilloscope screen and the plot- 
ter, a three-dimensional (time-resolved) ad- 
sorption spectrum (corrected by subtracting 
the blank signal of the reaction product over 
the region of + 170 nm from a fixed wave- 
length, and its absorbance changes with time 
(kinetic curves) at repeated arbitrary wave- 
lengths. 

2.3. Procedure 

Kinetic runs were performed under pseudo- 
first-order conditions with respect to hydra- 
zone. Each run was repeated five times, the 
average signal being adopted. 

Equal volumes of nickel(II) (or palladiu- 
m(II)) and hydrazone solutions, both of which 
were buffered at a fixed pH between 7.0 and 
8.5 (or adjusted to a fixed acidic pH value 
between 1.0 and 2.0 for the palladium(II) 
complex) with a constant ionic strength of 
0.2 M (or 2.0 M for the palladium(lI) com- 
plex), were mixed in the mixing chamber of 
the stopped-flow apparatus. The temperature 
was controlled at 25 + 0.1 °C. A kinetic curve 
at the absorption-maximum wavelength of the 
complex was recorded on the oscilloscope 

screen and by the recorder. The absorbance 
values were collected regularly and processed 
by linear regression using programs provided 
with the microcomputer for the application of 
first-order reaction plots (Eq. (4)) and Kezdy- 
Swinbourne's plots (Eq. (6)) [7,8]. 

Kinetics measurements for the complexation 
of NPHQTS and BTNPHTS with nickel(II) 
were performed in 10% (v/v) 1,4-dioxane/H20 
because of their low solubilities in water. 

3. Results and discussion 

In general, since the rate of complex forma- 
tion depends on the concentrations of metal 
ion, ligand, and hydrogen ion, the rate of 
formation of the metal-hydrazone complex is 
assumed to be 

d[M] = k*[M]"[R]b[H + ]c (1) 
dt 

where t is the reaction time, k* is the rate 
constant, M is the metal ion, R is the hydra- 
zone and a, b and c are the reaction orders 
with respect to the concentrations of metal 
ion, hydrazone and hydrogen ion, respectively. 

Under a pseudo-first-order excess of the hy- 
drazone and at a constant pH, the reaction 
rate can be expressed as 

d[M] 
dt = k°b~[M]~ (2) 

where kob~d is the observed pseudo-first-order 
rate constant, assuming a = 1. By integrating 
Eq. (2), taking the mass balance into consider- 
ation and then applying Beer's law, Eq. (3) 
can be derived, which is rewritten as Eq. (4). 

A~ - A, = (A~ - A0) exp( - Kobsdt) (3) 

--ln(A~ -- A,) = -ln(A:~ -Ao)+kobsd t  (4) 

where Ao, A, and A~ are the absorbance of 
the reaction system at t = 0, t and ~ ,  respec- 
tively. 

3.1. Kinetics o f  formation o f  nickel complexes 

3.1.1. Reaction order with respect to nickel-ion 
concentrations 

Fig. 1 shows a kinetic curve measured in 
the presence of a large excess of DSBINPH 
and at pH 7.43 for the complex formation of 
DSBINPH with nickel(ll), along with a 
- - ln (A. , -A, )  vs. t plot prepared from this 
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kinetic curve. The plot gives a straight line with 
a slope of 0.0436, which indicates that the rate 
of complexation is first order with respect to 
the nickel(II) concentration, i.e. a = 1 in Eq. 
(1), and the kobsd is 4.36 x 10 -2  S - l  under the 
experimental conditions given in Fig. 1. 

In the complex formation of the other hydra- 
zones with nickel(II), however, more than 20 h 
were required for attaining equilibrium. Ac- 
cordingly the absorbances at infinite time (A~) 
were not obtained within the experimental pe- 
riod (about 1 h). Therefore the kinetics analysis 
for these complexation reactions was per- 
formed according to Kezdy-Swinbourne's 
method [7,8] as follows. As is clear from Eq. 
(3), after the elapse of a fixed time, At, from t, 
Eq. (5) holds 

A ~_ - A, + a, = (A ~ - Ao) exp[ - kob~(t + At)] 
(5) 

From Eqs. (3) and (5), Eq. (6) is obtained 

A, = A ~_[1 - exp(kob~dAt) ] + A, + a, exp(kob~At) 
(6) 

Eq. (6) implies that a plot of A, versus A,+a, 
gives a straight line with a slope of exp 
(kob~dAt). As the value of At is known, the kob,~ 
value can be calculated from this slope. Fur- 
thermore, A, is equal to A,+a, and also equal 
to A ~ at t = ~ ,  so an intersecting point of this 
line with a straight line A, = A,+a, (i.e. a line 
with a slope of unity passing through the 
origin) should give the value of A~. Fig. 2 
shows a plot of A, versus A,+~, for the 
BINPHTS-nickeI(II) system as an example, in 
which the plot gives a straight line with a slope 
of i.92. Similar results to that shown in Fig. 2 
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Fig. I. Reaction curve and plot of  - I n ( A  z - A , )  vs. t for 
the formation of  DSBINPH-nickeI( ] I )  comp|ex. (DS- 
BINPH, 8.3 × i 0 - S M ;  Ni( l l ) ,  2.5 × 10 -6M;  pH 7.43; 
ionic strength, 0.2 M (NaCIO4); temperature, 25 + 0.l *C.) 
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Fig. 2. Kezdy-Swinbourne plot for the BINPHTS-nick- 
el(ll) system. (BINPHTS, 7.5 × 10 -5 M; pH 7.52; Wave- 
length, 500 rim. Other conditions are the same as those in 
Fig. 1.) 

were obtained for NPHPTS- ,  NPHQTS-  and 
BTNPHTS-nickeI(II) systems, which indicates 
that the rate of complexation in these systems 
is first order with respect to the nickel(II) con- 
centration, i.e. a = I. 

3.1.2. Reaction order with respect to hydrazone 
concentration 

From the above results the rate equation for 
the formation of the nickel complexes can be 
written as follows 

d[Ni(II)] = kobsd[Ni(II)] = k0(H)[Ni(II)][R] b (7) 
dt 

kob ~ = k0iH)[R] b - ko(H)C ~ (8) 

where k0(H) is the conditional second-order rate 
constant and CR is the total concentration of 
the hydrazone. The effect of the hydrazone 
concentration on the observed rate constant 
was examined in order to determine the reac- 
tion order with respect to the hydrazone con- 
centration. Fig. 3 shows the result for the 
DSBINPH-nickel(II) system, in which plots of 
kob~l ve rsus  Ca give straight lines passing 
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lO'C. 
Fig. 3. Plots of  kob,a vs. C R for DSBINPH-nickeI( I I )  
system at pH: curve a, 7.43; curve b, 8.01; curve c, 8.28; 
curve d, 8.37; curve e, 8.52. Other conditions are the same 
as those in Fig. 1. 
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Fig. 4. Plots of k~m vs. pH for (curve a) BINPHTS-nick- 
¢1(11) and (curve b) DSBINPH-nickel01) systems. CR: 
curve a, 9.4 x 10 -5 M; curve b, 1.0 x 10 .4 M. Other con- 
ditions are the same as those in Fig. I. 

through the origin. Similar results to that in 
Fig. 3 were obtained for the other hydrazone- 
nickel(II) systems, which indicates that the 
rate of complexation in these systems in first 
order, dependent on the hydrazone concentra- 
tion, i.e. b = 1. 

3.1.3. Effect o f  hydrogen-ion concentration 
The effect of pH on the observed rate con- 

stant was studied, values of ko~m ( -  kob~/CR) 
being plotted against pH for each hydrazone- 
nickel(II) system. According to the results, the 
k0~m value decreased with increasing pH in 
the NPHQTS-nickeI(II) system, but it in- 
creased with increasing pH in the other sys- 
tems. This indicates that there are two 
controlling reactions; one is independent of, 
and the other is inverse first order, dependent 
on the hydrogen-ion concentration. Two ex- 
amples of these plots are shown in Fig. 4. 

3.1.4. Rate-determining steps and rate 
constants 

Since the species of nickel in the pH range 
7.0-8.5 studied in this work are Ni(H20) 2÷ 
and NiOH(H20)~- and those of the hydra- 
zones are HL-  for NPHPTS, NPHQTS and 
BTNPHTS, H2L- for BINPHTS and H2L 2- 
for DSBINPH (where L denotes the undisso- 
ciable part of the hydrazone), as is evident 
from the values of their acid dissociation con- 
stants [6], the equilibria and the reactions for 
the formation of monoligated complexes are 
expresseed by Eqs. (9)-(15). 

For the hydrolysis of nickel(II) 
KNi 

Ni 2 + + H 2 0 .  "NiOH + + H  + 
(9) 

[NiOH÷][H +] 
gNi = [Ni2+] 

where KN~ is the hydrolysis constant of nick- 
el(II). 

For the formation of the NPHPTS, 
NPHQTS and BTNPHTS complexes, Eqs. 
(10) and (11) hold 

kl 
Ni(H20) 2+ + HL-  , NiL + H + + 6H20(10) 

k2 
NiOH(H20)~- + HL-  , NiL + 6H20 ( l l ) 

for the formation of the BINPHTS complex, 
Eqs. (12) and (13) hold 

kl 
Ni(H20)~ + + H2L- 

NiOH(H20)J + H2L- 

, Ni(HL)+ H + +6H20 
(12) 

k2 
, Ni(HL) + 6H20 

(13) 

and for the formation of the DSBINPH com- 
plex, Eqs. (14) and (15) hold 

kl H+ Ni(H20)62+ + H2 L2- ---* [Ni(HL)]- + 

+ 6H20 (14) 
k2 

NiOH(H20)~- + H2 L2- , [Ni(HL)]- 

+ 6H20 (15) 

where kl and k2 represent the rate constants 
of respective reaction steps. 

Here we consider the DSBINPH-nickel(II) 
system as an example. On the basis of the 
results described above and the assumption 
that the rate-determining steps are competitive 
reactions shown by Eqs. (14) and (15), the 
rate equation can be expressed as 

d[Ni(II)] 
d----~ = kl [Ni2+][H2 L2-] 

+ k2[NiOn +][H2L 2-] (16) 

From Eqs. (7), (8), (9) and (16), Eq. (17) can be 
derived. 

kl + (k2KNi/[H + ]) 
k°~m= 1 +(KNi/[H+]) (17) 

Also for the complexation reactions of the 
other hydrazones, Eq. (17) can be derived by 
similar treatment. Values of k~, k2 and KNi 
were calculated by the Simplex method using 
the data of the k~m vs. pH plot obtained 
already. The results are given in Table 1 and 
theoretical curves for the ko~m vs. pH plots are 
shown by solid lines in Fig. 4. The KNi values 
obtained in this work are nearly equal to that 
((0.1-about 6.3) x 10 --~° M) reported in the lit- 
erature [9]. The values of k, and k2 of each 
complexation reaction are also almost the same 
in the order, respectively, and the k2 values are 
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Table I 
Rate constants of complexation reactions of hydrazones 
with nickel(ll) and hydrolysis constant of nickel(ll) at 
25 +0 . I  °C and an ionic strength of 0.2 M (NaCIO4) 

Hydrazone k~ k 2 KNi 
( M - '  s - I )  (M - t  s - I )  (M) 

NPHPTS 3.6 x 10 2 3.6 x 10 3 1.1 x I0 -"} 

NPHQTS - "  a _~ 
BTNPHTS b 5.5 × 10 1.8 × l0 ~ 1.0 x 10 -"~ 
BINPHTS 2.5 x 102 1.8 x 104 1.0 x 10 - " j  
DSBINPH 2.4 × 10 -~ 5.3 x l0 ~ 0.99 x 10 -Icj 

~' Not determined. 
Determined in aqueous 10% (v/v) 1,4-dioxane. 

close to the releasing rate constant 
(1.5 × 10 4 s -~) [10] of a water molecule from 
the nickel aquo-ion, although the k value of the 
BTNPHTS-nickeI(II) system is somewhat 
small. This suggests that the complexation re- 
actions between the hydrazones and nickel(lI) 
proceed according to an Eigen mechanism. 

3.2. Kinetics of formation of  palladium 
complexes in the absence of  chloride ion 

10 
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Fig. 6. Plots of kob ~ vs. C R for BTNPHTS-palladium(ll)  
system at pH: curve a, 0.77; curve b, 0.97; curve c, 1.16; 
curve d, 1.45; curve e, 1.93; wavelength, 590nm. Other 
conditions are the same as those in Fig. 5. 

formation of the other hydrazone-palladium 
(II) complexes. These results indicate that the 
complexation reactions between the hydra- 
zones and palladium(II) are all first order with 
respect to the palladium (II) concentration, i.e. 
a = l .  

3.2.1. Reaction order with respect to 
palladium-ion concentration 

All kinetics experiments were performed in 
strongly acidic media because the complexation 
reaction between the hydrazones and palla- 
dium (II) was too fast to measure in weakly 
acidic media. Fig. 5 shows a - I n ( A : , -  A,) vs. 
t plot for the formation of a BTNPHTS-palla- 
dium(II) complex measured in the presence of 
a large excess of DSBINPH and at an acidity 
of 1.16 M. The plot gives a sraight line. Similar 
results to those in Fig. 5 were obtained for the 
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Fig. 5. Plot of --In(A~ - A t )  vs. t for formation of  BT- 
NPHTS-palladium(ll)  complex. (BTNPHTS, 7.8 x 
10-SM; Pd(ll), 2.1 x 10-6M; [H+], 1.16M; ionic 
strength, 2.0 M (NaNO~): temperature, 25 __. 0.1 oC.) 

3.2.2. Reaction order with respect to hydrazone 
concentration 

Fig. 6 shows the effect of the concentration 
of BTNPHTS on the observed rate constant at 
various acidities. The plots of kobsd versus CR 
give straight lines passing through the origin. 
Similar results to those in Fig. 6 were obtained 
for the other hydrazone-palladium(II) systems, 
which indicates that the complexation reactions 
of these systems are all first order with respect 
to the hydrazone concentration, i.e. b = 1. 

3.2.3. Reaction order with respect to 
hydrogen-ion concentration 

Curve a in Fig. 7 shows a k~H) vs. 1/[H ÷] 
plot for the formation of the DSBINPH-palla- 
dium (II) complex. The plot gives a straight 
line passing through the origin. Similar results 
to those shown by curve a in Fig. 7 were 
obtained for the formation of the other hydra- 
zone complexes except for the BTNPHTS com- 
plex, for which a k~m vs. 1/[H ÷] plot shown by 
curve b in Fig. 7 was obtained. These results 
indicate that the reaction order with respect to 
the hydrogen-ion concentration is inverse first 
order (i.e. c = - 1 )  for the formation of the 
hydrazone complexes except for the BTNPHTS 
complex, and is measured as a complicated 
function of the hydrogen-ion concentration in 
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the BTNPHTS system. This discrepancy seems 
to be influenced by an intramolecular hydrogen 
bond in BTNPHTS. At the present stage, how- 
ever, we cannot give a clear chemical interpre- 
tation for the intramolecular hydrogen bond. 

3.2.4. Rate-determining steps and rate constants 
The species of palladium under the condi- 

tions studied is Pd(H20)] + and those of the 
hydrazones are considered to be H3L + and 
H2L for NPHPTS, NPHQTS and BTNPHTS, 
H4 L+ and H3L for BINPHTS and H4L and 
H3L- for DSBINPH. Taking into consider- 
ation the results described above, however, 
only Eqs. (18)-(20) are feasible as formation 
reactions of monoligated complexes between 
the hydrazones and palladium (II). For NPH- 
PTS and NPHQTS 

ki 
Pd(H20)] + + H3L + , [Pd(HzL)] 2+ 

for BINPHTS 

Pd(H20)~ + + HaL + 

and for DSBINPH 

Pd(H20) 2+ + H4L 

+ H  + + 4 H 2 0  (18) 

, [Pd(H3L)] 2+ 

+ H + + 4H20 (19) 

k l  
, [Pd(H3 L)] + 

+ H  + + 4 H 2 0  (20) 

The rate equation can be expressed by Eq. (21) 
for every reaction system, except the BT- 
NPHTS-palladium(II) system. 

d[Pd(II)] = k,[pd2+] CR/[H +] (21) 
dt 1 + (K,,/IH +]) 

where K,j is the acid dissociation constant of 

10 2 

a 

O k'. , i  I 
0.0 0.5 1.0 

1/fH+l 
0 

1.5 

Fig. 7. Plots o f  k~sn~ vs. I/[H +] for (curve a) D S B I N P H -  
palladium(ll)  and (curve b) BTNPHTS-pa l l ad ium( l i )  sys- 
tems at CR: curve a, 8.2 x I0 -~  M; curve b, 7.8 x 10 -~  M. 
Other conditions are the same as those in Fig. 5. 

Table 2 
Rate constants  o f  complexation reactions of  hydrazones 
with palladium(ll)  in the absence o f  chloride ion at 
25 + 0.1 *C and an ionic strength of  2.0 M (NaCIO4) 

Hydrazone k I k_  z / K '., 
( M - t  s - I )  ( M - I  s -~) 

NPHPTS 3.0 x 103 - 
NPHQTS 2.7 x 102 
BTNPHTS 1.5 x 10 a 7.7 × 10 -4  
BINPHTS 4.3 x 102 - 
DSBINPH 7.6 x 102 - 

each hydrazone. From Eqs. (2), (8) and (21) 

k0(H)[1 + (Kai/[H +])] = k,/[H +] (22) 

is obtained. Eq. (22) means that the plot of 
kO~H)[I+(KaU[H+])] versus I/[H +] gives a 
straight line with a slope of k, passing through 
the origin. Actually this plot for each hydra- 
zone-palladium (II) system gave a straight 
line. The value of kt obtained for each reaction 
system is given in Table 2. 

As for the BTNPHTS-palladium(II) system, 
on the other hand, the reverse reaction was 
taken into consideration in addition to the 
forward one as shown in Eq. (23) because the 
reaction order with respect to the hydrogen-ion 
concentration was not inverse first order but 
complex, as was already shown by curve b in 
Fig. 7. 

kl 
Pd 2+ + H3L + . ::" [Pd(H2L)] z+ + H + (23) 

.k_l  

where k_, is the rate constant of the reverse 
reaction. 

The rate equation is expressed by Eq. (24) 

d[Pd(II)] = k1[pd2+][H3L+][H+]_, 
dt 

- k_I[Pd(HzL)2+][H + ] (24) 

The complcxation reaction of BTNPHTS with 
palladium(II) is represented by Eq. (25), its 
equilibrium constant, Keq, being given by Eq. 
(26) [61 

Pd 2+ + H3 L+ .x'% Pd(HL) + + 2H + (25) 

[Pd(HL)+][H+]2 = 1049 (26) 
K~q= [pd2+][H3L+] 

The proton dissociation of the complex 
Pd(H2L) 2+ is represented by Eq. (27), its pro- 
ton dissociation constant, K',, being given by 
Eq. (28). 

Pd(H2L) z+ . ' c "  Pd(HL) + + H + (27) 
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[Pd(HL)+][H +] 
K ~ -  [Pd(H:L)2÷ ] (28) 

From Eqs. (7), (8), (24), (26) and (28), Eq. (29) 
can be derived, which is rewritten as Eq. (30) 

d[Pd(II)] = [Pd2+]CR 

dt 1 + (Ka~/[H+]) 

× ( k , / [ H  +] - K~qk_,K'~) 

= kO(H)[pd2+]CR (29) 

ko, H,[1 + ( K . , I [ H  ÷]) ]  = k , / [ H  +1 - K~k_, IK'= 
(30) 

Eq. (30) means that the plot of ko(n)[l + (K,~/ 
[H+])] versus 1/[H +] gives a straight line, the 
values of k t and k_ t/K'~ being calculated from 
the slope and the intercept of the line, respec- 
tively. Fig. 8 shows this plot for the BT- 
NPHTS-pailadium(II) system, which gives a 
straight line. The values of k t and k ,/K" 
calculated are given in Table 2. 

3.3. Kinetics of formation of palladium 
complexes in the presence of chloride ion 

3.3.1. Reaction orders with respect to 
concentrations of  palladium ion, hydrazone and 
hydrogen ion 

Fig. 9(A) shows an In(As - A,) vs. t plot for 
the complexation of DSBINPH with palladium 
(II) in the presence of large excesses of DS- 
BINPH and chloride ion and at a constant 
acidity of 1.06 M. The plot gives a straight line. 
Figs. 9(B) and 9(C) show kobsd VS. C R plots at 
various acidities and a ko(H) vs. 1/[H +] plot, 
respectively, for the DSBINPH-palladium(II) 
system. Every plot gives a straight line passing 
through the origin. Similar results to those 
shown in Figs. 9(A)-9(C) were obtained for 
the other hydrazone-palladium(II) systems. 
These results reveal that the reaction orders 
with respect to the concentrations of both pal- 
ladium(II) and the hydrazone are first order, 

~3.5 
- , 

0 2 4 
Reaction t imels 

J¢ 
? 
O 

15 

(C) 

I I 
0.5 1.0 

111H +1 

J lO 
% 

0 0 

3 ,  

(B) a b 

c d 

e 
f 

! I 
5 10 

t05~ 
15 

j 2  o 

2 4 6 
104Cc~ 

0 1 
0.0 1.5 0 
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ionic strength, 2.0 M (NaNO0;  wavelength, 564 nm; temperature, 25 +0.1 °C. 
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that with respect to the hydrogen-ion concen- 
tration being inverse first order. 

3.3.2. Reaction order with respect to 
chloride-ion concentration 

Fig. 9(D) shows a ko~m vs. Co plot for the 
DSBINPH-palladium(II) system, which gives 
a straight line with an intercept. Similar results 
to those shown in Fig. 9(D) were obtained for 
NPHPTS- ,  NPHQTS- and BINPHTS-palla- 
dium (II) systems, but no such result was ob- 
tained for the BTNPHTS-palladium(II) 
system. These results indicate that the reaction 
order with respect to the chloride-ion concen- 
tration for the complex formation between pal- 
ladium(II) and the hydrazones, except 
BTNPHTS, under the conditions studied is 
zero order and first order. 

3.3.3. Rate-determining steps and rate constants 
The species of palladium(II) under the condi- 

tions studied are regarded as Pd(H20)~ + , Pd- 
CI(H2Oh + and PdCI2(H20)2. On the basis of 
the above results, however, potential complexa- 
tion reactions between the hydrazones and pal- 
ladium(II) are restricted to Eqs. (31)-(36) and 
each pair of reactions is considered to proceed 
competitively and govern the complexation re- 
action in each hydrazone-palladium(II) sys- 
tem. For NPHPTS and NPHQTS 

kl 
Pd(H,O)42+ + H3 L+ , Pd(H2L) 2+ 

+ H  + + 4 H 2 0  (31) 
k2 

PdCI(H20)[ + H3L + , Pd(H 2L)C1 + 

for BINPHTS 

Pd(H20)] + + H4L + 

PdCI(H2Oh + + H4L + 

+ H  + + 3 H 2 0  (32) 

kl 
, Pd(HsL) 2 + 

+ H  + + 4 H 2 0  (33) 
k2 

, Pd(H3L)CI + 

+ H  + + 3 H 2 0  (34) 

and for DSBINPH 
kl 

Pd(H20)~ + + H4L , Pd(HsL) + 

+ H  + + 4 H 2 0  (35) 
k-, 

PdCI(H20)I + H4L -,  Pd(HaL)CI 

+ H  ÷ + 3 H 2 0  (36) 

where k~ and k 2 represent the rate constants. 
The rate equation for these complexation reac- 
tions can be expressed as 

Table 3 
Rate constants of complexation reactions of hydrazones 
with palladium(ll) in the presence of chloride ion at 
25 + 0.1 *C and ionic strength of 2.0 M (NaCIO4) 

Hydrazone k~ k, 
(M -I s -I) (M-t s -I) 

N P H P T S  8.0  x 10 ~ 1.9 x 10 4 

N P H Q T S  5.6  x 10 2 7.4 x 10 ~ 

B T N P H T S  2 , ,  

B I N P H T S  3.9  x 10 2 8.1 x 10 3 

D S B I N P H  1.5 x 10 3 1.7 x 10 4 

Not determined. 

d[Pd(II)] , [Pd(II)][L] k2[Pd(II)][L][Cl-],_ 
dt = r ,  [-H--g ~ + [H+] 

(37) 

By taking into consideration the acid dissocia- 
tion of the hydrazones and the mass balance of 
the hydrazones and palladium(II) and using the 
side-reaction coefficient, ~cl), of palladium(II) 
for chloride ion and the formation constant, 
fl~, of the monochloro complex of palladiu- 
m(II), Eq. (38) can finally be derived from Eq. 
(37) 

' [k,+k2Ccl~'l~,c,, A (38) 
k°m' = (1 + [Hk~+~ ])[H + ] 

where C a is the total concentration of chloride 
ion. 

Eq. (38) means that the kom) vs. Ccl plot, 
which is equivalent to Fig. 9(D) gives a straight 
line; the values of k, and k2 can be calculated 
from the intercept and the slope of this line, 
respectively. The results obtained are summa- 
rized in Table 3. 

3.3.4. Mechanism of formation of palladium 
complexes 

Palladium(II) usually forms the square pla- 
nar complex [11]. As is clear from Table 3, the 
rate constants for the complexation of palladi- 
um(lI) obtained in this work depend on the 
kind of hydrazone, which suggests that the 
complexation reaction of the hydrazones with 
palladium(II) goes according to the associative 
mechanism. The value of k2 is larger than that 
of kl for every hydrazone-palladium(II) sys- 
tem, indicating that the palladium aquo-ion is 
activated by the formation of monochloro ion. 
Also, the k, values obtained here are in accor- 
dance with those obtained in the absence of 
chloride ions, demonstrating the reliability of 
this work. 
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Abstract 

The presence of a salinity effect in the automated analysis of phosphorus in seawater performed by a 
phosphomolybdate complex can cause the inaccurate estimation of the true amount, because the calibration 
procedure performed by least-squares regression does not take into account the different analytical response 
of samples and standard solutions. The error arising from this salt effect is corrected by calibrating the 
autoanalyzer with robust regression methods (RRMs), which allow definition of the range of salinity in 
which the analytical response of the autoanalyzer is only dependent on the concentration of marine 
nutrients. The RRMs are especially helpful in the analysis of oligotrophic samples where the salinity effect 
is particularly relevant. 

1. Introduction 

The study of phenomena such as eutrophica- 
tion or algal blooms requires the analysis of 
many samples to detect the amount of principal 
marine nutrients such as phosphate, silicate and 
nitrogen compounds. 

The colorimetric methods generally em- 
ployed are often performed by a continuous 
flow autoanalyzer, which allows completion of 
the analysis in a short time and with good 
detection limits [1]. However, some interfer- 
ences can be observed, either when calibration 
solutions and samples have different salinity 
(baseline drifts) or when the linearity range 
concentration vs. analytical response of the 
autoanalyzer is not well identified. In fact the 
analytical response of  the instrument generally 
tends to increase with increasing salinity (Fig. 
1), either a result of refractive index differences 
or as a stray-light effect depending on the 
general characteristics of the autoanalyzer. 
These interferences cause incorrect determina- 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights 
SSDI  0039-9140(95)01566-3 

tions of nutrients when the calibration is per- 
formed by a global least-squares (LS) regres- 
sion. 

This effect of automated techniques is called 
"density fluctuation", and in the analysis of 
phosphorus based on ion pair formation be- 
tween molybdophosphate and malachite green 
it can be corrected by a reducing agent ($20~-) 
with a modified instrument [2] and by a stan- 
dard addition method (MOSA). 

In this paper, new univariate calibration pro- 
cedures based on different methods of robust 
linear regression analysis are employed in order 
to correct the density fluctuation in the analysis 
of phosphorus. The two procedures examined 
are the non-parametric regression according to 
Theil's complete method (TCM) [3] and the 
least median or squares (LMS) [4], The main 
advantages of robust regression methods 
(RRMs) are no modification of the autoana- 
lyzer is required and the operator has the po- 
tential to determine the iinearity range of 
nutrient vs. analytical response according to the 
salinity characteristics of each sample. 

reserved 
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Fig. I. Evidence o f  salt effect: mcrease in the instrumental  response of  identical concentrations of  P with the salinity of  
synthetic seawater samples. 

TCM and LMS regressions were applied to 
the analysis of phosphorus in synthetic seawa- 
ter samples to verify the precision of the pro- 
posed method, and were compared with other 
methods of calibration such as MOSA and 
multilinear regression (MLR) analysis. The re- 
sults were more precise than those obtained by 
unmodified LS regression and comparable with 
MOSA. 

2. Experimental 

All the measurements were performed using 
an Integral Alliance continuous flow autoana- 
lyzer supported by an AST Premium 286 PC, 
according to the modified phosphomolybdate 
complex method for the analysis of inorganic P 
in seawater [5]. 

All the chemicals were of analytical reagent 
grade and only MilliQ deionized water was 
used to prepare the solutions. 

Synthetic seawater samples, having a salinity 
of 31-39%, and a P content of 0- 
3.5 lamol cm -a, were considered in this study, 

and the salinity values were prepared according 
to the table of the major ions in seawater in 
relation to salinity [6]. 

In every test, synthetic seawater, having 
the lowest salinity value of the considered 
range, was always used as the spectroscopic 
blank. Such care was necessary, because the 
instrumental response increases with salinity 
(Fig. I). Within a salinity range, baseline drifts 
or ghost peaks can sometimes be observed 
owing to the salt effect when an intermediate 
value of salinity is considered as the spec- 
trophotometric blank, instead of the lowest 
value. 

Triplicate measurements of each synthetic 
sample were performed to avoid outliers result- 
ing from uncorrected concentrations of P. 

LS regression, MLR, TCM and the residual 
regression analysis of TCM according to the 
studentized residual method [3] were carried 
out using home-made software written in GW- 
BASIC (ver. 3.22). LMS were performed by the 
PROGRESS software [7], which also includes 
residual regression analysis by the standardized 
residual method [3]. 
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3. Results and discussion 

The importance of applying RRMs can be 
illustrated by some practical examples. Let us 
consider the determination of phosphorus in a 
marine sample set having salinity between 31 
and 36%o (Table 1). This range is very common 
in the Adriatic Sea, where the salinity may vary 
from 30 to higher than 39%0 [8]. If we assume 
an a priori linear relationship concentration of 
P vs. analytical response, we could inadver- 
tently include some outliers in the automated 
calibration performed by LS regression. LS 
regression is based on the assumption of an 
independent and normal error distribution hav- 
ing a constant variance; this means that the 
regression residuals are presumed to have a 
gaussian distribution [9]. In the analysis of 
marine nutrients performed by an autoana- 
lyzer, the conditions of normality could not be 
verified because the salinity can cause a non- 
gaussian distribution of residual regression. 

A good procedure to correct the interference 
of this salt effect is the identification of sub- 
ranges of salinity within the sample set, where 
the analytical response of the autoanalyzer de- 
pends only on the concentration of P. RRMs 
such as TCM and LMS were considered for 
this purpose. 

RRMs are designed to be as independent as 
possible of the presence of outliers [10-13]. 
This behaviour, defined as the breakdown 
point (BDP), is the percentage of outlier points 

Table I 
Example of  application of TCM and LMS to a data set of  
standard solutions of  salinity between 31 and 36'X., 

Salinity (%.) P (lamol dm -3) Analytical response 
mean values of  three 
replicates (arbitrary 
units) 

31 0.8 18.1 +0 .18"  
32 3.3 76.2 _ 0.20 
33 1.3 36.5 + 0.22 
34 2.4 59.1 +0.31 
35 0.9 25.9 + 0.23 
36 1.6 42.4 + 0.32 

LS LS-OUtTc M LS-OUtLM s 
31 - 36%. 32-  36"/,,, 32-  36'X., 

Corr. coeff. 0.991 0.998 0.998 
Res. std. Dev. b 3.04 1.17 1.17 

"Outlier by TCM and LMS residual analysis. 
b Residual standard deviation, calculated according to 
Refs. [12] and [26]. 

on the calibration graph that can be tolerated 
before the regression line is significantly al- 
tered. BDP, which is equal to 0% for LS regres- 
sion, ranges between 20 and 50% for RRM 
[3,4]. 

A general property of robust methods when 
outliers are present is that the non-parametric 
regression estimators have smaller standard de- 
viations than LS regression for all sample sizes 
[14], and this could suggest direct substitution 
of LS regression with TCM. Cruz et al. [15] 
instead suggested a difference procedure which 
allows exploitation of the power of RRMs to 
detect groups of aligned or unaligned experi- 
mental data by analysis of the regression resid- 
ual [3,7]. This procedure is reported below. 

Step 1. Application of TCM and LMS to the 
experimental data of calibration (having the 
same salinity range as the marine sample set) to 
obtain the robust equation Y =  A + BX. 

Step 2. Evaluation of the standardized resid- 
uals in order to detect outliers and determina- 
tion of the iinearity range with respect to the 
salinity. 

Step 3. Application of LS regression --out-  
liers excluded in order to obtain the robustly 
corrected equation Y = A + B X  according to 
the salinity range. 

A practical application of this procedure in 
the analysis of P is reported in Table 1. 

The results obtained showed that the linear- 
ity range lies between 32 and 36%,. The exclu- 
sion of the 31%o solution, designated as an 
outlier by both TCM and LMS, improved the 
correlation coefficient and reduced the residual 
standard deviation. Hence, original salinity 
range was divided into two different calibration 
sets, the first including samples having 32-36%o 
and the second one with only 31%o samples. 
The linear relationships between concentration 
of P and analytical response were subsequently 
established again for each sub-set of aligned 
data by LS regression, as it is the most precise 
of all the exact estim-ations [15]. 

Therefore, it is possible to say that RRM can 
designate salinity ranges where the bias error of 
the determination is included in the random 
error of the applied analytical method. 

3.1. Comparison between T C M  anti L M S  

The results of Table 1 showed that TCM and 
LMS have similar power to detect outliers in a 
calibration set. However, this similarity of re- 
sults is not always the case, because the BDP is 



1242 M. Meco-:i / Talanta 42 (1995) 1239-1244 

Table 2 
Comparison of  the power of  TCM and LMS to detect 
outliers in a data set o f  synthetic seawater solutions of  
salinity between 35 and 39%,, 

Salinity (%,,) P (tamol dm -3) Analytical response 
mean values of  three 
replicates (arbitrary 
units) 

39 1.0 
38 1.1 
35 1.62 
36 2.42 
37 3.23 

Y= 12.27LS + 19.50LsX 
Y= 12.84rc M + 19.46TcMX 
Y= 16.75LMS + 18.17LMsX 

31.3+0.37 = 
36.9 _ 0.41 
39.9 + 0.44 a 
60.3 + 0.45 
75.7 + 0.39 

LS LS--OUtLM s 
35-- 39'X,, 36-- 38%o 

Corr. coeff. 0.990 0.999 
Res. std. dev. 3.00 0.52 

Y analytical response; X = concentration of  P. 
= Outliers after LMS residual analysis by PROGRESS SOft- 
ware 

the limiting factor in the application of RRMs. 
In fact, the BDP value of TCM in 30% and 
LMS has a BDP value of up to 50% for both 
univariate and multivariate regressions [16,17]. 
This high BDP is seldom necessary in analyti- 
cal chemistry, but can be usefully employed in 
the calibration of an autoanalyzer. The power 
to detect outliers tends to diminish when a 
small number of solutions (three or four) is 
included in the calibration set. The example of 
Table 2, referring to another range of salinity, 
showed the high power of LMS to detect out- 
liers. Here the salinity range between 35 and 
39%0, but only five synthetic seawater samples 
were included in the calibration set. 

In Table 2, the equations for LS regression, 
TCM and LMS are reported. The LS and 
TCM equations are quite similar, while the 
LMS is different. TCM was not able to detect 
outliers; on the contrary, LMS detected two 
outliers, the samples with 35%0 and 39°,40. This 
means that the original range of salinity must 
be divided into three calibration sets (the first 
35%0, the second 36-38%o and the third 39%0) 
to always obtain linear relationships between 
concentration of P and analytical response. 
This result also underlines a general rule of 
calibrating an autoanalyzer by robust methods 
having different BDP values: the greater the 
number of points in the calibration set, the 

greater the possibility of detecting outliers with 
the same power. When the number of points is 
small (such as the example of Table 2), the 
LMS with its high BDP has greater power than 
TCM. 

3.2. Comparison between RRMs and MLR 

A fast and simple method to correct the 
effect of salinity is to include the variable salin- 
ity in the calibration model using MLR analy- 
sis. In the re-examination of the data reported 
in Tables 1 and 2, it was always possible to 
obtain a good correlation according to the 
global equation 

Y= atS + a2C + cos t 

where S is salinity, C is the concentration of 
marine nutrient and Y is the analytical re- 
sponse. 

In fact, for the data of Table 1, the co- 
efficient of MLR and the residual standard 
deviation are 0.996 and 2.25 respectively; for 
the data of Table 2, the coefficient of MLR and 
the residual standard deviation are 0.994 and 
2.85 respectively. However, the multivariate 
calibration model has a problem in calculating 
the limit of detection (LOD), because it is not 
as unique as the univariate regression. 

Lorber [18] proposed the net analytical re- 
sponse theory to define the LOD of multivari- 
ate regressions; Bauer et al. [19] proposed the 
propagation error theory to estimate the LOD 
of MLR; Delaney [20] and Singh and Garner 
[21] used the chemometrical approach based on 
principal component analysis to estimate the 
LOD in multivariate calibration. All these 
methods have both advantages and disadvan- 
tages [22], so the univariate RRMs are easier 
applications because they allow a direct and 
unique identification of the LOD. 

3.3. Comparison between RRMs and MOSA 

Another good procedure which avoids the 
salt effect is to perform the "in situ calibration" 
of MOSA, which works well independently of 
salinity and does not require knowledge of this 
value. This peculiarity is an advantage of 
MOSA in comparison with RRMs, but MOSA 
can also have some drawbacks compared to 
RRMs. In fact, in an extensive study about the 
properties of MOSA, Garner and Gunn [23] 
recommended the use of double additions up 
to the top of the linear range, combined with 
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calculation of results by a weighted linear re- 
gression in order to improve the analytical 
precision. This characteristic makes MOSA 
generally more time consuming than RRMs, 
because each sample needs a convenient cali- 
bration, and a short time of analysis is an- 
other critical step in the determination of 
marine nutrients. In fact, Koroleff [5] recom- 
mends that the analysis of P in seawater 
should be commenced as soon as possible, 
certainly within 2 h from the sampling or from 
the defrosting of samples. 

RRMs are, in contrast, fast procedures, 
because their application can be performed 
in a single and automated step using 
the proper software and before starting 
the sample analysis. Therefore, the iden- 
tification of the linear range between concen- 
tration and analytical response allows the ap- 
plication of MOSA to be avoided for all the 
samples and the time of analysis to be re- 
duced. 

Hence, the necessity of knowing the value 
of the salinity for each sample in the applica- 
tion of RRMs is only apparently a drawback 
because marine nutrients are often included in 
monitoring studies of seawater, where salinity 
is jointly measured with other parameters such 
as dissolved oxygen content, temperature, con- 
ductivity, density, and Redox potential by a 
multiparametric probe [24]. 

Finally, RRMs have a precision which can 
be compared with that of MOSA (Table 3). 

Table 3 
Oligotrophic ([P] < 2 lamol dm -3) and eutrophic synthetic 
seawater samples ([P] > 2 lamol dm-3).  Comparison among 
results obtained by LS and LS-out and MOSA determina- 
tions. For this comparison both TCM and LMS were used 
for LS-out results, and MOSA results were obtained ac- 
cording to Ref. [23] 

True value LS LS-out MOSA 
lamol dm - s pmol dm - ~ tamol dm - s pmol dm - 3 

0.62 ° 0.76 + 0.19 0.57 + 0.04 0.57 + 0.04 
0.81 ° 0.98+0.18 0.80+0.04 0.82+0.03 
0.71 ° 0.86+0.18 0.74+0.04 0.75+0.05 
0.90 ° 1.20+0.18 1.04+0.04 0.98+0.05 
1.62 ° 1.65+0.18 1.53+0.04 1.71 +0.05 
1.16 ° 1.45+0.19 1.21 +0.04 1.18+0.05 
0.81 ° 1.15+_0.17 0.88+-0.04 0.86+-0.04 
0.81 ° 0.91 +-0.17 0.73+0.04 0.84+-0.04 
3.23 ~ 3.07+0.18 3.05+-0.04 3.16+-0.06 
2.42 ~ 2.42 + 0.17 2.35 + 0.04 2.38 + 0.07 
2,65 ~ 2.75 + 0.17 2.70 + 0.04 2.78 + 0.07 

o:  oligotrophic sample; e: eutrophic sample. 

IAL 4Z:9-D 

3.4. Final consequences of  applying robust 
regressions in the analysis of  marine nutrients 

The entity of density fluctuation and the 
relative linearity range depend on the general 
characteristics of the autoanalyzer, and different 
measurements are necessary to establish the best 
conditions of analysis. The direct consequence 
of including one or more outliers in the calibra- 
tion is the underestimation or overestimation of 
the pertinent analytes in a real sample. A re-ex- 
amination of Fig. l shows that the lowest 
concentration of P corresponding to the highest 
percentage analytical error. Therefore, it is pos- 
sible to say that the density fluctuation has the 
greatest effect at the lowest concentrations, i.e. 
for oligotrophic samples ([P] < 2 lamol dm-3), 
while it is negligible for eutrophic samples. 

The example of Table 3, in which only syn- 
thetic seawater samples have been considered, 
confirmed this general trend. The main reason 
for using synthetic seawater samples instead of 
real marine samples was because of the necessity 
of comparing the calculated values of [P] with 
the real ones. In fact, it is well known that in 
many chemical and biological investigations, 
seawater of a known composition of the major 
ions is needed [6]. 

For eutrophic samples, there is no evidence of 
density fluctuation because of the overlapping 
results calculated by LS and LS-out, regression. 
For oligotrophic samples, the LS-out values are 
closer to the true values than the LS ones. This 
result is really important in monitoring the 
activity of oligotrophic seawater, such as that 
from the Mediterranean [25]. 

4. Conclusion 

RRMs such as TCM and LMS were shown 
to be good tools to detect outliers in the colori- 
metric analysis of P in seawater performed by a 
continuous flow autoanalyzer. The presence of 
outliers in the calibration step can be due to a 
salinity effect because analytical response vs. 
concentration is not linear, causing corrupted 
estimations of nutrients especially in olig- 
otrophic marine samples. The advantage of 
applying an RRM is that no modification of 
the autoanalyzer is required to correct the 
salinity effect, while modifications of the auto- 
analyzer are required by other methods. A 
second advantage of robust methods is that 
they generally require a shorter time of analysis 
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than  M O S A ,  a l though  they have s imilar  ana-  
lytical  precision.  

This  s tudy on the de t e rmina t i on  o f  inorganic  
P was pe r fo rmed  because  a densi ty  f luctuat ion 
has  only been observed  for  this nutr ient .  How-  
ever, the app l i ca t ion  o f  R R M s  can be extended 
to the de t e rmina t ion  o f  different  nut r ients  ( to- 
tal P, Si and  n i t rogen nut r ients  such as NH3,  
NO~- when the salt effects are  observed.  
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Abstract 

A new version of the direct spectrophotometric method for the simultaneous determination of Thymol 
Blue, Semimethylthymol Blue (SMTB) and Methylthymol Blue (MTB) was developed and used for 
monitoring syntheses of SMTB and MTB. 

1. Introduction 

The method for the simultaneous determina- 
tion of  Thymol Blue (TB), Semimethylthymol 
Blue (SMTB) and Methylthymol Blue (MTB) 
given in a previous paper [1] was based on 
measurements of the absorbances of three solu- 
tions of these compounds in 1, 4 and 7 M  
sulphuric acid. Some possibilities were shown 
using this method for the determination of TB, 
SMTB and MTB in spectrophotometric 
reagents and in mixtures obtained during syn- 
theses of SMTB. 

In spite of  the obtained results being rela- 
tively good, two aspects of the method were 
not satisfactory enough for the authors. The 
first was the necessity of preparating three solu- 
tions for each tested sample, two of them with 
relatively high sulphuric acid concentrations (4 
and 7 M). Secondly, the drawing of figures for 
the given graphical version of the method was 

* Corresponding author. 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights 
SSDI 0039-9140(95)01567-1 

time consuming and the exact read-out of the 
results given in such figures was relatively 
difficult. The first problem was resolved when 
we found that good results of  absorbance mea- 
surements could be obtained using solutions 
with a 0.5 M sulphuric acid concentration not 
only near 548 nm but also at 485 and 455 nm. 
The second problem was overcome by rear- 
ranging the newly obtained dependences of  the 
relative absorbances on the mole fractions of 
SMTB and MTB (ARI =f(-~SMTB,.-~MTB) and 
Aa,_=f(XsMTB,XMT ~) to XSMTB=f(ARI,Aa) 
and XMTa =f(AR~,AR2). This allows the calcu- 
lation of  mole fractions of  the dyes determined 
without using additional figures and shows the 
route of  the syntheses more exactly than before 
[1]. However, the limitation of spectrophoto- 
metrically active reagents to three main compo- 
nents present during the described syntheses, 
without taking into account the byproducts 
occurring in trace or low amounts [2-4] is a 
necessary simplification. This can be the reason 
for the low relative errors (mainly much below 
5%). 

reserved 
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2. Experimental 

2.1. Apparatus 

The absorption measurements were made 
with a Zeiss-Jena spectrophotometer (Specord 
M40) with 1-cm cells. A conventional ther- 
mostated glass apparatus with a reflux con- 
denser was used for the syntheses. 

2.2. Reagents 

MTB (Merck) containing approximately 
90% of the dye was purified by extraction in a 
dilute sulphuric acid-l-butanol system. 

SMTB (from our own synthetic mixture con- 
taining approximately 40% of the dye) was 
purified by the previously reported method [5]. 

A commercial sample of TB was recrystal- 
lized from ethanol. All other reagents were of 
analytical grade. Standard solutions of the 
three dyes (0.001 M) were prepared in 0.01 M 
sulphuric acid for MTB and SMTB and in 1:1 
(v/v) ethanol-aqueous 0.02 M sulphuric acid 
mixture for TB. 

2.3. Syntheses and Sampling 

Dissolve 235mg of TB in approximately 
50 mi of glacial acetic acid. Add the required 
amount of iminodiacetic acid (IDAA) and an- 
hydrous sodium acetate, stir and heat the mix- 
ture to the required t empera tu re -  not lower 
than 55 °C and not higher than 65 °C. At the 
lower temperature the reaction rate is too slow; 
at the higher temperature the formation of 
byproducts must be taken into account. Trans- 
fer 0.25 + 0.05 ml of a solution of the obtained 
mixture to a 50-ml standard flask (sample 
"zero"), Then start the synthesis by adding the 
required amount of formaldehyde to the stirred 
thermostatted mixture. The ranges of the ratios 
of mole concentrations used in the experiments 
w e r e :  CIDAA/CTB, i.00-4.0; CCH.~COONa/CIDAA , 
2.0-8.0; and CHCHo/C, DAA, 2.2--4.2. Next, re- 
move samples after defined time intervals from 
the beginning of the syn thes i s -  at first after 
every l h period, then after periods of 2 or 
more h. The total time of the syntheses was, 24 
or 36 h. 

To each of the 0.25_ 0.05 ml samples (the 
"zero" sample and those transferred during the 
synthesis to 50-ml standard flasks), add 5 ml of 
0.05 M sulphuric acid and dilute to the mark 
with water (solutions So). There is no need to 

remove exactly the same known amounts of 
reaction mixture because the relative ab- 
sorbances used (in the given ranges) are practi- 
cally not dependent on the concentration of 
solution So. Transfer 10.0-mi aliquots of solu- 
tion So to two 25-ml standard flasks for each 
sample. Add 10.0 mi of 1.25 M H2SO4 to each 
25-ml flask containing the examined sample, 
and make up to the mark with water (solutions 
So.5). Solutions So are much more stable than 
solutions S0.5. The former can be used 0.1-8 h 
after preparation without remarkable changes 
occurring, but absorbance measurements on 
solutions So.5 should be performed no longer 
than 0.5 h after their preparation. 

2.4. Measurements and Calculations 

Measure the absorbances of the solutions S0.5 
at 455, 485 and 545 nm (l-cm path-length cells). 
Calculate the relative absorbances AR~ and AR2 
and the mole fractions of the components as 
given below (Eqs. (6)-(10)). Use the obtained 
results to show the route of the synthesis on a 
Gibbs triangle. The molar absorptivities of pure 
samples of the three dyes should be determined 
with the equipment used, and substituted for 
those quoted, if there is a difference. 

3. Results and discussion 

3.1. Conditions for absorbance measurements 

More detailed investigations than were previ- 
ously carried out [1] of the dependences of the 
molar absorptivities of TB, SMTB and MTB 
on the sulphuric acid concentration show that 
at a much lower concentration of the acid, the 
absorbance measurements can be performed at 
545, 485 and 455 nm in solutions with 0.5 M 
sulphuric acid. The molar absorptivities of the 
dyes, under the chosen conditions, are given in 
Table 1. 

Table I 
Molar absorptivites of  TB, SMTB and MTB (in 0.5 M 
sulphuric acid) 

Dye c (dm ~ cm - I  mol - I )  

455 nm 485 nm 545 nm 

TB 4800 7350 36400 
SMTB I 1100 11200 13900 
MTB 18900 I 1800 4450 
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It is advantageous here that in 0.5 M sul- 
phuric acid at 455 nm, the molar absorptivites 
of SMTB and MTB are much greater than that 
of  TB, and at 545 nm the molar absorptivities 
of TB and SMTB are much greater than that 
of  MTB. 

3.2. Equations used for the calculations 

It was stated that under the given conditions 
Beer's law is obeyed and the absorbances are 
additive over the concentration range (0.5- 
25) × 10 -6 M, so according to the given molar 
absorptivities of  the three dyes, for a path 
length of 1 cm, the absorbances 455A, 485A and 
545A (in 0.5 M sulphuric acid) are 

455A = (4.8CTB q- ll.ICsMTB + 18.9CMTu) X 

485A = (7.35CTB + 11.2CsMTB + 11.8CMTa) x 

54_sA = (36.4CTB + 13.9CsMTB + 4.45CMTB) x 

10 3 

(1) 

10 3 

(2) 

10 ~ 

(3) 

It follows from Eqs. (1)-(3), that 

455 A 
ARI = 

485A 

(4.8CTB + 11.1 CsMrn + 18.9CMTB) × 103 

(7.35CTB + 11.2Csurs + 11-8CMTB) × 103 
(4) 

545 Z 
ARe = - -  

485 "4 

= (36.4CTB + 13.9CsurB+4.45CMva)q x 103 

(7.35CTa+ 11.2CsMrB+ 11.8CMTa) X 103 

(5) 

where AR1 and AR_, are the chosen relative 
absorbances. 

The mole fractions of TB, SMTB and MTB 
are 

CTB ~ CMTB 

where Y-Ci = CTB + CSMTB + CMTB and XTB + 
XSMTB + XMTB = 1. Division of  the numerators 
and denominators of  Eqs. (4) and (5) by ECi 
and introduction of XvB = 1 - XsMTa -- XMT~ 
gives 

4.8 + 6.3XsMTa + 14.1XMTB 
,4R! = (6) 

7.35 -- 3.85XSMTa -- 4.45XM-ra 

36.4 - 22.5XsMT B -- 31.95XMTB 
AR2 = 7.35 -- 3.85XSMTB -- 4.45XMTB (7) 

By rearranging Eqs. (6) and (7) we obtain 

666.6 - 396.9AR,-  82.3ARI 
XSMTB = 22.9AR I + 26.25AR2 + ! 16.0 (8) 

305.5ARI + 27.8AR2 -- 337.3 
XMTa = 22.9AR~ + 26.25AR~ + 116 (9) 

and because XTB = 1-XSMTB'X~TB 

114,3AR1 + 80.75AR2 -- 213.3 
XTB = (10) 

22.9AR~ + 26.25AR2 + 116 

3.3. Results of monitoring the syntheses of 
SMTB and MTB 

The experiments carried out at the beginning 
of  this work showed that if the molar concen- 
tration of  formaldehyde was over twice to four 
times greater than the concentration of 
iminodiacetic acid, then the results of the syn- 
theses were mainly dependent on the ratios 
between the molar concentrations of sodium 
acetate, iminodiacetic acid and Thymol Blue 
and on the applied temperature. 

Therefore these dependences were examined 
in this work. 

The dependence of  the course of the synthe- 
ses on time, for different ratios of the initial 
molar concentrations of C0c~cooN~:C0va and 
for a constant concentration ratio CoH¢no: 
C 0 1 D A A : C o T  B ~ 8:2:1, was investigated at con- 
stant temperatures (55, 65 or 75 °C). 

The results obtained showed that at 75 °C 
the reaction rate and the compositions of the 
mixtures forming are considerably dependent 
on concentration changes at low concentra- 
tions of  sodium acetate, but are almost inde- 
pendent of concentration at higher 
concentrations (over three times higher than 
the concentration of iminodiacetic acid and six 
times higher than the concentration of Thymol 
Blue). 

At lower temperatures (65 and 55 °C) the 
influences on the reaction path of concentra- 
tion changes at low concentrations of sodium 
acetate are much smaller than those at 75 °C. 

The dependences of the course of the synthe- 
ses on time at constant temperature (65 °C) for 
different concentrations of iminodiacetic acid 
at constant concentrations of formaldehyde, 
sodium acetate and Thymol Blue are given in 
Fig. 1. 

It follows from the data given in Fig. 1 that 
the rate of reaction considerably accelerates 
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TB 

O8 OR 

0.8 0.6. Y'~ Qz, Q2 

Fig. I. The dependence of the compositions (given in mole 
fractions Xi) of TB, SMTB and MTB mixtures on the time 
of synthesis (h) carried out at 65 *C, for a constant ratio of 
the initial molar concentrations CoHcHo:Cocmcoon.: 
Co'rB ---- 8:8:1 and for different ratios of Comaa:Co'rB:(@) 
1.0; (©) 1.5; ( x ) 2.0; (A)  3.0; ( + )  4.0. 

TB 

o~ 0 2 ~ 0 2  Q8 

0.8 O6_ ×s,tB OJ. 0.2 

Fig. 2. The dependence of the compositions (given in mole 
fractions X,) of TB, SMTB and MTB mixtures on the time 
of synthesis (h), for a constant ratio of the initial molar 
concentrations C,,,DAA :CoHcHo:CocH,COONa :CoTB = 2:8:8: 
I, carried out at different temperatures: (@) 55 *C; (©) 
65 *C; ( + ) 75 *C. 

with the increase in the amount of iminodiacetic 
acid used. During the first period of the reaction 
(about 9h) the dominant product is 
Semimethylthymol Blue, but in the next period 
the formation of Methylthymol Blue domi- 
nates. 

The dependences of the course of the synthe- 
ses on time at different temperatures, at con- 
stant concentrations of sodium acetate and 
formaldehyde and at constant ratios of the 
initial molar concentrations of iminodiacetic 
acid and Thymol Blue, are given in Figs. 2 (for 
ComA^:Cotn = 2:1) and 3 (for CoIDaa: Corn = 

4:1). The results obtained for COIDAA: COT B = 

1:1 as well as those given in Figs. 2 and 3 show 
that a temperature increase of the reaction 
mixtures accelerates the reaction rates and 
changes the paths of the proceeding reactions. 
This is clearly seen by a comparison of the 
values of the reaction periods necessary to ob- 
tain the maximum mole fraction for 
Semimethylthymol Blue (/maxSMTB) and by a 
comparison of the values of these fractions 
(X,,axsma-a) at different temperatures and at 
constant ratios of initial molar concentrations 
of iminodiacetic acid and Thymol Blue (Table 
2). 

To obtain more conclusions concerning the 
kinetics of the investigated processes it is neces- 
sary to present dependences of mole fractions 
(Xi) on time (t) for each of the three dyes, as is 
shown in Fig. 4. 

The shapes of the dependences suggest that 
both reactions TB ---, SMTB and SMTB ~ MTB 
are first order. This was confirmed by calcula- 
tion of the rate constants k~ and k2 by using the 
equations 

k, = __1 In XxB (11 ) 
t 

aXmtB 
k2 = - -  (12) 

Xsm-rBAt 
where XxB is the mole fraction of TB t h from 
the beginning of the synthesis, XsmrB= 
(EXi)smtB/n is the mean value of XsmtB for the 
reaction period At = t 2 -  t, for n t> 5 values of 
Xsm-rB taken every 1.5 or 3 h during the reac- 

TO 

IIO~ 118 
0.,04A~^~0.z, O6 

+ 

0.2 0~ Xms 0~ 08 
O8 06 X ~  04 02 

Fig. 3. The dependence of the compositions (given in mole 
fractions X~) ofTB, SMTB and MTB mixtures on the time 
of synthesis (h) for a constant ratio of the initial mole 
concentrations Co,o^a: CoHc,o: Cocmcoon~: C,,ta = 
4:8:8:1, carried out at different temperatures: (@) 55"C; 
(O) 65"C; (+ )  75"C. 
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Table 2 
Dependence of the maximum molar fractions of Semimethylthymol Blue (Xm~sM'ra) on temperature and reaction periods 
(tm~SMTB) necessary for obtaining Xs~-rB at constant ratios of the initial molar concentrations of iminodiacetic acid and 

Thymol Blue (C(IIDA/C(ITB) 

COIDAA/COT B 55 °C 65 *C 75 °C 

.'tVmaxSM T a ImaxSMTa XmaxSMTB IrnuxSMTa Xrna~tSMTa /ma~tSMTa 
(h) (h) (h) 

l:l 0.45 40 0.41 18 0.38 7.0 
2:1 0.58 34 0.54 10 0.40 6.0 
4:1 0.63 12 0.60 8.5 0.46 4.5 

tion period At, and AXMT B = (X 2 - - X I )  is the 
difference in XMT s for the reaction period At. 

Examples of calculations of k I and k2 are 
given in Tables 3 and 4. 

The k, and k 2 values calculated according to 
Eqs. (1 l) and (12) for the synthesis performed 
at 65 °C under the given conditions (Tables 3 
and 4), as well as that performed at 55 °C, are 
reaction rate constants of the first order. 

The constants-k~ and k 2 and their standard 
deviations are: 

for 55°C, 55k l=0 .132+0 .008h- I  and 
5.~k2 = 0.0258 + 0.0008 h- i ;  

100' 

80 
o 

60 o + 

0 

40 " 
0 

~20 -+ 
g 

~ 00=°  

o 100, 

80 o 

0 

60' 
O +  

t- 0 

t,O- 
÷ 

20" + 

Ol~a•• 

+ 

+ 

+ 
o 

o o 
0 0 0 

Ib ~ 3o 

÷ 
+ + 

+ 

o • 

o :  
O 

I 0 
D 

io io ~o 
read'ion time (IT) 

Fig. 4. Dependence of mole fractions of TB, SMTB and 
MTB found in the mixtures on the time of synthesis, for a 
constant ratio of the initial mole concentrations Crop^A: 
ConcHo:CocH,coo~,:C~rra=4:8:8:l, carried out at (a) 
65 *C and (b) 55 *C (©) XTB; ( + )  XSMTB; (~) XMTB" 

for 65 °C,  65kl = 0.179 + 0.009 h -  ~ and 
6sk2 = 0.0696 _+ 0.0019 h -1. 

Comparison of these constants allows us to 
confirm that at 55 °C the reaction rate constant 
for the SMTB synthesis (kt) is about five times 
greater than the rate constant obtained for 
MTB synthesis (k2). However, the increase of 
temperature to 65 °C causes only about a 35% 
increase in kl (65kl/sskl = 1.356) whereas the k2 
value then increases more than 2.5 times (65kJ 
55k2 = 2.70). 

Similar calculations carried out when using 
the results obtained for syntheses performed at 
75 °C and at lower ratios of the initial concen- 
trations of the used reagents to the initial con- 
centration of TB did not give stable values of 
kl and k2. 

4. Conclusions 

The new version of the spectrophotometric 
method for the simultaneous determination of 
TB, SMTB and MTB is simpler and gives more 
information concerning the SMTB and MTB 
syntheses than the method used before [i]. 

The method allows us to perform relatively 
exact observations of the progress of the reac- 
tion during 24-36 h of the syntheses carried 
out below 70 °C. 

The results of monitoring the syntheses of 
SMTB and MTB obtained by using this 
method can be helpful for the optimization of 
these syntheses. In our experiments, the highest 
yield for SMTB (60% or above) was reached 
after 12 h of reaction carried out at 55 °C and 
at an initial molar concentration ratio COmAA/ 
C0xs = 4:1, or at 65 °C after 8.5 h, at the same 
ratio of COlDAA/CoT 8. However, for the MTB 
synthesis, the highest yield (80% or above) was 
obtained after 30-36 h of  reaction carried out 
at 65°C and at the same ratio of COtDAA/ 
CoTS = 4:1. 
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Table 3 
Results of the calculation of the rate constant k~ for the reaction TB---, SMTB at 65 *C for a constant ratio of the initial 
molar concentrations of the reagents used (CoTa:CoIDAA:C, cHCOON,,:CoHcHo = 1:4:8:8) 

t(h) 1.5 3.0 4.5 6.0 9.0 12.0 15.0 18.0 
Xra 0.760 0.565 0.445 0.360 0.185 0.110 0.075 0.050 
- I n  X'ra 0.274 0.571 0.810 0.510 1.687 2.207 2.190 2.996 
k~(h-~) 0.183 0.190 0.180 0.170 0.187 0.184 0.173 0.166 

Table 4 
Results of the calculation of the rate 
COTB:CoIDAA :Co(.H~COONa:COHcHO = 1:4:8:8 

constant k2 for the reaction SMTB--.MTB at 65 °C for 

t 2 (h) 12.0 12.0 15.0 15.0 15.0 18.0 18.0 18.0 
tl (h) 6.0 4.5 6.0 4.5 3.0 4.5 3.0 1.5 
At (h) 6.0 7.5 9.0 10.5 12.0 13.5 15.0 16.5 
XSMTa (for n) 0.570 (5) 0.558 (6) 0.549 (7) 0.542 (8) 0.528 (9) 0.518 (10) 0.508 (I I) 0.485 (12) 
AXMT a 0.245 0.295 0.355 0.405 0.435 0.490 0.520 0.530 
k2 (h - i )  0.071 0.070 0.072 0.071 0.069 0.070 0.068 0.066 

The constant values of the rate constants 
obtained for the SMTB and MTB syntheses, 
carried out at 55 and 65 °C, confirm the as- 
sumption that the sum of the mole fractions 
given by the equation XTB + XSMTB + XMTa = 1 
is correct. However, the results obtained for 
the syntheses carried out at 75 °C showed that 
at this temperature deviations from the equa- 
tion may be significant. 
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Abstract 

The precipitation step in the developed procedure (BiAS-ITM) was optimised with the aim of achieving 
a lower detection limit. Losses during filtration using Triton X-100 as representative non-ionic surfactant 
(NS), the indirect tensammetric method (ITM) and adsorptive stripping tensammetry (AdST) for the 
determination of the concentration of the surfactant in the precipitate and in the filtrate were investigated. 
The G4 glass filter recommended up to now was found to be insufficiently effective and a source of loss. The 
new version of the procedure developed works within the range 2-1000 lag of NS in the sample, and thus 
two orders of magnitude lower than the former version of the procedure, showing satisfactory recovery and 
precision. The detection limit (3 x S.D.) was found to be below 1.5 lag in the sample. 

Interferences of anionic surfactants (ASs) e.g. sodium dodecylbenzenesulphonate and sodium lauryl 
sulphate, lipids, e.g. glycerol trioleate (GTO), and chlorophyll were investigated. GTO and AS show no 
effect on the BiAS-ITM results although strong adsorption of ASs on the glass filter as well as a slight 
adsorption on the precipitate was found. Chlorophyll does not interfere with the determination up to 30 lag 
in the sample, whereas higher concentrations produce results that are too high. 

I. Introduction 

Control of  non-ionic surfactants (NSs) in 
surface water requires more effective methods 
than those currently used. The classical BiAS 
procedure [1,2] though widely used in Europe, 
gives poor  results for an NS amount  lower than 
100-200 lag in the sample due to an unavoidable 
loss of  precipitate during its washing with glacial 
acetic acid [3]. A recently developed modifica- 
tion of  this procedure combining the precipita- 
tion of  NSs with modified Dragendorff  reagent 
and quantification by the indirect tensammetric 
method (B iAS- ITM)  shows several advantages 
in comparison with the classical BiAS procedure 
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[4]. First of  all, the B i A S - I T M  does not need the 
washing of  the precipitate with glacial acetic 
acid. In this way the main source of  error in the 
classical BiAS procedure is eliminated. Addi- 
tionally, the B i A S - I T M  exhibits considerably 
fewer differences in the slopes of  the calibration 
graphs of  different NSs than the classical BiAS 
method and therefore shows a substantially 
lower "error  of  choice of  s tandard" (the error 
when one surfactant is determined using a cali- 
bration curve for another surfactant (standard)). 
The B I A S - I T M  can be used for the determina- 
tion of  NSs having 3 -30  oxyethylene subunits 
while the classical BiAS method only applies to 
NSs having 5 -30  subunits. 

Precipitation according to the classical BiAS 
procedure is applied within the range 100- 

reserved 
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1000 ~g of NS whereas the ITM final assay 
requires only 2-25/1g in the sample [5]. 
Therefore the sample obtained after precipita- 
tion and dissolution of the precipitate should 
be diluted prior to the final measurement (an 
aliquot is used). A much better agreement of 
the precipitation step with the final measure- 
ment would be achieved if a lower amount of 
NS was precipitated. Thus the optimisation of 
the precipitation step was the main aim of 
this work. In preliminary experiments it was 
found that the solubility of Triton X-100 pre- 
cipitate with 75ml of Dragendorff reagent 
corresponds to only 0.12 ~g of Triton X-100. 
Hence, it should be possible to precipitate 
several micrograms of NS. It was also ob- 
served that the temperature of precipitation 
within the range - 5 - 6 0  °C has no marked 
influence on the recovery of the surfactant. A 
further aim of this work was the study of 
possible interferences from the water matrix. 
Anionic surfactants, lipids and chlorophyll 
were investigated as potential interferents. An- 
ionic surfactants are usually present in excess 
compared with NSs in surface water. Lipids 
(one of the components of surface water) are 
preconcentrated during extracion or gas strip- 
ping in the boundary layer between the 
water and the organic phases. Numerous wa- 
ter samples show a fat layer on the phase 
boundary. Chlorophyll extracted from plants 
is the most serious interferent in the ITM 
measurements [5]. Triton X-100 was used as a 
representative non-ionic surfactant in all the 
experiments. 

The ITM, which was used for the final 
measurement in the BiAS-ITM procedure, is 
a method recently developed for the determi- 
nation of the total concentration of surfac- 
tants [6-8]. The lowering of the ethyl acetate 
tensammetric peak (the monitoring substance) 
is the analytical signal in the ITM. The sig- 
nals of different NSs are roughly additive [8] 
and are sufficiently tolerant to anionic surfac- 
tants [7]. ITM can be applied both as final 
measurement in a separate procedure as well 
as in combination with the BiAS procedure 
[5]. Apart from the ITM, adsorptive stripping 
tensammetry (AdST) was used as an auxiliary 
technique. The analytical signals in AdST 
are specific and highly sensitive to the effects 
of mixtures. Therefore AdST can hardly be 
used for the final measurement. On the other 
hand, its high sensitivity and specificity make 
AdST an excellent technique for different 

model investigations with a single surfactant 
[3,9]. 

The experiments in this study were per- 
formed over a comparatively long period of 
time and the precipitation procedure was 
gradually improved. Thus some of the experi- 
ments were performed using much higher Tri- 
ton X-100 spike concentrations and 0.SM 
sodium sulphate as supporting electrolyte. 
Later experiments were performed under the 
modified conditions with lower NS spike con- 
centrations and a supporting electrolyte con- 
taining mainly sodium chloride. 

2. Experimental 

2. I. Apparatus and reagents 

The apparatus, cell and measuring proce- 
dure used were described in part 1 [4]. Briefly, 
a scan voltage of 400 mV rain-~ and an alter- 
nating voltage amplitude of 2 mV were ap- 
plied. A quartz beaker instead of a glass one 
was used and protection of a ceramic frit on 
the end of a salt bridge was applied, to pre- 
vent adsorptive loss of surfactant [10]. 

Glass filters Gl,  G2, G3, G4 and G5 
(Schott-Ger/ite) were used. 

Triton X-100 (Rohm and Haas) was used 
without additional purification. 

Chlorophyll was extracted from Scindapsus 
with acetone. Its concentration was deter- 
mined by the ITM [5]. 

Purified sodium sulphate and sodium chlo- 
ride were used for the preparation of the 
aqueous base electrolytes. All solutions were 
prepared in water triply distilled from quartz. 
Only freshly distilled water was used. 

The modified Dragendorff reagent [l] was 
prepared by mixing solutions A and B before 
use. Solution A comprised 1.7 g of basic bis- 
muth (III) nitrate, 65 g of potassium iodide 
and 220 ml of glacial acetic acid per 1000 ml. 
Solution B was an aqueous solution contain- 
ing 290g of barium chloride dihydrate in 
1000 ml. 

The solution for dissolving the precipitate 
(solution C) was prepared from 12.4 g of tar- 
taric acid and 18ml of ammonia solution 
(25%) made up with water to 1000ml. For 
the purification of this solution of silica gel 
cartridge (Bakerbond spe silica gel 7086-03) 
was used. 
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2.2. Procedures 

2.2.1. Precipitation of NSs with modified 
Dragendorff reagent according to the BiAS 
procedure 

Procedure A The surfactant sample was dis- 
solved in a mixture of 2 ml of methanol and 
16 ml of water. Solution A (8 ml) and solution 
B (4 ml) of  the modified Dragendorff reagent 
were mixed and added to the sample. The 
reaction mixture was stirred for 20 min and left 
for 10 min, with the exception of  the experi- 
ments related to the study of the effect of  
ageing of  the precipitate. The orange-coloured 
precipitate was filtered through a glass filter 
(usually G5). No washing of  the precipitate 
was used. 

The precipitate was dissolved in 20 ml of hot 
solution C. The filter and the beaker were then 
washed with 3 - 4  ml of  water; this portion of 
water was added to the solution containing the 
dissolved precipitate. After cooling, the solu- 
tion volume was made up to 25ml with 
water. 

2.2.2. ITM measurement of concentration of 
NSs in the precipitate 

Procedure B An aliquot of solution obtained 
by dissolving the precipitate was transferred to 
a 25ml volumetric flask, 12.5ml of 1 M 
aqueous sodium sulphate and 1.5 ml of ethyl 
acetate were added, and the flask was filled to 
the mark with water. The mixture, containing 
an excess of ethyl acetate, was vigorously 
shaken and the emulsion transferred into the 
voltammetric cell. The emulsion was stirred for 
10 min to achieve clarity of  the solution due to 
evaporation of  the excess ethyl acetate. This 
excess ethyl acetate extracts surfactants and 
therefore it must be removed; this is demon- 
strated by the disappearance of  turbidity. After 
a quiescent period (30s) the tensammetric 
curve of ethyl acetate was recorded in the 
cathodic direction starting from - 1 . 2 0  V (vs. 
SCE) using a new mercury drop. The difference 
between the height of the ethyl acetate peak 
(recorded in a separate measurement) and the 
peak height of  ethyl acetate in the presence of  
NS is the analytical signal. The results were 
quantified using a calibration curve of  Triton 
X-100. 

2.2.3. ITM measurement of concentration of 
NSs in the precipitate 

Procedure C An aliquot of solution obtained 
by dissolving the precipitate (0.5/25, 4/25 or 
20/25) was transferred to a 25 ml volumetric 
flask. 2.5 ml of 5 M aqueous sodium chloride 
and 1.8 mi of  ethyl acetate were added, and the 
flask was filled to the mark with water. The 
method was further continued according to 
procedure B. 

2.2.4. AdST measurement of concentration of 
NSs in the precipitate 

Procedure D An aliquot of solution obtained 
by dissolving the precipitate was transferred to 
a 25ml volumetric flask, 12.5ml of I M 
aqueous sodium sulphate was added, and the 
flask was filled to the mark with water. The 
AdST measurement was run. The preconcen- 
tration was performed at a new mercury drop 
in a stirred solution at - 1 . 2 0  V (vs SCE). The 
preconcentration time (5 min) was measured 
from the moment of drop formation. The ten- 
sammetric curve was recorded in the cathodic 
direction after a 30 s quiescent period. The 
analytical signal was the height of the "wide" 
tensammetric peak of Triton X-100 [11]. The 
results were quantified using a calibration 
graph of  Triton X-100. 

2.2.5. AdST measurement of concentration of 
NSs in the filtrate 

Procedure E Sodium chloride (10 g) was added 
to the filtrate in a 100 ml volumetric flask, and 
the flask was filled to the mark with water. NSs 
were extracted from the sample with 10 ml of 
ethyl acetate. An aliquot of  the extract (50 lal) 
was dissolved in the 0.5 M sodium sulphate 
base electrolyte. The AdST measurement was 
performed. The preconcentration was per- 
formed at a new mercury drop in a stirred 
solution at - ! . 2 0  V (vs SCE). The preconcen- 
tration time (5 min) was measured from the 
moment of drop formation. The tensammetric 
curve was recorded in the cathodic direction 
after a 30 s quiescent period. The analytical 
signal was the height of the "wide" tensammet- 
ric peak of  Triton X-100 [11]. The results were 
quantified using a calibration graph of  Triton 
X- 100 obtained in the presence of  50 lal of  ethyl 
acetate. 
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2.2.6. Determination of the concentration of 
anionic surfactants (ASs) in the precipitate and 
in the fihrate 

ASs in the precipitate were determined ac- 
cording to the MBAS procedure [12] after their 
dissolution in solution C, the AS in the filtrate 
being determined by AdST. The determination 
of AS in the filtrate by AdST was carried out 
in the samples after extraction of non-ionic 
surfactants and the bismuth (III) complex with 
iodide. Sodium chloride (20 g) was added to 
this solution which was free of NSs. ASs were 
extracted with 10ml of ethyl acetate. An 
aliquot of the extract was evaporated and dis- 
solved in 0.5 M sodium sulphate base elec- 
trolyte. The AdST measurement was 
performed using 5min preconcentration at 
- 1.0 V (vs SCE). The analytical signal was the 
height of the tensammetric peak of the corre- 
sponding surfactant. The results were 
quantified using calibration graphs of corre- 
sponding ASs. 

3. R e s u l t s  and  d i s c u s s i o n  

3. I. Optimisation of the procedure 

3.1.1. Study of the influence of the porosity of 
the glass filter used on the loss of Triton X-IO0 
spike 

Additional sources of the loss of surfactant 
become important after the elimination of the 
most important source of error (loss of the 
precipitate due to dissolution in glacial acetic 
acid). The loss of precipitate during filtration 
due to an insufficiently effective glass filter can 
be one of the potential reasons for the poor 
recovery. The use of a G4 glass filter is recom- 
mended in the classical BiAS procedure [I]. In 
the present study the effectiveness of filtration 
of the precipitate through glass filters of differ- 
ent porosities was examined. For this purpose, 
GI (100-160lam), G2 (40-100 lam ), G3 (16- 
40lam), G4 (5-16lam) and G5 (l.6-5lam) 
glass filters were used. Samples with spikes of 
200lag of Triton X-100 precipitated with 
modified Dragendorff reagent were filtered 
through these filters. The precipitates were then 
dissolved in hot ammonium tartrate solution 
(see procedure A, section 2.2.1. for details). 
The amount of Triton X-100 was determined 
by ITM (procedure B, section 2.2.2.) as well as 
by AdST techniques (procedure D, s e c t i o n  
2.2.4.). The filtrate was extracted with ethyl 

acetate. It is necessary to stress that particles of 
the precipitate dispersed in the filtrate are de- 
composed by ethyl acetate during extraction 
and NSs are thus transferred into ethyl acetate. 
The amount of Triton X-100 in the filtrate was 
determined by AdST (see procedure E, section 
2.2.5.). The results are shown in Fig. 1. Except 
for the amounts of Triton X-100 in the precip- 
itate (as determined both by ITM and AdST) 
and in the filtrate, the total amount of Triton 
X-100 is given. The G4 filter proves to be 
insufficient for effective filtration as roughly 
25 lag of Triton X-100 (from the initial 200 lag 
of the surfactant) are lost. The G5 filter is 
much better although loss of trace amounts is 
still found. The G5 filter was used in further 
investigations, taking into account these re- 
sults. 

3.1.2. The effect of "time of precipitation" 
The precipitation of NSs with modified Dra- 

gendorff reagent depends on the period of time 
between the mixing of the reagents and the 
filtration of the precipitate, called here the 
"time of precipitation". The time of precipita- 
tion consists of the time of formation of the 
complex precipitate and the time of ageing of 
the precipitate in the reaction mixture prior to 
filtration. For the precise determination of the 
time of precipitation, a series of experiments 
involving the precipitation of 100 lag of Triton 
X-100 were performed. The amount of Triton 
X-100 was determined both in the precipitate 

200- 

 1oo 

G1 G2 G3 G4 G5 
Tested filters 

Fig. I. Dependence of  the recovery (R) of a 200 pg spike 
of Triton X-100 on the porosity of  the glass filters used in 
the procedure, as determined by ITM (curve a; empty 
circles) and AdST (curve a; filled circles). Curve (b) shows 
the amount of  Triton X-100 lost in the filtrate. Crosses 
show the sum of Triton X-100 in both fractions. The 
broken line (c) shows the spike of Triton X-100. 
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Fig. 2. Dependence of the recovery (R) of a 100 lag spike 
of Triton X-100 on the "'time of precipitation" (t~) of the 
precipitate, as determined by ITM (curve a; empty circles) 
and AdST (curve a; filled circles). Curve (b) shows the 
amount of Triton X-100 lost in the filtrate. Crosses show 
the sum of Triton X-100 in both fractions. The broken line 
(c) shows the spike of Triton X-100. 

(by ITM, procedure B, and AdST, procedure 
D) and in the filtrate (by AdST, procedure E). 
The results are given in Fig. 2. The minimum 
period of  time necessary to avoid serious losses 
of surfactant in this step of the procedure is 
15 min. A further ageing time of  up to 30 rain 
seems to have some positive effect. 

3.1.3. Preliminary attempts to precipitate 
sub- 1 O0 i~g amounts of Triton X- 1 O0 

The elimination of several sources of  error in 
the precipitation step of  the BiAS procedure 
(such as removal of  the washing with glacial 
acetic acid, a properly selected porosity of  the 
glass filter and an optimum time of  precipita- 
tion) makes the precipitation of  amounts of  NS 
below 100 lag feasible. The aim of the present 
study was to check whether 10-100lag 
amounts of Triton X-100 are quantitatively 
precipitated with modified Dragendorff 
reagent. Spikes of Triton X-100 were precipi- 
tated with modified Dragendorff reagent [1] 
filtered and dissolved in hot ammonium tar- 
trate (solution C). Triton X-100 was extracted 
with 10ml of ethyl acetate. Portions (0.1- 
1.0 ml) of  ethyl acetate solution were trans- 
ferred to a 25 ml volumetric flask, 12.5 ml of  
1 M aqueous sodium sulphate were added and 
the volumetric flask was filled to the mark with 
water. Triton X-100 was determined by AdST 
after 5 min preconcentration at - 1 . 2 0  V (vs. 
SCE). The specific signal of Triton X-100 was 
used for the determination of  the concentra- 
tion, using a calibration curve prepared in the 
presence of a fixed amount of ethyl acetate. 
AdST was applied in this series to certify the 

precipitation of  Triton X-100. The results are 
shown in Table 1. They show that spikes of 
Triton X-100 are correctly recovered within the 
investigated range, as the Triton X-100 is al- 
most quantitatively precipitated. 

3.1.4. Modification of the ITM measurement for 
the determination of small amounts of NSs 

The procedure described in the previous pa- 
per [4] is limited to the determination of NSs in 
amounts higher than 100lag in the sample. 
Only aliquots of solution obtained after disso- 
lution of  the precipitate were used according to 
this procedure. However, if larger portions of  
the dissolved precipitate are introduced into 
the measuring system, the barium ions from 
the dissolved precipitate react with sulphate 
ions from the base electrolyte, forming a pre- 
cipitate of barium sulphate. This concerns not 
only barium ions from the dissolved precipitate 
but also barium ions from the excess of  Dra- 
gendorff reagent not removed by washing. The 
other factor which must be taken into account 
is the presence of  high concentrations of tar- 
trates, which slightly modifies the measuring 
conditions in the ITM procedure. Therefore 
the conditions for the ITM measurement were 
modified. Sodium chloride (0.5 M) was used 
instead of 0.5 M sodium sulphate as the base 
electrolyte (compare procedures B and C). The 
influence of tartrates was taken into account 
for the construction of the calibration graphs. 
A range of 2-1000lag NS in the sample was 
aimed at in the modified procedure. Such a 
wide range could not be covered using only one 
calibration curve. Thus three ranges for the 
amount of NSs in the samples were selected: 
2 -20  lag, 10-100 lag and 50- 1000 lag respec- 
tively. The NSs precipitated with modified 
Dragendorff reagent were dissolved in 20 ml of 

Table 1 
Recovery of Triton X-100 spikes below 100 lag precipitated 
with modified Dragendorff reagent (as determined by 
AdST) 

Added Found Recovery 
(Pg) (pg) (%) 

0 1.3 
10 8.1 81 
20 17.7 89 
40 39.0 97 
60 58.6 98 
80 77.1 96 

100 97.6 98 
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Fig. 3. Calibration graphs of  Triton X-100 corresponding 
to the use of  three different aliquots of  the dissolved 
precipitate: curve a, 0.5/25; curve b, 4/25; curve c, 20/25. 

hot ammonium tartrate solution (according to 
the classical BiAS procedure with additional 
filtration of  the solution through an spe silica 
gel cartridge); the solution was then placed in a 
25 ml volumetric flask and filled to the mark 
with water. For  the range 50-1000 lag, a 0.5 ml 
aliquot is used. Further processing of  the 
aliquot was performed according to procedures 
C and B. If the result obtained was below this 
range, the measurement was repeated with a 
4 ml aliquot of  sample in the range 10-100 lag. 
Finally, if the result was still below this range, 
a 20 ml aliquot of  a solution (range 2 -20  lag) 
was used. As each of these aliquots contains 
different amounts of  tartrates, slight changes in 
the calibration graph result. Therefore three 
calibration graphs should be used, with tar- 
trates in concentrations corresponding to the 
0.5, 4 and 20ml aliquots, respectively. The 
calibration graphs performed under these con- 
ditions with standard Triton X-100 are shown 
in Fig. 3. Curves a', b' and c' cover a wide 
range of  concentration showing typical F-shape 
curves, while curves a, b and c cover the almost 
linear, most frequently used sections of the 
calibration graphs. Differences between the 
curves are best explained by the influence of  

tartrates or impurities introduced with the tar- 
trates. The more tartrates, the stronger their 
influence on the analytical signal. 

3.1.5. Recover), and precision according to the 
improved analytical procedure 

Recovery and precision were checked in 
model studies involving precipitation of Triton 
X-100 spikes, dissolution of  the precipitate and 
the ITM measurement (following procedures A 
and C). The recovery was tested within the 
range 2-1000 lag of  Triton X-100. The results 
are shown in Table 2. In several cases the 
measurements were performed using two differ- 
ent aliquots of  the same precipitated Triton 
X-100 spike. The results support the possibility 
of  precipitation and determination of  NSs at 
concentrations below 100 lag up to 2 lag in the 
sample, using the BiAS- ITM procedure. The 
recoveries are satisfactory, although they are 

Table 2 
Recovery of  different spikes of  Triton X-100 (model stud- 
ies) 

Added Calibration Found Recovery 
(lag) graph (lag) (%) 

1000 I 1012 101 
700 1 708 101 
400 1 392 98 
200 I 192 96 
100 11 95.6 96 
50 II 47.9 96 
30 II 28.1 94 
30 ill  26.0 87 
25 II 25.0 100 
25 ili 22.0 88 
20 II 17.7 89 
20 III 18.9 95 
15 Ii 11.5 77 
15 III 14.1 94 
10 II 8.4 84 
10 111 9.6 91 
5 III 4.5 90 
2 I!1 2.0 100 

Table 3 
Precision of  the determination of  different Triton X-100 
spikes for the complete measuring cycle of model solu- 
t ions" 

Added Found SD R.S.D. 
(lag) (lag) (lag) 

1000 1012 15 0.015 
100 95.6 3.0 0.03 

5 4.5 0.42 0.09 

" Number of  measurements, 5. 
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Table 4 
The influence of anionic suffactants on the determination of Triton X-100 spikes by the BiAS-ITM procedure 

1257 

Added (lag) 

Triton X-100 DBS LS 

Found (lag) 

Triton X-100 DBS or LS 

ITM AdST P ~ F b 

0 1000 0 0 0 220 784 
100 1000 0 90 100 226 784 
200 1000 0 194 224 274 734 

1000 1000 0 970 990 306 666 
0 0 1000 5 2 422 631 

100 0 1000 97 94 412 660 
200 0 1000 206 212 433 631 

1000 0 1000 994 988 456 579 

P represents DBS or LS in the precipitate or on the filter as determined by the MBAS procedure. 
b F represents DBS or LS in the filtrate as determined by AdST. 

usually slightly below 100%, especially for the 
lower concentration range. It is usual for trace 
analysis that at the lower concentrations the 
loss is more pronounced. 

The precision was tested for 1000, 100 and 
5lag Triton X-100 spikes. The results are 
shown in Table 3. The precision is very good 
for the larger spikes and acceptable for the 5 lag 
spikes, typical for trace analysis. The detection 
limit of the BiAS-ITM procedure calculated 
on the basis of 3 x S.D. lies slightly below 
1.5 lag NS in the sample. 

3.2. Interferences 

3.2.1. Anionic surfactants 
The ITM is tolerant to anionic surfactants 

[7]. However, it was necessary to check the 
influence of ASs on the precipitation step. To 
do this, 100, 200 and 1000 lag spikes of Triton 
X-100 were precipitated in the presence of 
1000 lag of sodium dodecylbenzenesulphonate 
(DBS) or sodium lauryl sulphate (LS). Triton 

X-100 was determined according to the proce- 
dure B. Additionally, the precipitated surfac- 
tant was determined by AdST (procedure D). 
DBS and LS were also controlled in the precip- 
itate using the MBAS method [12] and in the 
filtrate by AdST (see section 2.2.6.). The 
amount of surfactant in the precipitate fraction 
also included the surfactants adsorbed on the 
glass filter and surfactants washed out simulta- 
neously with the precipitate. The results are 
shown in Table 4. The results obtained by the 
BiAS-ITM and AdST techniques are basically 
the same. No substantial influence of the an- 
ionic surfactants on the results for Triton X- 
100 is observed. Very interesting results 
concern the anionic surfactants. Both DBS and 
LS are strongly adsorbed on the glass filter, as 
is seen from the results of measurements in the 
absence of Triton X-100. No Triton X-100 
spike means no precipitate formed. Therefore 
only the glass filter used is responsible for a 
roughly 20% presence of DBS and a roughly 
40% presence of LS in the "precipitate" frac- 

Table 5 
The influence of glycerol trioleate (GTO) on the determina- 
tion of Triton X-100 spikes by the BiAS-ITM procedure 

Added (.g) 

Triton X-100 GTO 

Found (lag) 

Triton X-100 

ITM AdST 

100 1000 102 108 
1000 1000 992 974 

Table 6 
Recovery of Triton X-100 spike in the presence of chloro- 
phyll (calibration curve III) 

Added (lag) Found Recovery 
(lag) (%) 

Triton X-100 Chlorophyll 

10 0 9.6 96 
10 10 9.4 94 
10 30 9.8 98 
10 50 12.1 121 
10 100 16.5 165 



1258 B. Wyrwas et al. / Talanta 42 (/995) 1251-1258 

tion. A corresponding loss in the filtrate frac- 
tion supports this conclusion. Some DBS and 
LS is also adsorbed on the Triton X-100-con- 
taining precipitate, as must be derived from the 
fact that the amount of the anionic surfactants 
in the precipitate fraction increases with the 
increase of the spike of Triton X-100, whereas 
the amount of AS in the filtrate respectively 
decreases. 

3.2.2. Lipids 
Lipids were represented by glycerol trioleate 

(GTO). Spikes (100 and 1000 lag) of Triton 
X-100 were processed in the presence of 
1000 lag of GTO. Triton X-100 in the dissolved 
precipitate was determined using procedure B. 
The results are summarised in Table 5. No 
substantial effect of GTO was observed. 

3.2.3. Chlorophyll 
Chlorophyll is the most serious interferent in 

the ITM measurements, showing much 
stronger signals than NSs. Therefore, water 
samples for the ITM measurement of NS con- 
centration must be filtered, thereby any infor- 
mation concerning the amount of NSs 
adsorbed on particles in the surface water is 
lost. Loss of chlorophyll during the precipita- 
tion step is foreseeable. Experiments involving 
the precipitation of a 10 ~g spike of Triton 
X-100 in the presence of increasing amounts of 
chlorphyll (from 10-100 lag in the sample) were 
carried out. The chlorophyll concentration was 
measured by the ITM. The Triton X-100 in the 
precipitate was determined according to proce- 
dure C. The results are shown in Table 6. It is 
apparent that 30 lag of chlorophyll are toler- 

ated while 50 ~tg of chlorophyll are not. Thus, a 
3: l excess of chlorophyll is tolerated. The result 
is satisfactory as an excess of chlorophyll vs. 
NSs is not to be expected. 
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Abstract 

A flame AAS method is used for the determination of dopants and impurities in potassium titanylphos- 
phate (KTP) single crystals. Sample digestion using sulphuric acid and hydrofluoric acid is proposed as 
being the most appropriate procedure. The effect of major and minor components in the sample solution on 
the analytical signal is studied. The content of the dopants Cr, Mn and Ni (at a level of about 1 mg g- ~) 
as well as the content of the impurities Fe, Na, Mg, W and AI (from 4 lag g- t to 4 mg g-  ~, depending on 
the trace metal) in the KTP single crystals is determined. The precision of the method is characterized by a 
relative standard deviation of 3-10%. The accuracy is checked by comparison with ICP-AES data for the 
trace element content in the KTP single crystals. 

Keywords: Dopants; Flame AAS; Potassium titanylphosphate; Single crystals; Trace metal impurities 

1. Introduction 

Potassium titanylphosphate (KTP) possesses 
a unique combination of properties making it a 
superior optical crystal for second harmonic 
generation and electro-optic applications [1,2]. 
Ionic conductivity is important in the process- 
ing of waveguides in the material and in wave- 
guide device stability [3], The damage 
susceptibility of KTP has been shown to in- 
crease with increasing ionic conductivity of the 
crystal [3]. Doping is a way of reducing the 
ionic conductivity. For example, doping with 
chromium reduces the ionic conductivity of 
KTP from l 0  - 6  t o  10-8 f~-t cm - t .  

Along with dopants intentionally added in 
order to achieve specific properties, impurities 
can be unintentionally introduced into the crys- 
tal from the starting materials or during the 
crystal growth. The structural properties of 
typical non-linear optical oxides lead to high 
distribution coefficients of trace elements, and 

* Corresponding author. 

little if any purification occurs during the 
growth process [3]. Therefore the use of high- 
purity starting materials is very important for 
lowering the impurity level in the crystals 
themselves. 

The correct interpretation of the specific 
properties of the crystals and the control of 
their quality requires a precise knowledge of 
the content of dopants and impurities incorpo- 
rated. 

The aim of the present work was to develop 
a reliable sample decomposition and flame 
atomic absorption procedure in order to deter- 
mine the concentration of trace elements (do- 
pants and impurities) in KTP single crystals. 

2. Experimental 

2.1. Reagents 

Reagents of the highest available purity 
grade were used - -  96% H2SO4 and 40% HF 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights reserved 
SSDI 0039-9140(95)01570-1 
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(Suprapur, Merck), 30% H202 (z.S., Merck), 
and redistilled water. Plastic or PTFE ware was 
used throughout. 

2.2. Apparatus 

The measurements were performed using the 
flame AAS spectrometer Pye Unicam SP 192, 
at the most sensitive analytical lines of the 
elements recommended in the manual. Deu- 
terium background correction and an ad- 
justable Pt-I r  nebulizer with an impact bead 
were used. A lean air-acetylene flame was used 
for Ni, Mn, Na, Fe, Mg, Pt and Cr; a rich 
N20-acetylene flame was used for A1 and W. 
The heights of the "red feather" were 1 cm and 
2.5 cm, respectively. Calibration was performed 
by the standard additions method. 

2.3. Dissolution procedure 

The KTP crystal was crushed into pieces and 
finely ground in an agate mortar. A portion 
(200 mg) of the sample was transferred to a 
PTFE beaker of 100 ml volume, and 2 ml of 
concentrated H2SO4 and 6 ml of 40% HF were 
added. The beaker was heated on a hot plate 
until sample dissolution occurred with subse- 
quent removal of the excess HF. The beaker 
was cooled, the walls were washed with several 
milliliters of redistilled water and heating was 
repeated until SO3 vapours appeared. The solu- 
tion obtained was diluted with 3-4 mi of redis- 
tilled water and 0.4 ml of 30% H202 were 
added dropwise under stirring. The obtained 
orange-coloured solution was transferred to a 
25 ml polypropylene graduated flask and was 
brought up to volume with redistilled water. 
The concentration of KTP in the solution was 
0.8%, and the concentration of H2SO4 was 
1.5 mol dm -3. Where necessary, an aliquot of 
the sample solution was diluted with water in a 
polypropylene tube. 

A blank sample was subjected to the whole 
procedure. 

3. Results and discussion 

The chemical resistance and the low solubil- 
ity of KTP are among its advantages as an 
optical crystal. These are disadvantages, how- 
ever, when considering its analysis by means of 
AAS, since preliminary dissolution of the sam- 
ple is required. 

For the dissolution of phosphates and ti- 
tanates, sample digestion with sulphuric acid is 
proposed. The process is accelerated by the 
addition of ammonium sulphate [4]. The 
residue is dissolved in sulphuric acid with a 
concentration above 5% in order to avoid hy- 
drolysis and the precipitation of titanium. A 
better dissolution of the residue is achieved by 
the addition of H20,~, tartaric or oxalic acid. 
Titanium oxide is readily soluble in HF [4]. In 
many cases, good results are obtained by fu- 
sion with potassium pyrosulphate or sodium 
hydroxide/sodium peroxide [4]. Titanium-con- 
taining silicate samples are digested with a 
mixture of H2SO 4 and HF. Suiphuric acid is 
added in order to avoid partial losses of 
volatile fluorides [4]. 

The method of sample digestion should be in 
accordance with the subsequent method of 
analysis. From this point of view, sample diges- 
tion by fusion is not appropriate for the AAS 
determination of the trace element content in 
KTP crystals due to the high salt content of the 
final solution, leading to severe matrix interfer- 
ences and high blank values as well as to a drift 
in the flame characteristics (or even burner 
blockage). 

The method of sample digestion should also 
take into consideration the analyte elements in 
order to provide their complete dissolution 
without losses or contamination. 

Two modes of acid digestion of the KTP 
crystals were tested. 

(i) Digestion with a mixture of H2SO4 and 
(NH4)2SO4. A 100 mg portion of the sample 
was heated on a hot plate with 1.2 ml of con- 
centrated H2SO4 and 0.5 g of (NH4)_,SO4 for 
1 h. After cooling, 3-4 ml of water and 0.5 ml 
of 30% H202, dropwise were added. The latter 
was introduced in order to maintain the tita- 
nium in solution as the complex acid 
H2[TiO2(SO4)2] [4]. The solution became or- 
ange-coloured (the colour of the complex), a 
small amount of a white precipitate also being 
observed. Qualitative analysis of the precipitate 
by atomic emission spectrometry pointed to the 
presence of silicon, aluminium and magnesium. 
It may hence be assumed that the KTP crystals 
had been contaminated with silicon (from the 
furnace materials) during the synthesis and the 
silicic acid precipitate formed during digestion 
sorbed aluminium, magnesium and probably 
other trace elements, thus interfering with their 
quantitative determination in the analyte solu- 
tion. 
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It follows then that silicic acid should be 
removed from the solution during digestion, as 
accomplished in procedure (ii). 

(ii) Digestion with a mixture of H2SO4 and 
HF. A portion (100mg) of the sample was 
heated on a hot plate (PTFE beaker) with 
1.5 ml of concentrated H2SO4 and 5 ml of 40% 
HF. After heating for 5-10min, a clear solu- 
tion was obtained. Heating was continued in 
order to remove the excess HF since fluoride 
ions would interfere with the subsequent for- 
mation of the complex H2[TiO2(SO4)2] [4]. 
During HF removal, a fine white precipitate 
appeared in the solution. After cooling, dilut- 
ing with water and adding 0.5 ml of H202, this 
precipitate dissolved completely. The appear- 
ance of the precipitate upon the removal of HF 
and its redissolution by the addition of H202 
gives grounds to assume that the precipitate 
was titanium. 

The trace elements to be determined in the 
present study were Cr, Mn, Ni, Fe, W, Pt, Mg, 
A1 and Na. Preliminary experiments with 
spiked samples showed that these elements 
were brought into solution quantitatively by 
the above digestion method. The optimized 
conditions of the digestion method used are 
given in the dissolution procedure. All the cited 
trace elements were determined in the solution 
of KTP thus obtained, some after additional 
2-5-fold dilution with water. 

The following KTP single crystals were 
analysed: 

undoped KTP (four samples); 
KTP doped with Mn (one sample); 
KTP doped with Cr (one sample); 
KTP doped with Ni (one sample). 

3. I. Determination of dopants 

The concentration of dopants in optical crys- 
tals is usually in the range of hundreds of 
micrograms per gram which considerably ex- 
ceeds the dynamic range of flame AAS (the 
corresponding flame AAS limits of detection in 
a 0.8% solution of KTP are shown in Table 1). 
This allowed us to apply a 2-5-fold dilution of 
the sample solutions. It was important to find 
out whether the matrix KTP or the dissolution 
reagent H2SO4 affected the analytical signal. 
This effect was estimated by comparing the 
slopes of the calibration curves for various 
concentrations of KTP or H2SO4 with that of 
an aqueous calibration curve. The results of 
this study are shown in Tables 2 and 3. As can 

Table 1 
Flame AAS limits of  detection (3~r criterion) of  the ele- 
ments  in a 0.8"/, KTP solution 

Element Limit of  
detection 
(lagg - I  ) 

Cr 17 
Mn 2.8 
Ni 8 
W 500 
AI 150 
Pt 11 
Fe 7 
Na 1.7 
Mg 0.35 

be seen, the matrix KTP still strongly sup- 
presses the analytical signal of Cr, Mn and Ni 
at the lowest concentration examined - -  
0.16%, which corresponds to a five-fold dilu- 
tion of the sample solution. The effect is most 
strongly expressed for Cr, most weakly for Ni. 
It may hence be assumed that at the tempera- 
ture of the air-acetylene flame, the droplets 
produced by the nebulizer had given rise to 
solid particles (e.g. a Cr-Ti compound) which, 
because of their high vaporization temperature, 
are not completely converted to atomic vapour. 
The effect of H2SO4 is less pronounced for all 
three elements, i.e. viscosity and surface tension 
effects are negligible in the examined H,SO4 
concentration range. 

Reviewing the data presented in Tables 2 
and 3 it may be concluded that accurate results 
for the content of Cr, Mn and Ni in KTP 
solutions can be obtained by means of flame 
AAS when calibration is performed by the 
standard additions method or if the calibration 
standards contain the same concentration of an 
undoped crystal matrix. Where possible, sam- 
ple dilution is recommended. 

Table 2 
Ratio slopes of  the calibration curves for various KTP 
contents and the slope of an aqueous calibration curve 

Element KTP in solution 

0.16% 0.4'¼, 0.8'7. 1.0%, 

Cr 0.6 0.5 0.4 0.3 
Mn 0.7 0.6 0.5 0.5 
Ni 0.9 0.8 0.7 
Na 0.9 0.9 0.8 0.7 
Fe 0.7 0.5 - 
Mg 0.5 0.3 0.15 
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Table 3 
Ratio slopes o f  the calibration curves for various H,SO4 
concentrations and the slope of an aqueous calibration 
c u r v e  

Element Sulphuric acid 

0.3 mol dm -~ 1.5 mol dm -3  

Cr 1.0 0.9 
Mn 1.0 0.9 
Ni 1.0 0.9 
Na 1.0 0.9 
Fe 1.0 0.9 
Mg 0.9 0.8 

3.2. Determination of impurity elements 

The growth of KTP crystals takes place from 
a molten mixture of the composition K20-  
P2Os-TiO2-WO 3, where WO3 serves as a 
high-temperature solvent. The presence of a 
large amount of WO3 in the growth solution 
leads to its incorporation in the crystal. That is 
why the tungsten content in the latter is of 
interest. 

The KTP crystals may be also contaminated 
with platinum from the crucible used for the 
synthesis. 

Traces of Mg, AI, Fe and Na can be incorpo- 
rated in the crystal from the starting sub- 
stances, from the furnace materials and from 
the ambient air. 

The limits of detection of W, AI, Pt, Fe, Na 
and Mg in a 0.8% solution of KTP determined 
by flame AAS are presented in Table 1. 

Preliminary experiments performed by means 
of ICP-AES revealed that the concentration of 
W in the KTP crystals was about 1000- 
4000 mg g-  t. A comparison of this concentra- 

tion range with the data of Table 1 reveals that 
the reliable flame AAS determination of W in 
0.8% solutions of KTP is hardly possible. The 
W content was determined only in sample I of 
the undoped KTP crystal which had the highest 
W content. 

The content of Pt in the analysed KTP crystals 
was below the limits of detection shown in Table 1. 

Preliminary studies of the A1 content of the 
KTP crystals (ICP-AES) pointed to a content 
of about 200-700~tgg -~. The data for AI 
shown in Table 1 revealed that the determina- 
tion of AI in the KTP solutions is as discussed 
for W. Only sample 3 of the undoped KTP 
crystal (that with the highest AI content) was 
analysed for AI. 

The content of Fe, Na and Mg in the KTP 
crystals was higher than the limits of detection 
shown in Table 1. Care was taken to avoid con- 
tamination from reagents and laboratory ware. 

The effects of the KTP and H2SO4 contents 
in the solution on the analytical signals of Fe, 
Na and Mg are shown in Tables 2 and 3. As 
can be seen, the dependences are the same as 
for Cr, Mn and Ni: the effect of KTP is much 
higher than that of H2SO4. The effect of KTP 
is most pronounced for Mg. Fortunately the 
content of this element in the analysed crystals 
permitted its determination after five-fold dilu- 
tion of the solution. 

3,3. Analysis of KTP single crystals 

The content of dopants and impurity ele- 
ments in the KTP crystals was determined as 
described in the Section 2.2. The results are 
shown in Table 4. The mean value was deter- 
mined from the analysis of three separate por- 
tions of each single crystal. 

Table 4 
Content  o f  dopants  and impurities in KTP single crystals 

Element Undoped KTP 
(~g g -  ,) 

I 2 3 4 

Cr-doped Mn-doped Ni-doped 

C r  . . . .  

Mn . . . .  
Ni . . . .  
Fe 108 94 76 59 
Na 435 457 542 343 
Mg 4.8 12.0 12.3 4.3 
W 4420 . . . .  
AI - 750 - 

837 
862 
- 1146 

48 51 47 
540 825 772 

6.3 7.3 5.7 

Single determination. 
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Table 5 
Trace element determination in the Mn-doped sample by 
flame AAS and ICP-AES 

results obtained by the 
found. 

two methods was 

{~gg-I) (l~g g-I~ 

Mn 862 +_ 25 835 _ 30 
Fe 51 + 5.5 55.6 + 6.0 
Na 825 + 39 822 + 16 
Mg 7.3 + 0.50 8.0 + 0.50 
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The precision of the method is characterized 
by a relative standard deviation of 3-10%. The 
accuracy of the flame AAS determination of 
the trace element content (dopants and impuri- 
ties) in KTP single crystals was checked by 
comparison with the results obtained by the 
ICP-AES analysis [5] of a sample solution ob- 
tained as described in the dissolution proce- 
dure. Results for the analysis of the Mn-doped 
sample are shown in Table 5. Using Student's 
criterion, no statistical difference between the 
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Abstract 

A new fusion agent is proposed for t. ~. analysis of cement and cement raw meal using AAS. In the 
described method, 0.8 g of the fusion agent, consisting of equal portions of oxalic acid, lithium carbonate 
and lithium tetraborate, was mixed with 0.2 g of the sample, and the mixture was fused for 10 min at 925 °C 
in a platinum crucilbe. The fusion cake was dissolved with dilute hydrochloric acid (1 + 10) and diluted to 
500 ml for the determination of Si, AI, Fe, Ti, Na and K expressed as SiO:, AI,O 3, Fe203, TiO2, Na,O, and 
K20 respectively. For the determination of Ca and Mg (expressed as CaO and MgO respectively), 10 ml of 
the previous sample solution were mixed with 4 ml of 6% (m/v) lanthanum nitrate solution and the solution 
was diluted to 100 ml. The method was found to have good accuracy and precision. The time required to 
determine the eight elements was around 80 min for each sample. 

Ke),words: Atomic absorption spectrophotometry; Cement; Fusion method: Limestone: Raw meal 

1. Introduction 

In the cement industry, limestone, clay and 
iron ore are used as raw materials and are 
mixed in controlled proportions and ground to 
form the raw meal, which is ignited at high 
temperature to form clinker. The clinker is 
ground with gypsum to give cement. Inside the 
cement plant, on-line control of  the composi- 
tion of  raw meal is needed to maintain the 
composition of cement to within strict require- 
ments. This is usually achieved in the cement 
industry by determining the content of  each 
element of  interest, expressed in terms of  the 
respective oxide. The final composition of  a 
typical cement is as follows: 65% CaO, 22% 
SiO2, 3.8% A1203, 4.2% Fe203, 1.0% MgO, 
0.6% Na20, 0.2% K20, 0.2% TiO2. 

The instrumental method commonly used 

* Corresponding author. 
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for the analysis of cement and cement raw meal 
is X-ray fluorescence (XRF) spectrometry [1,2]; 
however, the instrument is expensive. Further, 
for the determination of trace elements in ce- 
ment using XRF,  tedious steps are needed to 
separate the analyte from the matrix [3]. Other 
instrumental methods applicable are UV-vis 
spectrophotometry [4], atomic absorption spec- 
trophotometry (AAS) [5] and inductively cou- 
pled plasma-atomic emission spectrometry 
(ICP-AES) [6]. The standard methods [7,8] for 
cement analysis are complicated and require a 
long time to complete a full analysis for a 
single sample. Among these methods, AAS is 
most suitable for the analysis of cement and 
raw meal because it is selective, rapid and the 
instrument employed is cheaper and the run- 
ning cost lower than those for XRF and ICP- 
AES, however, it requires the sample to be 
completely soluble. 

Raw meals containing appreciable amounts 
of silica are difficult to dissolve and they are 

reserved 
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Table 1 
Instrumental operating conditions for the AAS determinations 

Element Spectrophotometer 

Lamp curent Wavelength Slit 
(mA) (nm) (nm) 

Fuel 
type 

Flow rate 

Fuel Oxidant 
(1 min -~) (I min - j  ) 

Fe 10 248.3 0.2 A 1.7 13.6 
A1 10 309.3 1.3 N 5.5 6.6 
Si 10 251.6 0.2 N 5.8 6.3 
Mg 7.5 285.2 0.4 A 1.7 13.6 
Ca 10 422.7 0.2 A 1.7 15.0 
Na 7.5 589.0 0.4 A 1.5 15.0 
K 7.5 766.5 1.3 A 1.5 13.6 
Ti 7.5 364.3 0.4 N 5.8 6.0 

Key: A, air-acetylene flame; N, nitrous oxide-acetylene flame. 

either decomposed by hydrofluoric acid or by 
fusion. Hydrofluoric acid decomposition takes 
more than 1 h to complete and is not suitable 
for rapid analysis. In the fusion method, the 
agents used include sodium carbonate [9], 
lithium metaborate [10-13], and lithium tetra- 
borate [14,15]. Sodium carbonate is not 
efficient to convert silica into a soluble form. 
Lithium metaborate and tetraborate are effec- 
tive but are expensive and require a long time 
for dissolving the fusion cake. We observed 
that when lithium tetraborate was used, silica 
was precipitated during the course of dissolv- 
ing the fusion cake. The lithium tetraborate- 
sodium carbonate system [15] does not have 
these drawbacks, and has been successfully 
applied to the analysis of cement and flyash 
containing up to 50% of silica; how- 
ever, sodium in the samples cannot be deter- 
mined. 

It is the purpose of the present work to 
develop a new fusion agent for the rapid 
analysis of cement and cement raw meal us- 
ing AAs, which is superior to other published 
fusion systems in terms of the time required 
for fusion and dissolution and the number of 
elements that can be determined. 

2. Experimental 

Analytical reagent grade chemicals and dis- 
tilled water were used throughout the proce- 
dure. 

2.1. Instrument 

A Hitachi Z6100 Zeeman atomic absorp- 
tion spectrophotometer was used for the ab- 

sorbance measurements. The measurement 
conditions are shown in Table I. 

2.2. Reagents 

To prepare the fusing agent, oxalic acid, 
lithium tetraborate and lithium carbonate 
were thoroughly mixed in equal proportions 
in mass and ground in a mortar with a pestle 
to give a homogeneous mixture. 

Lanthanum nitrate solution (6%; m/V) was 
prepared by dissolving 30 g of the compound 
in 20 ml of concentrated HCI and diluting the 
solution to 500 ml with distilled water. 

2.3. Procedure 

A portion of the sample (0.200g) was 
weighed accurately and mixed thoroughly 
with 0.8 g of the fusing agent in a platinum 
crucible, which was then covered with its lid 
and placed in a muffle furnace at 295 °C for 
10min. The crucible lid was then transferred 
to a 400 ml beaker containing 100 ml of boil- 
ing distilled water and 10 ml of concentrated 
hydrochloric acid. The crucible was cooled by 
washing its exterior wall with a stream of wa- 
ter, and was then placed in the same beaker, 
which was subsequently covered with a watch 
glass. The solution was heated on a water 
bath until the fusion cake was dissolved. The 
solution was then cooled and diluted to 
500ml with distilled water in a calibrated 
flask. This sample solution was reserved for 
the Si, Fe, AI, K, Na and Ti determinations. 
For the Ca and Mg determinations, 10 ml of 
the above sample solution were pipetted into 
a 100 ml calibrated flask and 4 ml of the 6% 
(m/v) lanthanum nitrate solution were added, 
as ionization buffer, and the resulting solution 
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was diluted to the mark with distilled 
water. 

For standards preparation, 0.5000 g of  a ce- 
ment standard, e.g. BCS 372/1, was mixed with 
2.0 g of  the fusing agent and the mixture was 
treated similarly as for the sample, except that 
20 ml of concentrated HCI instead of 10ml 
were used for dissolving the fusion cake. The 
sample solution was diluted with distilled water 
to 250 ml in a calibrated flask and labelled as 
stock solution A. Standard solutions were pre- 
pared by pipetting 25, 35, 50, and 75 ml of  the 
stock solution A separately into a series of  
250 ml calibrated flasks and diluting to the 
mark with distilled water. These standard solu- 
tions were used for SiO2, Fe203, Na:O, K20,  
TiO2 and A120~ determinations. 

Standards for the CaO and MgO determina- 
tions were prepared by first fusing 0.2000 g of  a 
cement standard with 0.8 g of the fusing agent 
for 10min. After dissolving in hydrochloric 
acid (1 + 10), the solution was diluted to 
500 ml in a calibrated flask and labelled as 
stock solution B. Standard solutions were pre- 
pared by pipetting 10, 20, 25 and 40ml  of 
stock solution B separately into a series of  
250-ml calibrated flasks, adding 10 ml of  the 
lanthanum nitrate solution to each flask and 
diluting to the mark with distilled water. 

The respective reagent blanks were prepared 
similarly as for the sample solutions, except 
that no sample was used in the fusion proce- 
dure. 

3. Results and discussion 

The recently developed system sodium car- 
bonate- l i thium tetraborate [15] is efficient at 
converting silica into the soluble form and can 
save a lot of  time taken up in fusion and 
dissolution. However, as sodium carbonate is 
used, it is not possible to determine sodium in 
the sample. To remedy the situation, sodium 
carbonate needs to be replaced by an appropri- 
ate compound. Lithium carbonate was chosen 
for the present study because it has a lower 
melting point so that fusion can be carried out 
at a lower temperature. Although lithium tetra- 
borate is expensive, it can convert silica into the 
solution form, and hence should not be ex- 
cluded from the system. Lithium tetraborate is 
preferable to lithium metaborate because it is 
difficult to obtain the latter in high purity. 
Oxalic acid is included as it was found to 

shorten the dissolution time when present. As 
the loss of  alkali was reported at temperatures 
above 950°C [16] the temperature used was 
925 °C. 

Four  fusion systems were prepared to contain 
different proportions of lithium tetraborate, 
lithium carbonate and oxalic acid. The recover- 
ies of silica in cement and flyash obtained after 
fusion with these systems are summarized in 
Table 2, where it can be seen that the proposed 
system gave the best recoveries for both sam- 
pies. Further, the dissolution time was short- 
ened from 30 min to less than 10 min. Also, no 
precipitation of silicon was observed and hence 
a better recovery can be obtained. 

It was found that a graphite crucible was not 
suitable for the proposed system as the melt after 
fusion solidified rapidly and was difficult to 
transfer completely to the beaker. Further, fine 
particles of charcoal were also found to have 
been transferred, and these needed to be removed 
by filtration. A platinum crucible was found to be 
satisfactory for the proposed method. 

3.1. Accuracy 

The concentration of oxides in a number of 
cement, raw meal, and limestone samples were 
determined using the proposed and the XRF 
methods, and the results are shown in Tables 3 
and 4, respectively. The average absolute 
differences between experimental and known 
concentrations were calculated for the cement 
and raw meal samples, and the ASTM-allowed 
differences [8] are also included for compari- 
son. It can be seen that the average absolute 
differences obtained by the proposed method 
were all equal to or less than the respective 

Table 2 
Determination of SiO, by AAS using different fusion sys- 
tems 

Fusion system b SiO2 concentration (%) 

Found a Known 

A B C D 

Cement 20.57 20.83 20.80 20.93 20.88 
(98.5) (98.5) (99.6) (100.2) 

Flyash 43.27 45.79 45.20 47.30 47.3 
(91.5) (96.8) (95.6) (100) 

Per cent recovery given in parentheses. 
hA, lithium tetraborate; B, lithium tetraborate-lithium 
carbonate (1: I); C, lithium tetraborate-oxalic acid (1:1); 
D, lithium tetraborate-lithium carbonate-oxalic acid 
( l : l : l) .  
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Table 3 
Analysis of standard reference materials using A A S  with the proposed fusing agent 

Sample type Concentration (%) 

Known/Found Fe_,O.a TiO_, CaO SiO2 AI20 ~ Na,O MgO K20 

Cement 
SRM 633 Known 4.20 0.24 6 4 . 5 0  21.88 3.79 0.64 1.04 0.17 

Found 4.14 0.27 64 .69  21.86 3.65 0.66 1.00 0.18 
SRM 637 Known 1.80 0.21 6 6 . 0 4  23.07 3.30 0.13 0.68 0.25 

Found 2.05 0.23 66 .08  23.00 3.16 0.14 0.65 0.27 
SRM 1881 Known 4.68 0.25 58 .67  22.25 4.16 0.04 2.63 1.17 

Found 4.67 0.21 5 8 . 5 3  22.40 4.21 0.05 2.53 I. 17 
SRM 1885 Known 4.40 0.20 6 2 . 1 4  21.24 3.68 0.38 4.02 0.83 

Found 4.46 0.21 6 2 . 0 3  21.16 3.55 0.40 3.79 0.83 
SRM 1887 Known 2.16 0.27 62 .88  19.98 5.59 0.10 1.26 1.27 

Found 2.11 0.30 62 .74  20.02 5.54 0.10 1.22 1.26 
BCS-CRM 353 Known 4.82 0.16 64 .80  20.50 3.77 0.10 2.42 0.49 

Found 4.78 0.13 64 .71  20.46 3.71 0.11 2.35 0.51 

Raw meal" 

Average absolute difference 
Standard deviation 
ASTM allowed difference b 

Limestone 
BCS-CRM 393 

SRM Ic 

SRM 88b 

Known 
Found 
Known 
Found 
Known 
Found 

Known 
Found 
Known 
Found 
Known 
Found 

2.98 0.24 43.41 I 1.00 6.84 0.30 0.34 I. 16 
3.08 0.21 4 3 . 4 3  11.12 6.95 0.28 0.28 1.13 
4.63 0.24 43.41 13.28 4.30 0.05 0.48 0.16 
4.83 0.24 4 3 . 2 3  13.36 4.30 0.14 0.49 0.12 
1.80 0.16 47.21 12.32 2.06 0.13 0.59 0.06 
1.90 0.11 4 7 . 2 4  12.37 2.04 0.12 0.62 0.03 

0.10 0.03 0.10 0.07 0.08 0.02 0.07 0.02 
0.08 0.02 0.06 0.04 0.05 0.03 0.07 0.01 

+0.10 +0.03 +0.3 +0.2 +0.2 +0.05 +0.2 +0.05 

0.05 55.40 0.70 0.12 0.15 0.02 
0.05 55.34 0.63 0.08 0. I 0 0.05 
0.55 50.30 6.84 1.30 0.28 
0.51 50.95 6.62 1.21 0.28 
0.28 29.95 1.13 0.34 21.03 0.10 
0.33 30.21 1.08 0.29 20.60 0. I I 

Minor oxide analysis of BCS-CRM 372/1: 

BaO Cr20.a Mn203 

Known (%) 0.01 0.012 0.074 
Found (%) 0.011 0.012 0.081 

"Prepared by mixing known amounts of appropriate standard reference materials. 
b From Ref. [8]. 

A S T M - a l l o w e d  difference, whereas  the  same is 
no t  t rue  for  the X R F  method .  The  p r o p o s e d  
m e t h o d  can yield bet ter  results  than  the X R F  
me thod ,  especial ly for  the light e lements  such 
as N a 2 0  and  M g O  and  for  those  oxides  with 
conten ts  o f  be low 1%. The  X R F  flux yields o f  
the l ight e lements  a re  very low and are  easily 
a b s o r b e d  by  the env i ronment ,  resul t ing in p o o r  
accuracy  in the de te rmina t ion .  Fur the r ,  for  
high accuracy  in X R F ,  the na tu re  o f  the  stan- 
d a r d s  used mus t  be close to the sample  to be 
analysed.  I f  the concen t ra t ions  d id  not  fall 

wi thin the ca l ib ra t ion  range,  e.g. C a O  in BCS- 
C R M 3 5 4  (Table  4), great  devia t ions  were ob-  
served. 

The  oxides  o f  some o f  the t race elements,  
namely  BaO, Cr203 and Mn203,  have also 
been de te rmined  by  the A A S  me thod  using the 
s t a n d a r d  add i t ions  technique,  y ie lding satisfac- 
to ry  results  (see Tab le  3). 

Three  l imestone reference s t anda rd  mater ia l s  
were ana lysed  using the A A S  method .  The  
accuracy  is good  except  for  those oxides  with 
concen t ra t ions  less than  0.1%. 
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Table 4 
Analysis of standard reference material using XRF 

Sample Concentration (%) 
type 

Known/Found Fe_,O~ TiO2 CaO SiO 2 A1203  Na20 MgO K,O 

Cement 
SRM 634 Known 2.84 0.29 6 2 . 5 8  20.73 5.21 0.15 3.30 0.40 

Found 2.80 0.29 6 2 . 0 0  20.84 5.06 0.16 2.22 0.43 
BCS-CRM 353 Known 4.82 0.16 64.80 20.50 3.77 0.10 2.42 0.49 

Found 4.75 0.19 64.90 20.20 4.28 0.16 2.65 0.46 
BCS-CRM 354 Known 0.30 -- 70.00 21.80 4.85 0.10 0.42 0.11 

Found 0.30 68.00 22.05 5.06 0.25 0.81 0.00 
BCS-CRM 372/I Known 3.42 0.28 65.30 20.30 5.37 0.10 1.31 0.76 

Found 3.52 0.29 64.20 20.80 5.60 0.18 1.27 1.05 
SRM 1881 Known 4.68 0.25 5 8 . 6 7  22.25 4.16 0.04 2.63 1.17 

Found 4.58 0.20 5 7 . 8 0  22.40 4.19 0.04 2.81 1.34 
SRM 1884 Known 3.30 0.16 6 4 . 0 1  23.19 3.31 0.13 2.32 0.51 

Found 3.26 0.17 6 5 . 0 7  23.52 3.20 0.08 2.02 0.49 

Raw meal Known 2.56 0.16 4 1 . 3 7  18.65 3.70 0.05 0.66 0.37 
Found 2.77 0.24 41.00 18.32 3.91 0.25 1.00 0.38 
Known 1.35 0.06 40.52 20.25 3.00 0.26 0.37 1.41 
Found 1.70 0.16 3 9 . 6 0  20.83 3.06 0.50 0.12 1.20 

Average absolute difference 0.11 0.04 0.88 0.31 0.19 0.10 0.35 0.11 
Std. deviation 0.11 0.04 0.57 0.14 0.15 0.09 0.31 0.10 
ASTM-allowed difference ~ +__ 0. I 0 + 0.03 + 0.02 + 0.2 4- 0.2 + 0.05 + 0.2 +__ 0.05 

From Ref. [8]. 

3.2. Interference studies 

It has been reported that AI 3+ ions inter- 
fered with the determination of silicon [17], and 
silicon and aluminium interfered with the de- 
termination of calcium [16] by AAS. The 
effects of some common interfering ions were 
assessed by measuring the AAS absorbances of 
solutions with matrices simulating the fusion 
conditions and containing a fixed amount of 
the analyte and various amounts of the inter- 
ferents. The relative deviation in the signal 
caused by the interferent was calculated and is 
tablulated in Table 5. With the matrix contain- 
ing lithium tetraborate, no interference was 
observed for most of the interferents except 
CaO for the determination of Na20, where 
CaO caused a positive error at high concentra- 
tion of Ca(II), and the interference was less in 
the matrix with a high concentration of 
lithium. Further, sulphate was found to cause a 
negative error in the determination of calcium, 
possibly due to the formation of calcium sul- 
phate which can only be broken down at high 
temperatures. Nevertheless, the concentration 
of sulphate in cement samples is much less than 
that of Ca(II), and so its effect need not be 
considered except that sulphuric acid should 
not be used for dissolution purposes. 

3.3. Calibration graph, detection limit and 
precision 

The upper limits (3% deviation from the 
calibration graph), detection limits (defined for 
three times the standard deviation of the blank) 
and correlation coefficients for the calibration 
graphs for the determination of the eight ox- 
ides are shown in Table 6. The working ranges 
of the method are wide for these oxides, which 
enable samples with great variations in compo- 
sitions to be determined. 

The precision for the determination of the 
eight oxides using the proposed and XRF 
methods are shown by comparing the standard 
deviations for replicate determinations (n = 4) 
of the oxides in a cement sample. The results 
are presented in Table 7, where it can be seen 
that the precision using the AAS method is 
comparable or slightly better than that using 
the XRF method, except for TiO2 for which 
the precision using the XRF method is better. 

3.4. Real sample analysis 

In real sample analysis, the XRF method 
was taken as the countercheck method. The 
t-values calculated for cement and raw meal 
are less than the theoretical values, indicating 
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Table 5 
Effect of interferents on the proposed method 

Analyte Interferent Interferent/analyte ratio ~ 

Na_,O CaO 56 108 
(2.3) (4.9) 

CaO b 32 80 
(4.1) (5.1) 

K20 CaO 28 56 
( -  1.5) ( -3 .0 )  

CaO b 41 66 
(2.4) (3.5) 

SiO 2 50 70 
( - 3.9) ( -  5.8) 

AI20~ 5 7 
(-0.8) (-3.5) 

SOl-  7 16 
( -  l.I) (-5.4) 

MgO SiO 2 7 17 
(2.5) (2.2) 

AI.,O~ 0.3 3.3 
(0.4) (0.4) 

AI20~ 2.5 4.8 
( -1 .1 )  ( -2 .3 )  

CaO 

SiO, 

140 
(6.4) 
128 
(7.9) 
65 
(-1.8) 

14 
(-9.8) 
34 
( -36 .8)  
23 
(2.8) 
23 
(1.8) 
7.1 
(2.2) 

23 
( -  11.2) 

The value in parentheses is the per cent deviation from the value without interferent. 
b Matrix free of lithium tetraborate. 

that there is no significant difference between 
the proposed and countercheck methods (see 
Table 8). 

In carbonate rock analysis, although the mi- 
crowave oven technique [18] is time-saving, the 
oven used is a laboratory model (not a home 
appliance), which is less popular and expensive. 
Hence a muffle furance was used for the 
present investigation. 

The proposed method can also be success- 
fully applied to limestone determinations. This 
indicates the flexibility of the method. 

For the classical gravimetric method [8], the 
cement and clinker samples are treated with 
hydrochloric acid and the amount of insoluble 

Table 6 
Detection limits, upper limits and correlation coefficients 
for the calibration graphs ~ 

Oxide Detection Upper limit Correlation 
limit (%) (%) coefficient 

CaO 0.12 70.0 0.9974 
MgO 0.01 3.0 0.9996 
Fe203 0.01 5.0 0.9992 
AI203 0.03 6.8 0.9992 
SiO2 0.24 42.5 0.9998 
TiO2 0.06 0.75 0.9996 
Na2 O 0.03 0.33 0.9979 
K20 0.0l 1.5 0.9988 

" For definitions, see text. 

silica is negligible. This procedure cannot be 
applied to the raw meal and flyash blended 
cement samples without modification because 
they contain some acid-insoluble substances 
such as flyash and sand. For such samples, 
either fusion with sodium carbonate or clinker- 
ization at 1400 °C must be carried out, and 
hence either sodium cannot be determined or a 
special muffle furnace (heating up to 1500 oC) 
is required for clinkerization. The fusion tech- 
nique now proposed is shown to be effective 
for dissolving raw meal and flyash as well. 

Table 7 
Precision analysis ~ 

Analyte Concentration of the analyte in 
cement sample (%) 

Proposed AAS method b XRF method b 

SiO2 20.88±0.11 (0.5) 20.88_+0.13 (0.06) 
AI:O.~ 5.58_+0.07 (I.2) 5.58+0.10 (1.8) 
CaO 65.01 ± 0.24 (0.4) 65.01 + 0.36 (0.6) 
Fe203 2.85±0.03 (1.0) 2.85_+0.06 (2.10) 
Na20 0.15±0.01 (6.7) 0.15_+0.02 (13.3) 
K20 0.35±0.01 (2.8) 0.35+0.01 (2,8) 
MgO 0.96+0.03 (3.1) 0.96_+0.06 (6.25) 
TiO2 0.27 _+ 0.02 (7.4) 0.27 _+ 0.01 (3.7) 

"The sample solution was prepared as described in the 
Section 2. 
b Relative standard deviation in per cent shown in paren- 
theses. 
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Table 8 
Analysis of real samples using the proposed (AAS) method 

1271 

Sample Concentration (%) 

SiP2 TiP2 AI,O3 Fe,O3 CaP Na,O K,O MgO 

AAS XRF AAS XRF AAS XRF AAS XRF AAS XRF AAS XRF AAS XRF AAS XRF 

Limestone 1.55 1.65 - - 0,50 0.60 0.20 0.25 54.95 53.65 0.05 0.02 0 .01 0.03 0.60 0.57 

Raw meal 13.81 14.24 0.19 0.17 3,14 3.17 2.08 2.02 44.80 44.64 0.04 0.02 0.13 0.18 0.55 0.64 
14.55 14.53 0.16 0.15 2.91 3.01 2.35 2.20 44.76 44.44 0.05 0.02 0.13 0.16 0.53 0.51 
16.48 15.90 0.22 0.24 4,63 4.50 2.22 2.20 41.88 42.71 0.06 0.04 0,26 0.29 0.85 0.67 

Cement 21.20 20.94 0.26 0.26 524 5.17 2.95 2.90 64.84 65.11 0.22 0.22 0,58 0.60 1 .23  1.50 
20.57 20.85 0.23 0.25 4.58 4.59 3.10 3.00 64.46 64.30 0.26 0.24 0.52 0.56 1.07 1.06 
21.83 21.80 0.18 0.19 3.53 3.51 5.42 5.06 65.31 65.15 0.05 0.14 0.43 0.42 0.60 0.56 
20.88 20.81 0.29 0.27 5.58 5.51 2.86 2.89 65.06 65.12 0.15 0.20 0.37 0.31 0.95 1.05 

Flyash-blended 29.14 29.84 0.47 0.49 8.84 8.98 3.60 3.65 50.08 50.20 0.17 0.20 0.78 0.72 2.46 2.06 
cement 27.94 26.75 0.59 0.62 12.11 12.17 3.51 3.56 48.83 49.51 0.10 0.17 0.58 0.51 1 .65  1.35 

27.28 27.10 0.42 0.40 7.27 7.31 3.35 3 .31 54.77 54.79 0.15 0.17 0.77 0.73 2.49 2.62 
23.78 24.17 0.52 0.48 9.17 9.43 3.11 3.13 57.33 57.26 0.10 0.15 0.37 0.27 0.86 0.67 

t-Value 
Calculated 1.21 1.52 1.27 1.75 1.45 1.41 1.61 1.77 
Theoretical 2.23 2.23 2.23 2.23 2.23 2.23 2.23 2.23 

The standards for calibration are easily pre- 
pared from only one reference standard and 
can be used for calibrating all eight elements. 
For other published methods, different ele- 
ments may require different sets of standards 
and chemicals [4]. Therefore, the proposed 
method is superior to the other method for 
standards preparation. 

4. Conclusion 

The proposed method is simple, rapid, accu- 
rate and has good precision. It can be applied 
to cement and raw meal with high silica con- 
tents of above 30%, and can also be applied 
to limestone samples. The standard prepara- 
tion procedure is simplified, is better than 
other methods such as XRF, and is also appli- 
cable to determine trace elements in cement 
without tedious separation steps. The fusion 
agent is cheaper because part of the expensive 
lithium tetraborate is substituted with oxalic 
acid and lithium carbonate. The determination 
of eight elements for each sample can be com- 
pleted within 80rain and therefore a large 
number of samples can be analysed within a 
working day. 
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Abstract 

A kinetic method is described for the determination of iron(Ill) based on its catalytic effect on the 
oxidation of sodium pyrogallol-5-sulphonate by hydrogen peroxide. The reaction was followed spectropho- 
tometrically by measuring the rate of change in the absorbance of the coloured product at 436.8 nm. 
Nanogram amounts of iron(Ill) (2.0-75.0 ng cm -3) can be determined with good accuracy and reproduci- 
bility. The influence of foreign ions on the results was investigated and the method was found to be 
adequately selective. It has been applied satisfactorily to the determination of iron(Ill) in tap water samples. 
The kinetic parameters of both the catalysed and uncatalysed reactions are reported. 

1. Introduction 

The catalytic kinetic method [1] is one of the 
most attractive procedures for achieving the 
ultratrace determination of iron. The advan- 
tage of the catalytic kinetic method lies in the 
fact that the only instrumentation required is a 
spectrophotometer. Many indicator reactions 
for the catalytic kinetic method have been re- 
ported to determine microgram per cubic cen- 
timetre or submicrogram per cubic centimetre 
amounts of iron(III): the oxidation of Vari- 
amine Blue B base (N-(p-methoxyphenyl)-p- 
phenylenediamine) [2], its analogue 
(N - (p - methoxyphenyl) - N', N' - dimethyl - p- 
phenylene-diamine) [3], 2-hydroxybenzaldehyde 
thiosemicarbazone [4], and chromotropic acid 
[5] by hydrogen peroxide and of p-phenetidine 
[6] by periodate in the presence of 2,2'- 
bipyridine. However, there are few methods 
that have sufficient sensitivity to determine 

:" Presented at the 2nd Symposium the Physical Chemistry, 
Belgrade, Yugoslavia, 26-28 September, 1994. 
* Corresponding author. 
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iron(III) at the nanogram per cubic centimetre 
level or below: the oxidation of sodium 
4, 8-diamino- 1,5-dihydroxyanthraquinone-2,6- 
disulphonate by dissolved oxygen (limit of 
detection, 18ngcm -3) [7] and N-methyl-p- 
aminophenolate by hydrogen peroxide (limit of 
detection, 0.8 ngcm -3) [8]. Recently, Nakano 
et al. have developed a sensitive procedure for 
determining 0 - 6 n g c m  -3 iron(Ill) based on 
the oxidative coupling of N-phenyl-p- 
phenylene diamine with N,N-dimethylaniline 
by hydrogen peroxide [9]; however, the reac- 
tion must be performed at a higher tempera- 
ture (40°C). The catalytic oxidation of 
3,5-diaminobenzoic acid dihydrochloride by 
hydrogen peroxide was also applied for the 
trace determination of iron [10]. The sensitivity 
of these reactions is 1 ng cm-  3 but the reaction 
must be performed at 35 °C. Dolmanova et al. 
[11] determined iron(Ill) by its catalytic effect 
on the oxidation of o-tolidine by periodate and 
2,2'-bipyridine as an activator. The method has 
a high sensitivity 20pgcm -3, but mangan- 
ese(II) interferes seriously with the determina- 

t i o n  even when present, in a amount equal to 

reserved 
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that of iron(Ill). Therefore, a still more sensi- 
tive and selective method for iron determina- 
tion, the catalytic kinetic method is expected to 
achieve widespread application. For the devel- 
opment of a new indicator reaction for practi- 
cal applications, attention should be paid to 
the following considerations: the reaction time 
to be analysed should be as short as possible 
within 20-30 min; the catalysed reaction 
should proceed at room temperature for conve- 
nient operation; the reaction rate can be fol- 
lowed spectrophotometrically by the diff- 
erential tangent method; the indicator reaction 
preferably should be a simple mechanism, not 
involving a side reaction and an activator. 

On the basis of the above concept, we 
present a new sensitive catalytic method of 
analysis for iron(Ill) based on the oxidation of 
sodium pyrogallol-5-sulphonate (PS) with hy- 
drogen peroxide. The detection limit for this 
method was calculated to be 0.16 ng cm- 3. The 
method was successfully' applied to the deter- 
mination of trace iron in tap water without 
preconcentration and separation. 

2. Experimental 

2.1. Reagents 

All chemicals were of analytical reagent 
grade, and were provired by Merck unless indi- 
cated otherwise. Solutions were made up in 
deionised water. 

Hydrogen peroxide solution was prepared by 
appropriate dilution of the Merck pro analysi 
reagent and was standardised against potas- 
sium permanganate solution. PS was synthe- 
sised by dissolving 3.7833 g of pyrogallol in 
100cm 3 of the sulphuric acid (96%) [12]; a 
8.8 x 10-3moldm -3 solution of the reagent 
was used. The stock iron solution, concentra- 
tion 1 mgdm -3, was prepared from iron(Ill) 
chloride and was determined by titration with 
EDTA using sulphosalicylic acid as indicator. 
Hydrolysis was prevented by adjusting the pH 
to about 1 with HCI [13]. A standard iron 
solution (100 ngcm -3) was prepared by dilut- 
ing the stock iron solution with deionised wa- 
ter. The perchloric acid solution (0.12mol 
dm -3) was prepared from the 70% reagent. 

All the stock solutions were stored in 
polyethylene containers. Working solutions of 
iron, hydrogen peroxide and PS were prepared 
immediately before use. 

All the polyethylene containers and glass- 
ware used were cleaned in aqueous HCI (!:1) 
and then thoroughly rinsed with deionised wa- 
ter. 

2.2. Apparatus 

A Perkin-Elmer Lamda 15 spectrophotome- 
ter, connected to a thermocirculating bath, was 
used for the absorbance measurements. The 
pH was measured by means of a Radiometer 
PHM 29b pH meter and a combined glass- 
calomel electrode, GK 2311C. The solutions 
were thermostatted at 25+0.1 °C before the 
beginning of the reaction. 

2.3. Procedure 

Selected amounts of the reactants were trans- 
ferred to a 10 cm 3 standard flask in the order 
PS, perchloric acid and catalyst. Water was 
added to give the predetermined volume. The 
flask was thermostatted for 10min, and the 
solution was then made up to the mark with 
hydrogen peroxide and vigorously shaken. The 
spectrophotometer cell was rinsed well and 
filled with the solution. The absorbance at 
436.8 nm, was measured every 30 s over a pe- 
riod of 5-8 min after the addition of hydrogen 
peroxide. The method of tangents was used 
and the slope of the linear section of the ab- 
sorbance-time curve, dA/dt = tan ~, was used 
as a measure of the reaction rate. 

The measurements were made at 25 + 0.1 °C. 

3. Results and discussion 

3.1. Catalytic oxidation of  PS by H,,O 2 

The absorption spectra were recorded of 
iron(III), and PS in perchloric acid solution 
(Fig. 1, curves 1 and 2, respectively), PS- 
perchloric acid-Fe(llI) (curves 3 and 4) imme- 
diately after mixing (the absorption maxima is 
constant 1 h after mixing), PS-perchloric 
acid-hydrogen peroxide (curve 5) and PS- 
perchloric acid-hydrogen peroxide-Fe(lll) 
(curve 6) 1 h after mixing. 

The oxidation of PS with hydrogen peroxide 
at the higher concentrations of Fe(lll) 
(cv~H~) >/10 -4 mol dm -3) led to the formation 
of a yellow oxidation product at 436.8 nm, and 
also to the formation of a green complex at 
about 700 nm (curve 4). They are parallel reac- 
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Fig. I. Absorption spectra: spectrum I, iron(Ill) aqueous solution; spectrum 2, PS in HCIO4; spectra 3 and 4, 
PS-HCIO4-Fe(lll) ,  immediately after the reagents were mixed; spectrum 5, PS-HCIO4-H,O2; spectrum 6, PS-HCIO4- 
H,O_,-Fe(III) mixture I h after mixing. 

tions, but both are under investigation. The 
aim of this paper is to study the catalytic effect 
of iron(III) on the oxidation of PS by the 
hydrogen peroxide reaction. For further work 
an iron(III) concentration of about 
10-7 mol din-3 was selected. No characteristic 
absorption maxima are seen in the visible part 
of the spectrum of a PS-perchloric acid- 
Fe(III) solution mixture (curve 3) under the 
given optimum conditions for the iron(Ill). 

However, the oxidation of PS by a higher 
concentration of hydrogen peroxide (Ca,o./ 
cFc~,,,) ~ 105) in the presence of perchloric acid 
is characterised by a slight maximum at 
436.8 nm which significantly increases in the 
presence of iron(Ill). Therefore it can be con- 
cluded that iron(III) acts as a catalyst in the PS 
hydrogen peroxide oxidation reaction. 

The dependence of the reaction rate on the 
HzO2 or PS concentration (see Figs. 3 and 4 
below) indicates that the reaction proceeds 

through an intermodiate complex of the cata- 
lyst-reductant-oxidant type [14], and, finally, 
the activated complex decomposes into the 
products and the catalyst 

[PS-Fe(III)-H202] ~ Products + Fe(II) (I) 

2Fe(II) + H202 ~ 2Fe(III) + 2OH- (2) 

It can be assumed that the second reaction 
proceeds much more quickly than the first. 

The reduced iron(II) is oxidised to iron(Ill) 
by hydrogen peroxide, and then the formed 
iron(Ill) is allowed to react with PS again. 
Probably for this reason, a large excess of 
hydrogenperoxide with respect to the reagent is 
needed. 

The oxidation product was not identified. 
However, PS could be oxidised by a one-elec- 
tron mechanism to produce a rcsonance-sta- 
bilised product [15,16], a quinonoid species 
seems probable. 

3 

2 '  

I # 

. 2 

Fig. 2. Dependence of the reaction rote on HCIO4 concen- 
tration. Initial concentrations: IS, 8.8 × 10 -4 tool d in - ; ;  
H20_,, 0.16 mol dm-a;  Fe(III), 0.3 I*g cm -~. Curve I, cata- 
lytic reaction: curve 2, non-catalytic reaction. 

TAL 42 : 9-F 
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Fig. 3. Dependence of the reaction rate on H,_O: con- 
centration. Initial concentrations: HCIO4, 2.6 x 
10 -~ mol din-3; other concentrations as for Fig. 2 (except 
H_,O:). Curve I, catalytic reaction; curve 2, non-catalytic 
reaction. 
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Fig. 4. Dependence of the reaction rate on PS concentra- 
tion. Initial concentrations: H202, 0.32 mol dm-a; HCIO4, 
2.6 x 10 -~ mol dm-3; Fe(lll), 0.3 lagcm -~. Curve I, cata- 
lytic reaction; curve 2, non-catalytic reaction. 

3.2. Effects of  reaction variables 

The influence of  perchloric acid, tempera- 
ture, and PS and hydrogen peroxide concentra- 
tions was studied for both the catalytic and 
non-catalytic reactions, in order to establish 
opt imum conditions for the determination of  
iron(Ill). 

Keeping all other experimental parameters 
constant, the perchloric acid dependence of  the 
system was studied in the range 2.2 x 10 - 3 -  
6 x 10 -a mol dm -3 (Fig. 2). It can be seen that 
the greatest difference between the reaction 
rates which occurs at 2 . 6 x  1 0 - 3 m o l d m  -3 
maximally decreases the catalytic reaction rate. 
For  further work a perchloric acid concentra- 
tion of  2.6 x 10 -3 mol dm -3 was selected. 

The dependence of  the reaction rate on H202 
concentration is shown in Fig. 3, which shows 
that with increasing hydrogen peroxide concen- 
tration the difference between the rates of  the 
catalytic and non-catalytic reactions increases. 
Both reactions are first order with respect to 
the H202 concentration. For  further work an 
H202 concentration of 0.32 mol cm -3 was se- 
lected. 

The dependence of the reaction rates on the 
concentration of  PS is shown in Fig. 4, which 
shows that the non-catalytic reaction is first 
order with respect to the PS concentration, 
whereas the catalytic reaction is first order with 
respect to PS concentration up to 
1.32x 1 0 - 3 m o l d m  -3 and zero order for 
higher concentrations. For  further work, a PS 
concentration of  1.76 x 10-~mol  dm -3 was 
selected. 

The influence of  temperature on the reaction 
rate was studied in the range 22-34  *C (Fig. 5). 
The reaction rate increased as the temperature 
increased between 22 and 34 *C. The rate of  
the reaction increased by about  2 as the tem- 
perature was increased from 22 to 34 °C. How- 
ever, although higher sensitivity could be 
obtained at the higher reaction temperature, it 
was troublesome to control the temperature 
precisely at the elevated temperature, hence a 
reaction temperature of  25 *C was chosen. 

3.3. Calibration graph 

A calibration graph was prepared for the 
opt imum concentrations described above. 
There was a linear relationship between the 
reciprocal o f  tan • and the iron(III) concentra- 
tion from 3.6 x 10 -8 to 1.3 x 1 0 - 6 m o l d m  -3 
or from 2.0 to 75.0 ng cm -3 of  iron(III)  in the 
final solution. Fig. 6 shows three calibration 
lines which can be used or the determination of  
the iron(III) concentration in the interval men- 
tioned. The line 3 measured at 31 °C is steeper 
and more suitable for use than line l, measured 
at 25 °C (or line 2, measured at 28 °C). 

On the basis of  our kinetic investigation, we 
formulated a kinetic equation for the oxidation 
of  PS by hydrogen peroxide with iron as cata- 
lyst: 

dx o 9 
- ~  = k l c ~ l o ,  C,2o2Cr, sC~= for 

Cps ~< 1.32 x 10 -3 mol dm -3 (3) 

dx j 09 
--~ = XlC~Io, C,,_o, CF= for 

Cps >t 1.32 x 10 -3 mol dm -3 (4) 

!I 
22 25 28 37 34 t1~ 

Fig. 5. Dependence of the reaction rate on temperature. 
Initial concentration: I~, 1.76 x 10 --a tool din-s; other 
concentrations as for Fig. 4. Curve I, catalytic reaction; 
curve 2, non-catalytic reaction. 
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Fig. 6. Dependence of the reaction rate on Fe(lll) concentration. Initial concentrations as for Fig. 5. Curve I, 25 *C; 
curve 2, 28 oC; curve 3, 31 *C. 

The kinetic equation for the non-catalytic 
reaction under the same conditions may be 
written as follows: 

dx 
_ _ ~ . . ~ _ b  C - 0 - 8  - A 
dt '~0 HCIO4CH202CPS (5)  

where kt and k0 are the relative rate constants 
for the catalytic and non-catalytic reactions. 
On the basis of these equations the rate con- 
stants for the catalytic and non-catalytic reac- 
tions were calculated. 

The linear relationship between the loga- 
rithm of the relative rate constant and the 
reciprocal of the absolute temperature was 
found for the catalytic as well as the non-cata- 
lytic reaction. The activation energies were 
found to be 28.11 kJmol  -~ for the catalytic 
reaction and 45.88 kJ tool - '  for the non-cata- 
lytic reaction. 

The minimum concentration of iron which 
could be determined by this method may be 
calculated by the method given by Yatsimirskii 
[17] 

k c - ° s  
cmi.>t0.1 0 nclo 4 (6) 

k c -°9 
I H C I O  4 

By entering these values in the previous equa- 
tion we find that Cmi. >t 2.9 x 10 - 9  mol dm -3 
or 0.16 ng cm -3. 

The precision and accuracy of the method 
are also investigated. The relative error ranges 
from 0.5 to 7.2% in the iron(Ill) concentration 
range 75.0-2.0 ng cm -3.  

3.4. Interference studies 

The interference effects of many cations and 

anions on the kinetic determination of Fe(III) 
(CFc(Iil) = 50ngcm -3) were examined and the 
tolerance limits for interfering ions are sum- 
marised in Table 1. It may be seen that Cu(II), 
Cr(VI) and I -  in a 1:1 ratio with iron(IIl) 
interfere with the reaction. The other ions in- 
vestigated have practically no influence on the 
determination of iron(III) by this method. 

3.5. Application to tap water 

The method was directly applied to the anal- 
ysis of tap waters, because interfering ions 
(Table 2) in natural waters are tolerable. Tap 
water was acidified to pH 1 with hydrochloric 
acid (6 tool dm -3) and then heated to remove 
chlorine. After this treatment, a 2 cm 3 portion 

Table I 
Tolerance levels of interferents in the kinetic determination 
of 50 ngcm -~ iron(Ill) using the optimum conditions as 
reported under the analytical procedure (Section 2.3) 

Tolerance level, Ion added 

Cion/( 'F~ II I) 

10 ~ 

102 

10 

0.8 

0.5 

Ca(ll), Sr(ll), Mg(ll), Ba(ll) 

Zn(ll), Cd(ll), AsO~-, 
WO~-, F - ,  Br-,  SOl- ,  PO:~- 
citrate, tartrate, C_,04- 

Pb(ll), Hg(li), Ni( l l ) ,  
Co(ll), AI( I l l ) ,  SCN- 

Cu(l l), I -  

Cr_~O~- 
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Table 2 
Results for the determination of iron(Ill) in tap water using the optimum conditions reported under the application to tap 
water (Section 3.5) 

Sample Sample Fe(lll) Fe(lll) ~ Fe(lll) in G b Other 
taken added found sample ('/,,) method 
(cm 3) (ng cm- 3) {rig cm- 3) (ng cm- 3) (ng cm - 3) 

Tap 2 0 9.44 47.20 3. I 50 a 
Water ¢ 2 20.00 29.39 46.96 2.9 

From the calibration graph for aqueous solutions. 
b Relative error. 

Selected at University of Ni~ (25th August 1992). 
d Value obtained by the AAS method. 

of the sample was used for the recommended 
procedure. To examine the recovery of 
iron(Ill), known amounts of iron(Ill) were 
added to the samples. 

The results are shown in Table 2. The recov- 
ery of added iron(Ill) is found to be quantita- 
tive and the reproducibility is satisfactory. 
Furthermore, the results obtained by the 
present method were compared with those ob- 
tained by the atomic absorption speetrophoto- 
metric method. The values for tap water 
samples are in good agreement with those ob- 
tained by the AAS method. From these results, 
the method seems to be applicable to the deter- 
mination of soluble iron. 
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Abstract 

A sensitive and selective photometric method for the trace determination of vanadium with cinnamohy- 
droxamic acid extracted from 1.8 M HC! in methyl isobutyl ketone is described. The wine-red chelate formed 
under an optimum acidity of 1.3-2.6 M HCI absorbs with a maximum at 525 nm. Beer's law is obeyed in 
the range 0-8 ppm of vanadium(V) and the optimum range of determination of vanadium is found to be 
1-8 ppm. The molar absorptivity and Sandell's sensitivity are 6.0 x 1031 mol-~ cm-~ and 0.0086 ~g c m  - 2  of 
vanadium(V) at 525 nm. The photometric determination of trace amounts of vanadium in materials such as 
alloys, minerals and rock ores is also reported. The solvent extraction methods are simple, rapid and highly 
selective with fluoride used as a masking agent for Fe and Ti. The standard deviations are minimal and the 
mean error is only 0.015%. 

I. Introduction 

The recovery with determination and rapid 
assay of vanadium metal present as the vana- 
date in rock ores [l] are performed by wet 
analysis and by spectrometric methods for the 
prospecting of  metals in geological samples and 
others. 

Vanadium occurs at the part-per-billion level 
in many natural systems, alloys and geochemi- 
cal minerals [2,3]. Preconcentration with selec- 
tive solvent extraction has been followed by the 
trace analysis of vanadium in the presence of  
iron(III) and titanium(IV). For an assay of  the 
metal, molecular spectrophotometry has al- 
ways been rapid, simple and the preferred 
choice over atomic absorption spectrometry 
and fluorimetry. The reported use of  hydrox- 
amic acids led to the development of  a unique 
microchemical technique and the present 
method for analysing specialised alloys and 
ores. 

Cinnamo hydroxamic acid (N-CHA) reacts 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights 
SSDI 0039-9140(95)01574-4 

with vanadium(V) in both the pH and the 
acidity range of  the media for extractions in 
methyl isobutyl ketone. The reagent has been 
studied on limited occasions [4,5]. Moreover, 
vanadium(V) chemistry [6] is important in ex- 
traction equilibria and has been thoroughly 
studied with organic acids as model com- 
pounds. Vanadyl species with a square-planar 
arrangement in the hydroxamate have been 
investigated thoroughly [7]. The mechanisms of  
the extractions are governed in most cases by 
ion pair formation, the chelate effect, synergism 
and mixed-ligand complex formation. The spe- 
cification studies and the adverse effect of  alco- 
hol have little importance as regards the 
oxidation state, the nature of  the solvent and 
extraction behaviour. The extraction method is 
found to be simple, rapid and sensitive, with 
high precision and reproducibility. Its useful- 
ness is shown by its rapid extraction behaviour 
over a wide acidity range. The higher tolerance 
limits have indicated a major utility factor. 
These are some of  the highlights of  the method. 

reserved 
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In this paper the synthesis of very pure 
cinnamohydroxamic reagent is reported fol- 
lowing a modified procedure. The reagent (N- 
CHA) was synthesised and utilised in the 
development of a selective and sensitive pho- 
tometric method for the trace analysis of 
vanadium. Its application to the analysis of 
samples demonstrated advantages over other 
methods reported earlier [8-10]. The analyti- 
cal uses of the selective reagent, N-CHA, in 
binary extraction procedures for the assay of 
vanadium in steels, minerals and ores in the 
presence of rarer and other base metals are 
reported and are described here. 

funnel. To this mixture add 10 mi of pure 
MIBK as solvent, followed by 3 ml of 6 M 
hydrochloric acid, and dilute to give 10 ml of 
the aqueous phase. Shake the mixture for 
5 rain, separate the organic layer containing 
the wine-red complex and dry it over anhy- 
drous sodium sulphate in a 25 ml beaker. Ex- 
tract again with 5 ml of MIBK. Combine the 
extracts and transfer them to a 25 ml flask. 
Make up the volume to the mark with 
MIBK. Prepare a reagent blank similarly. 
However, a solvent blank alone was found to 
be satisfactory. Measure the absorbance at 
525 nm against the solvent blank. 

2. Experimental 

2.1. Reagents 

Ammonium vanadate solution 
The metal solution was prepared by dis- 

solving ammonium metavanadate (NH4VO3; 
Merck) in 3 ml of concentrated ammonia and 
double-distilled water and then making the 
volume up to 250 ml. The solution was stan- 
dardised both by eomplexometric titration 
[11] and photometrically with N-benzoyl-N- 
phenylhydroxylamine [12]. Aliquots from a 
standard stock solution containing 
100 lag ml-  m were always used. 

Cinnamohydroxamic acid solutions (0.031 M) 
The pure reagent N-CHA, was prepared by a 

modified procedure reported in the literature 
[13]. The reagent was found to be pure, stable in 
air, and was stored in a brown bottle. The 
reagent readily dissolves in methyl isobutyl ke- 
tone (MIBK). A freshly prepared solution of 
0.5% reagent in MIBK was used for the binary 
extractions. 

A standard stock solution of 6 M  hy- 
drochloric acid was prepared and a 0.1 M 
acid solution was obtained by dilution. A 
standard buffer of pH 4.0 was prepared from 
0.2 M acetic acid and 0.2 M sodium acetate. 
All other chemicals used were A.R. or G.R. 
grade and the solvents were purified before 
use .  

2.2. Procedure 

Mix an aliquot of standard vanadium solu- 
tion (0-100 lag ml -~) with 5ml of 0.5% cin- 
namohydroxamic acid in a 100ml separating 

2.3. Procedure for steel analysis 

Dissolve 0.5 g of steel in 20 ml of sulphuric 
acid (1:1) in a beaker on a hotplate. Add 
5 ml of concentrated nitric acid and evapo- 
rate to strong fumes of sulphur trioxide. 
Cool, add 50 ml of water, boil, filter with 
a Whatman no. 42 paper and wash the 
residue several times with hot dilute suiphuric 
acid and finally with hot water. Cool the 
filtrate and washings, transfer to a 250ml 
standard flask, make up to the mark and mix 
well. 

To 5ml of this solution add 0.1% potas- 
sium permanganate solution until a pink 
colour persists. Add this mixture to hot 15% 
sodium hydroxide solution in excess and boil. 
Filter off the precipitate and redissolve it in 
dilute hydrochloric acid. Reprecipitate the hy- 
droxides as above and filter. Combine the 
filtrates and evaporate to a low bulk. Cool, 
add 15 mg of sodium fluoride, and determine 
the vanadium content by the described proce- 
dure (acidity, 1.8 M). Measure the ab- 
sorbance at 525 nm as appropriate. 

2.4. Procedure for rock (mineral) analysis 

Fuse 0.5 g of the sample for 2 h with 3 g 
of sodium carbonate and l g of sodium hy- 
droxide in a nickel crucible. Cool the melt, 
leach with hot water and allow to stand 
overnight. Filter the solution through What- 
man no. 42 filter paper, transfer to a 100 ml 
volumetric flask and make up the volume 
with double-distilled water. Take an appro- 
priate amount of the solution and determine 
the vanadium content by the above proce- 
dure using 15mg of fluoride as masking 
agent. 



A.K. Chakrabarti / Talanta 42 (1995) 1279-1283 1281 

2.5. Procedure for ore analysis 3.4. Tolerance limits for diverse ions 

Fuse 0.5 g of the sample for 2 h with 3 g of 
sodium carbonate and 1 g of sodium hydroxide 
in a nickel crucible. Cool the melt, leach with 
hot water and allow to stand overnight. The 
aqueous extract contains vanadium along with 
iron and titanium. Filter the solution through a 
Whatman no. 42 filter paper, transfer to a 
100ml volummetric flask and make up the 
volume with double-distilled water. Take an 
appropriate amount of the solution and deter- 
mine the vanadium content by the above pro- 
cedure using 15 mg of fluoride as masking 
agent. 

3. Results and discussion 

3.1. Absorbance spectra 

The reagent mainly extracts V(V) quantita- 
tively from 1.8 M HCI. The wine-red complex 
absorption maximum is at 525 nm with the 
solvent as reference. 

3.2. Effects of  acidity, reagent, time and 
stability 

The optimum acidity range for the binary 
extraction is 1.3-2.6 M HCI (i.e. 2.2-4.4 ml of 
6 M HCI). The acidity of 1.8 M was always 
adjusted by adding 3 ml of 6ml HCI. The 
absorbances of the wine-red complexes re- 
mained constant with the optimum reagent re- 
quired being 2-8ml  of a 0.5% solution in 
MIBK. A 5ml amount of 0.5% CHA was 
always added. The per cent extraction was 
maximum with a water:MIBK ratio of 10:!0 
(v/v). The extraction time for complete reaction 
was 4-7 min. The complex was found to be 
stable for 24 h at room temperature. 

3.3. Beer's law, optimum range, absorptivity, 
and sensitivity 

The complex obeyed Beer's law in the range 
0-8 ppm and the optimum range [15] of deter- 
mination is 1-8 ppm of V(V) at 525 nm. The 
molar absorptivity (TMA) determined by the 
method of Chakrabarti and Bag based on the 
free ligand [16] concentration is 7.6 x 103 1 
mol -t  crn -I. The molar absorptivity and 
Sandell's sensitivity values are 6.0x 1031 
mol -~ crn -I and 0.00861~gern -2 of V(V) re- 
spectively. 

Interference studies were carried out with 
4 ppm of vanadium in a 1.8 M acid system, the 
tolerance limit being the amount causing a 
deviation of more than 0.005 absorbance units. 

A large number of diverse ions have been 
studied, A 60-fold excess of acetate, oxalate, 
Cu(II), Cr(III), Zr(IV); a 12-fold excess of 
Ti(IV) and W(VI); a 30-fold excess of Mo(VI) 
and Pd(II), and a 150-fold excess of Ca(II), 
Mn(II), Co0I), AI(III) and fluoride were toler- 
ated. A very large excess of citrate, tartrate, 
EDTA, nitrate, sulphate, phosphate, Ni(II), 
Zn(II), Cd(II), Hg(II), Th(IV) and Pb(II) was 
tolerated, the tolerance ratio being 500-fold 
excess for metal ions and 1000-fold amounts 
for anions. Only Fe(III) interferes, but with 
fluoride as masking agent the tolerance limit 
increased to a 25-fold excess. The method is 
thus rendered highly selective. The tolerance 
limits are given in Table 1. 

3.5. Binary extraction with N-CHA in MIBK 
over the acid pH range 

A yellow-brown or yellow-orange complex 
formed at pH 3.8-4.4, adjusted with 0.1 M 
HCI and a pH 4.0 acetate buffer. Its absorption 

Table I 
Tolerance limits for the determination of vanadium 
(4 ppm) with N-CHA in the presence of interfering ions 

ions Tolerance Ion Tolerance 
limit limit 
(ppm) (ppm) 

Acetate 250 Pd(ll) 125 
Oxalate 250 Cr(lli) 240 
Tartrate 1000 Mn(ll) 600 
Citrate 1500 Th(IV) 1000 
EDTA 1500 CoOl) 600 
Phosphate 8000 Ni(ll) 1000 
Fluoride 600 AI(Ill) 600 
Phosphate 8000 Ni(ll) 1000 
Fluoride 600 AI(Ill) 600 
Sulphate 8000 Hg(ll) 2000 
Nitrate 8000 Cd(il) 2000 
Fe(lii) N.I." (100 b) Zn(il) 1000 
Ti(IV) N T  ~ (50 b) Pb(ll) 1000 
Mo(VI) 120 Cu(ll) 240 
W(VI) 50 Nb(V) 40 b 
UO,(II) 400 Ta(V) 40 b 
Zr(IV) 250 Ba(ll) 600 
Ca(il) 600 Sr(ll) 600 

"No  interference: interferences were 
precipitation as the hydroxides using 
b Fluoride used as masking agent. 

removed by double 
15'7,, NaOH. 
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maximum was at 430-460nm. The chloro 
or acetate complexes were found to be 
unstable in the MIBK phase. Binary ex- 
tractions of the wine-red chelate formed 
with 1.8 M HCI have been thoroughly investi- 
gated. 

3.6. Stability of  the reagent 

With regard to the purity and stability of 
the reagent (N-CHA) in air it has been ob- 
served that its method of isolation as re- 
ported in the literature was found to result in 
an impure reagent with low yield. Moreover, 
it is unstable in the presence of light. Both 
these shortcomings were solved by making 
sure that the reagent was free from traces of 
ester. This additional step was considered and 
carefully controlled, thus, the yellow sodium 
salt of N-CHA was thoroughly washed with 
a petroleum ether three or four times to free 
it completely from ethyl einnamate ester 
and other impurities. The reagent is gener- 
ated in the pure form by acidification. The 
isolated solid (m.p. 100-111 *C) was stored 
in a brown bottle and was found to be 
stable for an indefinite period. Thus it is not 
available commercially and the reason is ob- 
vious. 

3. 7. Selectivity 

The review in the monograph showed lim- 
ited selectivity in the methods due to interfer- 
ences normally by iron and titanium. A close 
association of V with Fe and Ti is very com- 
mon for its matrices and analyte solutions. 
The tolerance ratio of V:Fe lies in between 
1:10 and 1:50, and mostly this ratio is found 
to be 1:10 with or without the masking 
agents studied with such acid reagents. The 
adopted methods vary among those available 
to chemists, and the error is viewed differ- 
ently [18,20]. The selectivity and tolerance 
limits with Fe and Ti are low and masking 
with fluoride greatly improved these effec- 
tively for a moderate excess of Fe and Ti. 
The major interferences of iron and titanium 
ores in a 25-fold excess have been removed 
by a double precipitation technique using 
15% sodium hydroxide. The results were 
found to be accurate and reproducible, as re- 
ported for two of the ilmenite minerals and a 
bauxite ore. 

3.8. Analysis of  steel and rock ores 

The ilmenite ores were processed before be- 
ing used as the sample analytes and were 
passed through sieves for the bulk analyses. 
Their specifications were obtained. The method 
is highly reliable for all commercial low grade 
ores. Interfering ions were removed during the 
digestion with the reagents and the acids, and 
the filtration. The chief advantage is that the 
separations by extraction with recovery of 
vanadium from its ores are comparable for 
accurate and reproducible routine analyses. 
The method is simple and rapid. The results 
obtained after several runs were verified and 
compared with standard spectroscopic results 
or certified values. The results of the compari- 
son give and reflect the method that is most 
rapid and has the highest accuracy. In conclu- 
sion, the aim of the work was to develop and 
devise an analytical technique that was obvi- 
ously simple and rapid, for application as a 
routine assay in geochemical mining and 
prospecting of rocks [19]. 

Application of the technique to samples was 
tested using BAS 64b steel and two ilmenite 
samples collected from Putka Pahar, Madhya 
Pradesh (M.P.), India, and Tamil Nadu (Horn- 
bendite rock), India, through the Geological 
Survey of India and IOL, Calcutta. The sam- 
pies were finely ground (200 mesh) before di- 
rect analysis after separation. The methods 
were found to be excellent because of their high 
selectivity. The photometric procedures were 
found to be accurate, simple and highly repro- 
ducible when fluoride was used for masking 
more than a 25-fold ratio of Fe and Ti present 
in excess. The samples were analysed by a 
spectroscopic method [20] and the results 
agreed well. The results are shown in Table 2. 

3.9. Nature o f  the complex 

The primary aim was to investigate the 
choice of a solvent that would readily dissolve 
the N-CHA reagent and quantitatively dis- 
tribute the metal as a red chelate in the organic 
phase in a single extraction. The solvent MIBK 
was found to be satisfactory for application 
over a wide acidity range of 1.3-2.6 M HCI for 
the extraction. A 1:2 complex, i.e. 
VO(OH)(CHA)2 chelate, is formed in MIBK 
when extracted with 0.5% reagent. The compo- 
sition of the complex was determined by Job's 
method and verified by the mole ratio method. 



A.K. Chakrabarti / Talanta 42 (1995) 1279-1283 1283 

Table 2 
Spectrometric determination of trace vanadium in steel, 
minerals and ores with cinnamohydroxamic acid reagent 

Sample Vanadium in 
sample (%) 

Found Certified 

Error Standard 
(%) deviation 

BAS Steel 64b 1.977 
1.975 1.99 0.014 +0.001 
1.976 

Ilmenite I 0.089 
Hornbendite rock 0.085 0.1 0.012 +0.003 

0.091 

llmenite Ii 0.142 
0.144 0.15 0.008 +0.002 
0.141 

Bauxite (ore) 0.223 
0.225 0.2 0.023 :t:0.004 
0.221 

Stable V=O, V-O(H) and V--O(LH) bonds are 
formed with the highly stable dosed five-mem- 
bered ring ether structure. This has been estab- 
lished by elemental analysis and spectroscopic 
studies of such complexes. The configuration is 
similar to that of the vanadium complexes with 
other hydroxamic acid compounds reported 
previously [4,17]. The ligands do not simply 
coordinate but a molecule with tautomeric 
forms -C(O)-NH(OH) ~,~ --C(OH)=N(OH) en- 
hances the phase transfer processes with en- 
hancement of polarisation and rapid recovery 
via membrane transport. This has led to a 
selective extraction even in the presence of 
large amounts of other metal ions. 
Al:l(aqueous:organic) volume ratio leads to 
maximum sensitivity and high selectivity. 
Traces of alcohol are to be avoided because 
they cause a detrimental effect. 

Complex formula: VO(OH)(CHA)2 
Tautomeric forms: 

--C(O)--NH(OH) ~- -C(OH)=N(OH) 
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Abstract 

The determination of salicylic acid was carried out by reaction of the drug with copper carbonate 
entrapped in a polymeric material in a solid-phase reactor; the released cupric ions were monitored by flame 
atomic absorption at 324.8 nm. The calibration graph is linear over the range 4.0-75 lag ml-~ of salicylic 
acid, with a relative standard deviation of less than 1.5% and a sample throughput of 257 h-  ~. The influence 
of foreign compounds was studied and the method was applied to the determination of salicylic acid content 
in two different pharmaceutical formulations. 

Keywords: Flow injection analysis; Pharmaceutical analysis; Solid-phase reactor 

1. Introduction 

Salicylic acid is 2-hydroxybenzoic acid, and 
occurs as white or colourless aciculate crystals 
or a white crystalline powder. It is slightly 
soluble in water, freely soluble in ethanol and 
in ether, and sparingly soluble in chloroform. 
Salicylic acid has keratolytic properties and is 
applied topically in the treatment of  hyperkera- 
totic and scaling skin conditions; it is often 
used in conjunction with many other agents. 
Salicylic acid also possesses fungicidal proper- 
ties and is used in the treatment of  skin fungal 
infections [1]. 

The analysis of  the drug (otticial procedures) 
is established by titration in an ethanol-  
aqueous medium with sodium hydroxide, using 
phenol red as an indicator [2]. Different spec- 

* Corresponding author. 
~ Present address: Dpto. Fisico Quimica, Fac. Ciencias 
Quimieas, Universidad Nacional de C6rdoba, Suc. 16 
CC61. 5016, C6rdoba, Argentina. 

0039-9140/95/$09.50 • 1995 Elsevier Science B.V. All rights 
SSDI 0039-9140(95)01575-8 

trophotometric procedures have been published 
for the determination of salicylic acid on the 
basis of the complex formed with Fe(III) [3] or 
Cu(II) [4]. The yellowish-green species with 
copper is stable in the pH range 5.5-6, and 
presents its maximum absorbance at 730 nm 
with a molar absorptivity of 20 1 mol-~ cm-~. 
An FIA-electrochemical procedure [5] came to 
the notice of  the authors when the work re- 
ported here had already been concluded; the 
method makes use of the enzyme salicylate 
hydroxylase immobilized on a solid-phase reac- 
tor, which should be sorted in buffer at 4 °C. 
The enzyme catalyses the conversion of sali- 
cylic acid to catechol, which can then be de- 
tected amperometrically. 

The use of solid-phase reactors in continu- 
ous-flow manifolds is an advantageous alterna- 
tive to reagents in solution. The interest is 
ascribed to different advantages offered over 
homogeneous systems, which have been dis- 
cussed earlier [6]. The present paper deals with 
a solid-phase reactor placed in a flow manifold; 

reserved 
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the immobilization is based on the physical 
entrapment of the reagent, copper carbonate 
[7], by means of the polymerization reaction of 
linear unsaturated polyester chains. The analyt- 
ical procedure is based on the reaction of the 
injected sample with the immobilized copper 
carbonate and monitoring of the release of 
copper (complexed by salicylic acid) by an 
atomic absorption spectrometer. 

2. Experimental 

2. I. Reagents 

Aqueous solutions of salicylic acid 
(Guinama, a.r.) were in distilled water. Urea, 
thymol, boric acid, benzocaine, resorcinol, pro- 
caine hydrochloride, lactic acid, glucose, su- 
crose and fructose (Guinama, a.r.) were used. 
All other reagents were of analytical grade 
unless stated otherwise. 

2.2. FIA manifoM 

Fig. 1 shows the continuous-flow manifolds 
used. The sample injector was from Rheodyne, 
model 5041, and a Gilson Minipuls 2 pump 
was used. The determination of copper was 
carried out by means of an AA spectrometer 
from Varian, Model SpectrAA-10, at a wave- 
length of 324.8 nm. The PTFE tubing was of 
1.2 mm internal diameter for the solid-phase 
bed reactor and 0.8 mm for the rest of the 
manifold. 

2.3. Procedures 

Preparation of  the solid-phase reactor 
The bed-reactor was prepared as described 

previously [8]. A 45g mass of Cu(CO3) 
Cu(OH) 2 -10H20 (Panreac) was added to 15 g 
of the resin solution AL-100 A (from Reposa); 
after homogenization by manual stirring, 1 ml 
of the catalyst (ethyl methyl ketone, from 
Azko) was added and stirred before it be- 
came solid. The obtained solid was reduced 
to small particles, washed with distilled water 
and dried at 80 °C. The particles selected by 
size, 90-200 ~tm, were washed and introduced 
into the PTFE tubing (1.2 mm internal diameter 
and 5.0 cm length) by suction. Specific condi- 
tions for storage were not required. 

Pharmaceutical formulations 
The proposed procedure was applied to two 

formulations: Callicida Gras and Pyralvex. The 
solution of Pyralvex (0.80 ml) was directly di- 
luted in pure distilled water, filtered and levelled 
to 500 ml with distilled water; aliquots of the 
resulting solution were then injected into the 
carrier stream. The solution of Callicida Grass 
was weighed (about 2 g), dissolved in ethanol by 
ultrasonic stirring and levelled to 100 ml with 
ethanol. 1 ml of the resulting solution was di- 
luted to 500 ml with pure distilled water and then 
injected as usual into the FIA manifold. 

3. Results and discussion 

3.1. Preliminary studies 

d 

C Or 

Fig. I. Flow manifolds tested in preliminary experiments 
for the determination of salicylic acid. (Manifold (b) was 
selected for the optimization studies): P, pump; D, atomic 
absorption detector; R, recorder; Br, bed-reactor; S, sam- 
ple solution; C, carrier stream: W, waste. 

Preliminary studies were designed to examine 
the reaction between the immobilized copper 
carbonate and the salicylic acid in a continuous- 
flow manifold. These experiments were carried 
out by means of a flow assembly in which the 
solution of salicylic acid in distilled water 
merged with different acidic or basic aqueous 
solutions; the resulting mixture was then passed 
through the solid-phase reactor and, after reac- 
tion, the released copper was measured by atom- 
ic absorption. The obtained transient signals 
(absorbance units) were contained as the mean 
value of l0 replicates at wavelength 324.8 nm 
and 0.5 nm slit window; the results obtained for 
different media and pH values (potentiometri- 
caily measured) are depicted in Table 1. 

An increase in base-line noise was clearly 
observed when the sample solution merged 
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Table 1 

Medium pH Absorbance 

Na,COa/NaHCO3 9.80 0.967 
Na,CO3/NaHCO3 9.12 0.983 
NaHCO 3 8.33 0.853 
NaOH/HCI 7.04 0.984 
Deionized water 1.081 
CH3- COOH/NaOOC-CH 3 6.30 1.041 
CH3-COOH/NaOOC-CH 3 6.10 0.856 
CHa-COOH/NaOOC-CH 3 6.00 0.128 
HCI 5.40 0.883 
HCI 4.40 0,816 

with acidic solutions (mainly with hydrochloric 
or acetic acid concentrated solutions), owing to 
the copper released by the acidic solvent. The 
presence of organic solvents like ethanol did 
not result in increased outputs. The highest 
peak-height was observed for acetic/acetate 
buffered solutions, which was slightly higher 
than that obtained with distilled water, i.e. 
1.041 vs. 1.081 (absorbance units). As the 
difference is small, distilled water was the se- 
lected carrier for further work. 

Further tests were devoted to the study of 
the suitable flow-injection assembly; the two 
assemblies depicted in Figs. l(a) and l(b) were 
pre-selected after some experiments. Different 
sets of injections (varying the flow-rates of 
carrier and sample solutions) were carried out 
to compare the behaviour of both manifolds. 
Transient outputs from the assembly in which 
the solid-phase reactor was nesting in the sam- 
ple loop (Fig. l(a)) were about 5% higher 
(peak-height) than those corresponding to the 
assembly with the reactor between the injector 
and detector (Fig. l(b)). However, bearing in 
mind the life-span of the reactor (the former is 
continuously exposed to an acidic stream, pH 
of the sample solution 3.0) the assembly de- 
picted in Fig. l(b) was selected for further 
work. 

Having selected the FIA manifold, the exper- 
imental parameters, temperature, "concentra- 
tion" of the reagent (copper carbonate) in the 
polymeric matrix, reactor length, particle size, 
internal diameter of the reactor, sample volume 
and carrier flow-rate, were successively opti- 
mized by means of the univariate method. The 
injected sample solutions (salicylic acid in dis- 
tilled water) contained 10, 40 or 100 lag ml -~ of 
salicylic acid, respectively. 

The tested range for each studied parameter 
and the optimum selected values are depicted 

in Table 2. A study on the influence of the 
temperature was carried out by introducing 
into a water bath: (a) the solution containers; 
(b) the solid-phase reactor; and (c) the whole 
assembly. The tested range was room tempera- 
ture to 80 °C. The obtained results in series (b) 
revealed an increase of peak-height with tem- 
perature; the maximum increase, about 20% in 
the peak-height (compared with the peak- 
height at room temperature), was obtained at 
60 °C. Higher values of the temperature then 
resulted in lower outputs. In contrast, the 
highest temperatures tested induced the release 
of cupric ions from the solid-phase reactor by 
passing the carrier, which meant a shorter life- 
span of the reactor. From these observations, it 
was decided that the slight gain in peak-height 
was not valuable, and room temperature was 
selected for further work. 

The "concentration" of the reagent (mass of 
copper carbonate vs. mass of resin) in the 
solid-phase reactor showed a critical influence; 
the ratio (g/g) copper carbonate/resin solution 
was studied over the range 1/1-3/l; higher 
ratios were not tested as they resulted in solid 
particles without mechanical resistance. The 
ratio 3/1 was selected as giving the best output. 

The influence of the reactor parameters, such 
as length, internal diameter and particle size, 
on the transient outputs was very important. 
The length was tested by injecting series of 
salicylic acid solutions of different concentra- 
tions, from l0 to 500 ~g ml-~. Fig. 2 depicts 
the calculated sensitivity (linear slope) of each 
tested reactor-length. A length of 5 cm was 
selected as resulting in the best output. This 
strategy of testing a series of salicylic acid 
concentrations was also used for studying the 
influence of the particle size and internal di- 
ameter of the reactor. The influence of the 
particle size was tested by preparing calibration 

Table 2 
Optimization of experimental parameters (for details set 
text) 

Parameter Tested range Selected 
value 

Temperature (°C) room-80 room 
Ratio copper carb./resin (g/g) 1/I-3/I  3/I 
Reactor length (on) 5.0-30.0 5.0 
Particle size (l~m) 90-300 90-200 
Internal diameter reactor (ram) 0.8-1.5 1.2 
Sample volume (~1) 100.0-500.0 195.2 
Carrier flow-rate (ml rain -~) 2.0-6.0 5.2 
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Fig. 2. Influence of the reactor-length on the peak-height. Right axis depicts the absorbance of injected solutions 
containing 10 lag ml-  ~ of salicylic acid. Left axis depicts the sensitivity (slope of the linear graph) of the series of salicylic 
concentrations for each tested column length. Curve a, FIA outputs in absorbanc¢ units, obtained with salicylic 
concentration of 10.0 lag ml-t .  Curve b, slope of linear graphs. 

graphs with each tested size; the obtained re- 
suits showed that the best outputs for two 
different sizes, 200-300lam and 90-200gm, 
calculated from linear slopes (absorbance vs. 
concentration of salicylic acid in lag ml- ' )  were 
2.99 and 2.90 ( x 10-3), respectively. The study 
of the internal diameter (tested in the range 
0.8-1.5 mm internal diameter) revealed slightly 
better results with the thinner tube, but owing 
to the ease of the column preparation the 
1.2 mm tube was selected. 

The sample volume is also a critical parame- 
ter influencing peak-height and base-width. 
Fig. 3 depicts the absorbance of the peak vs. 
the sample volume; bearing in mind the best 
compromise of sensitivity/sample throughput, 
the selected value was 195 lal. The influence of 
the carrier flow-rate, tested for three different 
concentrations of acid salicylic, is depicted in 
Fig. 4, 5.2 ml min-~ being the value selected 
as the optimum that could be obtained. The 
results of the optimization are depicted in 
Table 3. 

4.  A n a l y t i c a l  a p p l i c a t i o n  

The calibration graph shows linear behaviour 
over the range 4.0-75 lag ml-  I of salicylic acid, 
with the equation Abs.=2.1 x 10 -3+3 .8x  
10-3C (C is the concentration of salicylic acid 
in lag ml -~) and correlation coefficient 0.9991. 
The repeatabilities calculated as RSD (%) (sali- 
cylic acid concentration in la ml-I,  number of 
replicates, mean absorbance, and RSD) were: 
50.0, 16, 0.191, 1.5; 40, 6, 0.155; 0.0; 10, 13, 
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Fig. 3. Influence on the peak-height of the sample volume 
for two different solid-phase reactors. Reactor length: a, 
10cm; b, 5cm. 

0.042, 0.0. The sample throughput, according to 
different studied concentrations of the sample, 
varied from 220 (40 lag ml-  ' of salicylic acid) to 
257 (5 lag mi -I)  h -l .  

The day-to-day reproducibility was studied 
by preparing calibration graphs with indepen- 
dent solutions and using three different 
columns on different days (up to 21). The 
obtained results (column, day, linear slope of 
the calibration graph x 10 -3 and correlation 
coefficient) are depicted in Table 3. 

The influence of foreign compounds that are 
commonly found in pharmaceutical formula- 
tions containing salicylic acid was also investi- 
gated. The results in terms of concentration 
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Fig. 4. Influence on the peak height of the carrier flow-rate 
for three different concentrations of salicylic acid 
(ttgml-t): a, 100.0; b, 40.0; c, I0.0. 

Table 4 
Influence of foreign compounds on salicylic determination 

Compound Cone. (pg ml-  *) Rel. error (%) 

Sorbitol 1742 0.6 
Fructose 2500 1.7 
Sucrose 2500 0.9 
Glucose 2500 5.0 
Nicotinamide 412 4.4 
Menthol* 125 0.0 
AIcanfor* 50 4.2 
Lidocaine 350 1.2 
Resorcinol 1038 1.3 
Benzocaine 256 0.6 
Boric acid 606 1.2 
Thymol 526 0.0 
Urea 584 1.7 

Salicylic acid concentration, 50 pg ml-*; except for com- 
pounds marked with *, when it was 25 I~g ml -  *. 

Table 3 
Day-to-day reproducibility of the analysis using the solid- 
phase reactor 

Column Day Slope Corr. coeff. 

I I 3.80 0.9991 
I 2 3.73 0.9990 
1 8 3.82 0.998 I 
1 9 3.68 0.9941 
2 1 3.89 0.998 ! 
2 2 3.56 0.9978 
2 21 3.52 0.9999 
3 5 3.14 0.9991 
3 13 3. ! 7 0.9972 

(l~g 1-') and relative error (%) are depicted in 
Table 4. Procaine chlorhydrate, piiocarpine, 
methyl nicotinate, and the acetic, benzoic and 
lactic acids resulted in very serious interfer- 
ences. 

Salicylic acid was determined in two different 
pharmaceutical formulations: (a) Pyralvex 
(from Instituto Berna de Espafia S.A.); 
declarated contents of anthraquinonic glu- 
cosides, 0.05 g ml-  ~, and salicylic acid, 
0.01 g ml-~; (b) Callicida Grass (from Quimi- 
far S.A.); d~larated contents of  salicylic acid, 
250 mg g-  ~, and ethanol, 365 mg g-  '. The rela- 
tive errors (%) in the obtained results, accord- 
ing to the label claim, were: Pyralvex, 0.8%; 
Callicida Gras, 3.6%. 

5. Conclusions 

An FIA-AAS procedure is proposed for the 
determination of salicylic acid by means of a 
solid-phase reactor of copper carbonate incor- 
porated in polyester resin beads. The reactor is 
prepared from an easily available reagent by a 
quick and easy procedure, and the analytical 
properties of the resulting solid remain un- 
changed for more than two years. No special 
conditions are required. 

The resulting manifold is suitable for the 
determination of salicylic acid in pharmaceuti- 
cal formulations with competitive precision and 
high sample throughput. 

References 

[I] Manindale, The Extra Pharmacopoeia, 30th edn., 
Pharmaceutical Press, London, 1992. 

[2] BP, HMSO, London, 1993. 
[3] U. Saha, IRCS Med. Sci., II (1983) 91, 
[4] U. Saha and K. Baksi, Analyst, II0 (1985) 739. 
[5] N. Neumayr, O. Friedrich, G. Sontag and F. Pitner, 

Anal. Chim. Acta., 273 0993) 469. 
[6] J.V. Garcia Mateo and J. Maninez Calatayud, Chem. 

Anal. (Warsaw), 38 (1993) I. 
[7] J.V. Garcia Mateo and J. Maninez Calatayud, Anal. 

Chim. Acta, 274 (1993) 275. 
[8] L. Lahuena Zamora, J.V. Garcia Marco and J, Mar- 

tinez Calatayud, Anal. Chim. Acta, 263 0992) 
81. 



E L S E V I E R  Talanta 42 0995) 1291 - 1296 

Talanta 

Extraction and spectrophotometric determination of lead(II) 
with pyridine-2-acetaldehyde salicyloylhydrazone 

M u r a l i d h a r  N .  Bale ,  D . P .  D a v e ,  A . D .  S a w a n t  * 

hwrganic Chemistry Division, Institute of Science, 15. Madam Cama Road, Bombay 400032, India 

Received 15 July 1994: revised 24 February 1995; accepted 3 March 1995 

Abstract 

Lead(II) reacts with pyridine-2-acetaldehyde salicyloylhydrazone (PASH) in the pH range 8.6-9.3 to form 
a yellow-green, 1:2 chelate which can be extracted into chloroform. Beer's law is obeyed in the concentration 
range 1.5-6.21agml -t of lead(II). The molar absorptivity of the extracted species is !.93x 104 
1 mol- ~ cm- ' at 380 nm. The proposed method is sensitive, simple, rapid, accurate and has been satisfacto- 
rily applied for the determination of lead in synthetic mixtures, alloys, water and soil samples. 

1. Introduction 

Lead is a transition metal and has significance 
in many industrial applications [1]. In spite of its 
various applications, lead is a very toxic and 
harmful element [2]. Hence it is very important 
to estimate lead at the trace level in different 
samples. Various reagents for the extractive 
spectrophotometric determination of lead, such 
as 8-hydroxy-7-[~-(2-methoxycarbonylanilino)- 
benzyl]quinoline [3], thio-2-thenoyltrifluoroace- 
tone [4], N-(4-chlorophenyl)benzohydroxamic 
acid [5], 2-(salicylideneamino)benzenethiol [6], 
morphine-4-carbodithioate [7], N,N'-bis(2-hy- 
droxy-5-nitrobenzyl)cryptand-22 [8], cyclohex- 
ane- I, 3-dione-bis-(4-methylthiosemicarbazone) 
[9], monothiothenoyltrifluoroacetone [10], sodi- 
um N,N-diethyl-dithiocarbamate [11] and dithi- 
zone [12] have been reported. However these 
methods suffer from some limitations such as 
strict temperature control [6], long extraction 
times [4,6,8-10] and interference from some 

* Corresponding author. 

ions [3,4,6-10,12], etc. A method, superior in 
sensitivity to those reported in the literature 
[3,5,7,11], is developed for the extraction and 
spectrophotometric determination of lead(II) 
with pyridine-2-acetaldehyde salicyloylhydra- 
zone (PASH). The method is rapid, simple and 
accurate. Earlier PASH was employed for the 
extractive spectrophotometric determination of 
vanadium(V) [13], iron(Ill) [14], nickel(lI) [15], 
palladium(Ill) [16], copper(lI) and ruthenium 
(III) [17], PASH reacts with lead(ll) to give a 
yellow-green coloured complex extractable in 
chloroform. The method is free from many 
limitations. 

2. Experimental 

2,1. Apparatus 

A Bausch and Lomb Spectronic-20 spec- 
trophotometer with glass cells, a ditigai ELICO 
pH meter (model LI-120) with a combined glass 
electrode and a Carl Zeiss Jena (DDR) atomic 
absorption spectrometer were used. 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights reserved 
SSDI 0039-9140(95)01578-7 



2.2. Reagents 

1 . 0  

All chemicals used were of analytical grade 
unless otherwise stated. Double-distilled water 
was used. 

PA SH 
The ligand was synthesised by the reaction of 

pyridine-2-acetaldehyde (Fluka) and salicyloyl- 
hydrazide (Aldrich) as reported in the literature 
[13]. A stock solution (10mgml -~) of PASH 
was prepared by dissolving it in DMF. The 
appropriate volume was diluted to 100 ml with 
chloroform to give a 0.05% reagent solution of 
PASH. 

Lead(II) solution 
Lead nitrate (3.99 g) was dissolved in 3 ml of 

concentrated nitric acid, and the solution was 
diluted to 250 mi with double-distilled water 
and standardised by a known method [18]. 

Lithium chloride (4M) 
Lithium chloride (17g) was 

100 ml of distilled water. 
dissolved in 

Buffer solution (pH 9.0) 
The pH of the aqueous (1:1) NH3 solution 

was adjusted to the required pH with 4 N HCI 
using a pH meter. 

2.3. Recommended procedure 

100 

0 . 8  

A 
t~ 0 . 6  Q 

i 
0 . 4  

0 . 2  

I I 

350 400 4150 500 550 

I fave length  t nee 

Fig. I. Absorption spectra of PASH and its lead(ll) com- 
plex extracted into chloroform. ([PB(II)]= 51agml-~; 
pH9.0; [LiCI]=0.8 M; [PASH]=0.05%.) Spectrum A, 
PASH vs. chloroform; spectrum B, Pb(Ii)PASH complex 
vs. reagent blank. 

3.2. Extraction conditions 

Lead(II) was extracted over the pH range 
2-11 from lithium chloride solution in the 
range 0.1-1.4 M with varying (0.005-0.060%) 
concentrations of PASH. The extraction co- 
efficients were determined by atomic absorp- 
tion spectrometry. At pH 8.6-9.3 the 
extraction reached a maximum, and lead(II) 

To an aliquot of solution containing 15- 
62 lag of lead (II) in a separating funnel add 
2 ml of 4 M lithium chloride solution and 2 ml 
of pH 9.0 buffer. Dilute the mixture to l0 ml 
with distilled water and equilibrate with I0 ml 
of a 0.05% reagent solution of PASH in chloro- 
form for l min. Separate the two layers and 
measure the absorbance of the organic phase 
containing the complex at 380nm against a 
reagent blank. 

3. Results and discussion 

3. I. Absorption spectra 

The absorption spectra of PASH and the 
Iead(II)-PASH complex are shown in Fig. 1. 
The absorption maximum of the ligand is at 
345 nm and that of the complex is at 380 nm. 
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I 
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Fig. 2. The effect of pH on the extraction of lead(ll) with 
PASH. 
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was quantitatively extracted as shown in Fig. 2. 
Therefore all extractions were performed at 
pH 9.0. The optimal concentrations of  lithium 
chloride and PASH were found to be 0.8 M 
and 0.05%, respectively, for the extraction of 
lead(II). The equilibration time for the extrac- 
tion of lead(II) was varied from 10-180 s, the 
minimum time required for the extraction of 
lead(II) was 60 s. A longer extraction time has 
no adverse effect. The lead(II) complex was 
stable for 40 h. 

3.3. Effect of  solvents 

The effect of various solvents such as chloro- 
form, benzene, xylene, toluene, carbon tetra- 
chloride, methyl isobutyl ketone, amyl acetate 
and ethyl acetate on the extraction of lead(II) 
with PASH was studied and it was found that 
the extraction of lead(II) was quantitative with 
chloroform. The reagent solution of PASH 
(0.05%) in other solvents gave only 35-93% 
extraction of lead(II). 

.1.0 

0 .0  

- 1 . 0  

l I I 

-4 .0  -3.{ ]  -2 .0  

l og  [ F,M;K ] Otg  

Fig. 3. Logarithmic plot of the distribution of lead(Ill vs. 
concentration of PASH. ([PINI1)] = 5 lagml-t; pH. 9.0; 
[LiCI] = 0.8 M; absorbance measurement at 380 nm.) 

3.7. Application to the determination of  lead in 
synthetic mixtures 

3.4. Beer's law and sensitivity 

The absorbance is a linear function of 
lead(II) concentration in the range 1.5- 
6.2 ~tg ml -  t of solution. The molar absorptivity 
is 1.93 x 104 1 mol -~ cm -t  and the Sandell 
sensitivity is 0.0107 lag cm -2. 

The present method was applied to the deter- 
mination of lead (30 pg) in various synthetic 
mixtures containing copper, nickel, zinc, iron, 
bismuth, tin, arsenic, antimony and man- 
ganese. The results are shown in Table 2. 

3.5. Composition of  the extracted species 

The composition of the complex was deter- 
mined by plotting of log D against log 
[PASH]org at fixed pH, where D denotes the 
distribution ratio of lead(II) between the two 
phases and [PASH]org is the equilibration con- 
centration of PASH in the organic phase. As 
shown in Fig. 3, a straight line with a slope 
equal to about 2 shows that the metal-to-ligand 
ratio is 1:2. 

3.6. Effect of  foreign ions 

The effect of various foreign ions on the 
extraction and determination of lead(II) was 
studied, and tolerance limits are shown in 
Table 1. The tolerance limit of the foreign ion 
was taken as the amount required to cause an 
error of not more than +2% in the lead(ll) 
recovery. 

Table 1 
Effect of foreign ions on the extraction of 30 lag of lead(ll) 
from 0.8 M LiCl solution with 0.05% PASH in chloroform 

Tolerance Ions 
limit (lag) 

2OOOO 

10000 
60OO 
5000 
3500 
3000 
2500 
2000 
1000 
500 
200 
100 
50 
40 
20 

CI-,  Br-,  F - ,  SO~-, S20~-, S20~-, 
CIO~-, BrOw, IO~-, NOT, NO~-, CN- ,  
SCN-,  urea, thiourea, oxalate, 
acetate, citrate, tartrate 
Ca(ll), Sr(|l) 
Co(ilL Cd(ll) 
Zn(ll), Cr(lll), W(VI) 
I -  
SO~,- 
MnO;  
Mg(ll), Fe(lll) 
Mn(ll), Hg(II) 
Sn(ll), Pd(ll). Ru(IIIL V(V) 
Sb(IIL As(filL Ce(IV), Th([VL U(VI) 
Cu(ll), Ni(ll). Ti(IV) 
Mo(lll), TI(IV) 
Be(IlL Bi(lll) 
Te(IV) 



1294 M.N. Bale et aL / Talanta 42 (1995) 1291-1296 

Table 2 
Analysis of synthetic mixtures 

Sample Synthetic mixture Amount Recovery Standard Coefficient of 
composition ~ found b (%) deviation variation (%) 

1 Pb(30), Cu(100), Ni(100), 29.98 99.93 0.10 0.33 
Zn(1000), Fe(1000) 

2 Pb(30), Bi(40), Sn(100), 30.00 100.00 0.10 0.33 
As(200), Sb(200) 

3 Pb(30), Bi(40), Sn(100), 29.92 99.73 0.47 1.57 
Cu(100), Mn(1000) 

4 Pb(30), Cu(100), Sn(100), 29.94 99.80 0.25 0.83 
Fe(1000), Zn(1000) 

5 Pb(30), Bi(40), Ni(100), 29.94 99.80 0.08 0.26 
Zn(1000), Fe(1000) 

6 Pb(30), Sn(100), Sb(200), 29.90 99.60 0.23 0.76 
Zn(1000), Mn(1000) 

7 Pb(30), Ni(100), Sn(100), 29.96 99.86 0.42 1.40 
Mn(1000), Fe(1000) 

8 Pb(30), As(200), Fe(1000), 30.00 100.00 0.14 0.46 
Zn(1000), Mn(1000) 

Numbers in parentheses are microgram amounts of the metals. 
b Average of five determinations. 

Table 3 
Analysis of water and soil samples 

Sample Present Standard Variation Atomic 
method ~ deviation from mean absorption 
(lag ml-') (lag ml- t) 

A 14.7 0.16 14.7 + 0.25 14.7 
B 24.9 0.1 ! 24.9 + 0.18 25.0 
C 49.9 0.08 49.9 + 0.12 50.0 
D 50.2 0.14 50.2 _+ 0.22 50.2 
E 48.6 0.16 48.6 -t- 0.25 48.8 
F 45,4 0.08 45.4 + 0.12 45.5 

Average of four determinations. 
Key: A, Kotwali water tank; B, industrial waste water of Nocil; C, lead smelter, east side soil; D, lead smelter, west side 
soil; E, lead smelter, back ground soil; F, lead smleter, 15 cm depth soil. 

3. 7. Application to determination o f  lead in 
water samples 

W a t e r  samples  were col lected f rom a wate r  
t ank  at  Ko twa l i  and  samples  o f  indust r ia l  
waste  water  f rom Noci l  were also used. The  
samples  were fil tered and  acidified with nitr ic 
acid. To 1 - 2  ml o f  the samples  in a separa t ing  
funnel were added  2 ml each o f  4 M l i thium 
chlor ide  and p H  9.0 buffer. This  mixture  was 
di lu ted  to 10 ml and  ex t rac ted  with 10 ml o f  a 
0.05% reagent  so lu t ion  o f  P A S H .  Af t e r  the 
sepa ra t ion  o f  the two layers,  the abso rbance  o f  
the organic  phase  was measured  at  380 nm 
agains t  a reagent  b lank.  The  concen t ra t ion  o f  
lead was de te rmined  f rom the s t a n d a r d  curve.  
The  results  shown in Tab le  3 are  in g o o d  
agreement  with each o the r  and  with those  ob-  
ta ined by a tomic  abso rp t i on  spec t romet ry .  

3,8. Application to the analysis of  soils 

The soil samples  were collected f rom the 
a rea  o f  a lead smelter.  

Sample dissolution 
To a l g soil sample  in a beaker ,  15ml  

o f  aqua  regia a n d ' 2 m l  o f  perchlor ic  acid 
were a d d e d  and  hea ted  near ly  to dryness.  
The  process  was repea ted  until  a white residue 
was formed.  The  residue was dissolved in 30 ml 
o f  5 N HCI and  fil tered th rough  a W h a t m a n  
no. 42 filter paper .  The  undissolved mater ia l  
was washed with 30 ml o f  dist i l led water  and  
the vo lume o f  the fil trate was made  up to 
100 ml with dist i l led water.  A n  a l iquot  o f  this 
so lu t ion  was used for the de te rmina t ion  o f  
lead. 
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Table 4 
Analysis of alloys 

Sample Sample and its 
composition 

Certified Amount S tanda rd  Coefficient of 
value found  d e v i a t i o n  variation 

(%) ~ (%) 

I Leaded gunmetal (BCS 183/4) 
Cu, 84.06; Sn, 7.27; Zn, 3.47; 
Pb, 3.15; Ni, 1.30; Sb, 0.23; 
As, 0.13; Fe, 0.056; Bi, 0.005; 
P, 0.09 

2 Tin base whitemetal (BCS, 178/2) 
Sn, 82.20; Sb, 9.45; Cu, 4.58; 
Pb, 3.18; Ni, 0.17; As, 0.15; 
Cd, 0.14; Bi, 0.11; Zn, 0.04; 
Fe, 0.02 

3 Leaded brass (ITA Lab, 4016) 
Cu, 60.04; Zn, 33.02; Pb, 5.75; 
AI, 0.37; Sn, 0,30; Ni, 0.03; 
Fe, 0.18; Sb, 0.02; P, 0.02 

4 Solder 

3.15'V, Pb 3.13 0.212 0.67 

3.18'¼, Pb 3,16 0.141 0.44 

5.75% Pb 5.72 0.273 0.47 

60.00 lag Pb b 59.90 0.418 0.69 

"Average of five determinations. 
b 60 ~tg amount of Pb was taken. 

Determination of  lead 
To 1 ml of  the above solution in a separating 

funnel, 2 ml each of  4 M lithium chloride and 
p H 9 . 0  buffer were added. Iron(I l l )  was 
masked with 3 ml of  2 M sodium citrate. The 
volume of  the mixture was made up to 10 ml 
and extracted with 10 ml of  a 0.05% reagent 
solution of PASH for 1 min. After the separa- 
tion of two layers, the absorbance of the or- 
ganic phase was measured at 380 nm against a 
reagent blank. The concentration of  lead was 
determined from the standard curve. The re- 
sults shown in Table 3 are in good agreement 
with each other and with those obtained by 
atomic absorption spectrometer. 

3.9. Appfication to analysis o f  alloys 

The proposed method was applied to the 
determination of  lead in solder, brass, leaded 
gun metal and tin base white metal. 

Dissolution of solder, brass and leaded gun metal 
Alloy (0.01-0.1 g) was dissolved [19] in 5 ml 

of  concentrated nitric acid. The solution was 
evaporated to dryness to remove excess of  acid. 
The residue was dissolved in 5 M nitric acid, 
any metastannic acid was filtered off, and the 
filtrate was washed with hot dilute nitric acid 
and finally with 10 ml of  hot water. The filtrate 
was diluted to 100 ml with distilled water. 

Dissolution of tin base white metal 
Alloy (0.1 g) was dissolved in 5 ml of  47% 

hydrobromic acid [19], The solution was evap- 
orated to dryness, cooled and 3 ml of  25% (v/v) 
sulphuric acid was added. Again, the mixture 
was evaporated nearly to dryness. Finally the 
white mass was dissolved in 4 ml of  concen- 
trated hydrochloric acid and diluted to 100 ml 
with distilled water. 

Determination of lead 
A 1 ml portion of  the above prepared solu- 

tion was taken in a separating funnel, and 2 ml 
each of  4 M lithium chloride and pH 9.0 buffer 
were added, To this mixture, 2 ml of  a satu- 
rated solution of  ammonium thiocyanate and 
sodium tartrate were added to mask the inter- 
fering ions. This mixture was diluted to 10 mi 
and extracted with 10 ml of  a 0.05% reagent 
solution of PASH for 1 rain. The two layers 
were separated and the absorbance of  the or- 
ganic phase was measured at 380 nm against a 
reagent blank. The concentration of  lead was 
determined from the standard curve. The re- 
sults are shown in Table 4. 
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Abstract 

Two enzyme reactors prepared by the co-immobilization of two different glucose-6-phosphate dehydroge- 
nases (G6PDH; from Leuconostoc mescenteroides (LM) and yeast (Y) and diaphorase are employed to 
enhance the sensitivity of NAD(P) coenzymes as on-line amplifiers based on substrate recycling in a 
chemiluminometric flow-injection system. The NAD(P) coenzymes are recycled enzymatically during passage 
through the reactor in the presence of sufficient glucose-6-phosphate and oxygen in the carrier solution to 
produce a large amount of hydrogen peroxide, which is detected chemiluminometrically in the subsequent 
flow line. The G6PDH(LM)/diaphorase co-immobilized reactor is not specific between the NAD and NADP 
coenzymes, but shows a six fold selectivity towards NADP coenzymes compared to NAD coenzymes; the 
amplification factors for NAD and NADP coenzymes are 60 and 380, respectively, at a flow rate of 
0.3 ml rain-t. In contrast, the G6PDH(Y)/diaphorase co-immobilized reactor is specific for NADP coen- 
zymes with an amplification factor of about 600 (at a flow rate of 0.3 mlmin-t). The detection limit is 
6 fmol for both NADP + and NADPH. 

Keywords: Chemiluminometric flow-injection; Co-immobilization; NADP coenzymes; Substrate recycling 

1. Introduction 

Enzymatic amplification based on substrate 
recycling is an interesting approach for enhanc- 
ing sensitivity. The analyte is recycled by 
choosing a combination of  coupled enzymes 
such that the product of  the first enzyme is the 
substrate of the second. Such an amplification 
has been accomplished by incorporating a 
small reactor packed with co-immobilized cou- 
pled enzymes into an appropriate flow-injec- 
tion analysis (FIA) system [1,2]. Considerable 

* Corresponding author. 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights 
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amplification has been achieved even with a 
short residence time of  the sample zone in the 
enzyme reactor. The sensitivities of an on-line 
detection of L-lactate/pyruvate [3-6], L-gluta- 
mate [7], phosphate [8], purine nucleotides [9], 
adenosine-5'-triphosphate [10] and NAD coen- 
zymes [11-13] have been increased by using the 
enzyme reactor and substrate recycling. 

We are particularly interested in the on-line 
amplification of nicotinamide coenzymes which 
are physiologically important coenzymes. Pre- 
viously [11], we proposed the usefulness of 
an amperometric FIA system with a glucose- 
6-phosphate dehydrogenase/lactate dehydro- 

reserved 
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genase/lactate oxidase co-immobilized reactor 
for the selective amplification of NAD coen- 
zymes (NAD+: oxi-dized form; NADH: re- 
duced form) compared to NADP coenzymes 
(NADP+: oxidized form; NADPH: reduced 
form). Kronkvist et al. [13] described the use 
of a glycerol dehydrogenase/diaphorase co- 
immobilized reactor for a similar purpose. 
However, an enzyme-amplified reactor that 
functions specifically for NADP coenzymes 
has not been developed as yet. 

This paper describes a chemiluminometric 
FIA system with a glucose-6-phosphate dehy- 
drogenase (G6PDH)/diaphorase co-immobi- 
lized reactor which permitted the selective 
detection with signal amplification of NADP 
coenzymes, due to differences in the substrate 
specifically between two varieties of the enzyme 
reactor prepared from different commercially 
available G6PDHs and diaphorase from 
Clostridium kluyveri. Diaphorase from 
Clostridium kluyveri catalyses the oxidation of 
NADPH to NADP ÷ to produce hydrogen per- 
oxide, consuming oxygen without a mediator 
such as hexacyanoferrate(III) [13]. 

2. Experimental 

2. I. Materials 

Distilled water purified with use of a Mil- 
lipore Milli-Q system (Nippon Millipore Ltd., 
Tokyo) was used throughout. G6PDH 
(EC.1.1.1.49; 689 U mg-~ from Leuconostoc 
mescenteroides and 468 U mg -~ from yeast), 
diaphorase (EC.1.6.99; 399 U mg- ' ,  from 
Clostridium kluyveri ), glucose-6-phosphate 
(G6P), NAD +, NADH, NADP + and NADPH 
were purchased from Oriental Yeast (Tokyo) 
and flavin adenine dinucleotide, disodium salt 
(FAD), luminol (biochemical grade), potassium 
hexacyanoferrate(llI) and glutaraldehyde were 
from Wako (Osaka). All other chemicals were 
of analytical reagent grade and were used as 
received. Controlled-pore glass (aminopropyl 
CPG; mean pore size, 527 k;  particle size, 
120-200 mesh) was obtained from CPG Inc. 
(Fairfield, N J) and was used as a support mate- 
rial for enzyme immobilization. For the 
determination of chemiluminescence (CL), 
7 mM luminol and 200 mM potassium hexa- 
cyanoferrate(III) stock solutions were prepared 
according to a procedure described in the liter- 
ature [14]. The carbonate buffers were prepared 
from sodium hydrogen carbonate. 

2.2. Preparation of  immobilized en:yme 
reactors 

Aminopropyl CPG was packed into three 
glass columns (18 mm x 3 mm i.d.) furnished 
with small nylon nets (300 mesh) at each end. 
They were activated by circulating glutaralde- 
hyde solution into the glass beads as previously 
described [15]. After washing with 0.1 M 
sodium carbonate buffer (pH 8.0), diaphorase 
(260 U) was loaded onto the column by circu- 
lating enzyme/sodium carbonate buffer solu- 
tion (0.1 M; pH 8.0) through the column at 
1.0mlmin -n for 2h  at room temperature. 
G6PDH from Leuconostoc mescenteroides 
(G6PDH(LM); 620 U) and diaphorase (260 U) 
were also co-loaded onto another column, and 
G6PDH from yeast (G6PDH(Y); 420 U) and 
diaphorase (260 U) were loaded onto the other 
column according to the same procedure. The 
weight ratio of coupled enzymes in the enzyme 
solution used for the preparation of the latter 
two reactors was 3:2 (G6PDH:diaphorase). 
This ratio was suitable for the substrate recy- 
cling experiments. When not in use, all the 
enzyme reactors were stored in 0.1 M sodium 
carbonate buffer (pH 7.5) in a refrigerator at 
4 °C to minimize microbiological degeneration. 

2.3. Apparatus and procedures 

The FIA manifold used is outlined in Fig. I. 
The reciprocating pump used was a multichan- 
nel Sanuki Kogyo (Tokyo) 4P3U model. A 
microsyringe was used to introduce the sample 
solution (20~tl) into an injector (Rheodyne 
model 7125) with a 100 pl loop, in the carrier 
stream (0.1 M sodium carbonate buffer, pH 
8.0, containing 20 laM FAD and l mM G6P) 
pumped at a flow rate of 0.3 ml min -~. The 

ml/mtn 

B I0"4 
Io, I 

c I 

MC L 

Fig. 1. Otimized chemiluminometric FIA manifold for the 
determination of NAD{P) coenzymes: A, carrier solution 
(0.1 M sodium carbonate buffer, pH 8.0): B, luminol solu- 
tion (0.05 mM); C, potassium hexacyanoferrate(lll) solu- 
tion (50mM): S, injector (20 lal}: E, enzyme reactor: T, 
T-connector; MC, mixing coil (PTFE, 20cm x 0.5mm 
i.d.): L, luminometer: W, waste. 
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injected sample passed through the enzyme re- 
actor inserted in the line as shown, where the 
substrate was oxidized by dissolved oxygen to 
form the product and hydrogen peroxide. After 
mixing at a confluence T with a mixed conflu- 
ent of 0.05mM luminol and 50mM hexa- 
cyanoferrate(III) solutions pumped at 
0.4ml min -t ,  respectively, the enzymatically 
generated hydrogen peroxide was detected as 
the intensity of light emitted in a luminol 
chemiluminescent reaction. The light intensity 
was measured with a luminometer (Yanagi- 
moto, Kyoto) equipped with a 100pl flow- 
through cell, which was directly attached to the 
photomultiplier tube operated at -700 V. 

3. Results and discussion 

3. I. System without amplification 

Diaphorase is an enzyme that is most fre- 
quently employed for NADH (or NADPH) 
oxidation, but the presence of an acceptor, 
such as hexacyanoferrate(III), is required, as is 
shown in Eq. (1): 

diaphorase 
NAD(P)H + acceptor 

NAD(P) + + reduced acceptor (1) 

In the preliminary experiments, however, the 
enzyme reactor prepared by immobilizing di- 
aphorase from Clostridium kluyveri was found 
to catalyse the subsequent reaction (Eq. (2)) 
incorporating an oxygen molecule as the accep- 
tor: 

diaphorase 
NAD(P)H + 02 , NAD(P) + + H202 (2) 

However, repeated injections of NADH solu- 
tion (10 -4 M; 20 pi) led to a gradual decrease 
in the response. This decrease was restored by 
passing 20 pM FAD solution through the en- 
zyme reactor. This probably indicates that the 
activity of immobilized diaphorase decreases by 
releasing FAD from an active centre of the 
enzyme during the course of the reaction (Eq. 
(2)), Phosphate buffers (0.1 M) containing 
20 pM FAD at various pH values were tested 
as the carrier solution. The resulting enzyme 
activity-pH plots showed a maximum plateau 
in the pH range 6.0-8.4. At pH values below 
5.8 and above 8.6, the response decreased 
sharply. The conversion efficiency of NADH 
(or NADPH) to NAD + (or NADP +) (and 
hydrogen proxide) was calculated from a corn- 
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Fig. 2. Enzymatic recycling model of NAD(P) ÷ and 
NAD(P)H in the co-immobilized glucose-6-phosphate de- 
hydrogenase (G6PDH)/diaphorase reactor: G6P, glucose- 
6-phosphate; GI6P, gluconolactone-6-phosphate. 

parison of the (CL) signals for NADH (or 
NADPH) and H202, and was found to be 
independent of the carrier flow rate and about 
100% at every flow rate (0.3-1.5 mlmin -t) at 
room temperature. 

In this system, NADH and NADPH gave 
nearly equal CL signals, because the di- 
aphorase-immobilized reactor was not selective 
between the two coenzymes (NADH or 
NADPH). When 0.1 M phosphate buffer (pH 
7.0) containing 20 pM FAD was pumped at a 
flow rate of 0.3 ml min- ~ as a carrier solution, 
the calibration graph for the CL signal was 
linear over the range (1 x 10-6)-(5 x 10 -4) M 
NADH. The calibration graph obtained for 
NADPH was essentially the same over the 
entire concentration range. The linear correla- 
tion coefficient was 0.998 (n= 7) for both 
graphs. The detection limit was 5 x 10-7 M for 
both coenzymes (corresponding to 10 pmol). 

3.2. System with amplification 

Diaphorase is not specific between NADH 
and NADPH, while G6PDHs from two 
sources, Leuconostoc mescenteroides (LM) and 
yeast (Y), exhibited a difference in the reaction 
specificity for the coenzymes; the G6PDH(LM) 
is not specific between the coenzymes (NAD ÷ 
and NADP ÷) and G6PDH(Y) is specific for 
NADP ÷. Two enzyme reactors prepared by 
co-immobilizing G6PDHs from different 
sources and diaphorase were tested for the 
amplification of NAD(P) coenzyme detection. 
The operating principle of the enzyme reactors 
used for the substrate recycling is shown sche- 
matically in Fig. 2. On passage through the 
enzyme reactor, the coupled enzymes (G6PDH 
and diaphorase) permit the recycling of 
NAD(P) coenzymes in the presence of G6P 
and oxygen in the carrier solution. Thus, the 
coenzymes are shuttled between the reduced 
and oxidized forms producing one molecule of 
hydrogen peroxide and gluconolactone-6-phos- 
phate in each cycle. As a result, for every 
coenzyme molecule, a number of oxygen 
molecules are converted to form a large 
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Table I 
Optimization of variables for use in enzyme reactors 

Variable Range studied Enzyme reactor 

G6PDH(LM)/diaphorase" G6PDH(Y)/diaphorase b 

Chemical 
Buffer Four kinds" Carbonate (0.1 M) Carbonate (0.1 M) 
pH 7.5-9.5 8.0 8.0 
G6P (raM) 0.1-2.5 2.0 2.0 
NaCI (M) 0.1-0.7 0.5 0.5 
FAD (~tM) 5-50 20 20 

Physical 
Reactor temperature (°C) 16-42 32-37 Above 425 
Flow rate (ml min-  J) 0.2-1.0 0.3 0.3 

a Glucose-6-phosphate dehydrogenas¢ (from Leuconostoc mescenteroides)/diaphorase co-immobilized reactor. 
b Glucose-6-phosphate dehydrogenase (from yeast)/diaphorase co-immobilized reactor. 
c 0.1 M phosphate, carbonate, Tris-HCI and borate buffers. 
d Sensitivity increases with the increase of temperature. 

amount of hydrogen peroxide, which can be 
detected chemiluminometrically (Fig. 1). 

Experiments were conducted to establish the 
optimum experimental conditions for the am- 
plification and to evaluate the differences in the 
reaction specificity between the two enzyme 
reactors. Table 1 shows the range over which 
each variable was studied and the determined 
optimal values. 

Four types of buffer (0.1 M; pH 8.0; phos- 
phate, carbonate, Tris-HCl, and borate) con- 
taining 2mM G6P and 20pM FAD, were 
tested as the carrier solution, and were pumped 
at a constant flow rate of 0.5 mi min-t through 
the co-immobilized G6PDH(LM)/diaphorase 
reactor. A sodium carbonate buffer was used as 
the carrier solution as it provides the greatest 
signal for the amplification of NADH. The 
borate buffer greatly inhibited the G6PDH- 
catalysed reaction, while Tris-HCl buffer in- 
hibited the chemiluminometric reaction of 
hydrogen peroxide (the sensitivity to hydrogen 
peroxide was approximately half of that in the 
carbonate buffer). 

When 0.1 M carbonate buffer containing 
2 mM G6P and 20 laM FAD was used as the 
carrier solution, the G6PDH(LM)/diaphorase 
reactor gave an amplified peak-shaped signal 
for NADH and NAD +, but the G6PDH(Y)/ 
diaphorase reactor produced no response for 
the same NAD coenzymes. Furthermore, both 
enzyme reactors gave a small broad signal for 
the NADP coenzymes (Fig. 3). However, the 
shape of the signal varied from a rounded to a 
sharp peak after the addition of  NaCI to the 
carrier solution (Fig. 3). This is probably due 

to the ionic interactions between the NADP 
coenzyme and the CPG particles. As the NaCI 
concentration in the carrier was increased from 
0 to 0.5 M, the sensitivity to NADP coenzymes 
was increased, but the increase was only slight 
at the higher concentration. 

Without G6P in the carrier solution, only a 
negligibly small signal for NADPH was ob- 
served, with no signal for NADP + upon the 

C 4 )  C5) (6) 

~ ( L I [  )/Dia~orm Reactor 
(9) 

. . ( 2 )  

( I )  

G$~H(Y.)/DiaphoraseP, ealctor <4> (5) (6> 

c , )  . / \ ~  

Fig. 3. Effect o f  NaCI addition to the carrier solution on 
the chemiluminescent signal for N A D P * .  NaCI concentra- 
tion: peak(l), 0; peak (2), 0.1 M: peak (3), 0.2 M: peak (4), 
0.3 M; peak (5), 0.4 M; peak (6), 0.5 M. A 20 pl aliquot of 
10 -6 M NADP + solution was injected into the carrier 
stream (0.1 M carbonate buffer, pH 8.0, containing 2 mM 
G6P, 20 pM FAD and a variety of NaCI concentrations) 
pumped at 0.3 ml rain- i. 
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Fig. 4. Effect of reactor temperature on substrate amplifi- 
cation in the FIA system with (A) the G6PDH(LM)/di- 
aphorase reactor and (B) the G6PDH(Y)/diaphorase 
reactor: amplified response for a 20pl injection of 
5 X 10 - 7  M NAD + (0 )  and 5 x l0 ~7 M NADP + (A). 

use of both enzyme reactors. When the G6P 
concentration in the carrier was increased from 
0 to 2 mM, the sensitivity to NADPH was 
increased 380 times and 600 times, respectively, 
for the G6PDH(LM)/diaphorase and 
G6PDH(Y)/diaphorase reactors. This indicates 
that the recycling of NADP + and NADPH 
occurs effectively between the coupled enzymes 
in the presence of G6P because oxygen is dis- 
solved in the carrier solution. However, the 
increase was only slight at higher concentra- 
tions of G6P, probably because of limited oxy- 
gen in the solution. 

A 20 pM concentration of FAD in the car- 
t ier  so lu t ion  was selected as it p rov ided  repro-  
ducib le  signals for  N A D P  + and N A D P H  after  
repea ted  injections.  

The  effect o f  the p H  of  the carr ier  so lu t ion  
(0.1 M sod ium ca rbona t e  buffer con ta in ing  
2 m M  G6P,  20 laM F A D  and 0.5 M NaCI)  was 
invest igated next. M a x i m u m  response  for  
N A D P  ÷ and N A D P H  was ob ta ined  at  p H  
8 .0 -8 .5  for  bo th  enzyme reactors .  A t  p H  val- 
ues be low 7.5 and above  9.0, the response 
decreased sharply ,  p r o b a b l y  because  o f  the de- 
crease in act ivi ty  o f  immobi l ized  G 6 P D H s .  
Therefore ,  0. l M sod ium ca rbon-  
ate buffer (pH 8.0) con ta in ing  2 m M  G6P,  
20 laM F A D  and  0.5 M NaCI  was selected as 
the o p t i m u m  carr ie r  solut ion for  bo th  enzyme 
reactors .  

The  t empera tu re  o f  the enzyme reac tors  was 
increased by immers ing  them in a the rmos ta t -  
ted wate r  ba th .  Fig. 4A shows the effect o f  
reac tor  t empe ra tu r e  on the ampli f ied response 
to N A D  + and  N A D P  ÷ in the system with a 
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Fig. 5. Effect of carrier flow rate on substrate amplification 
in the FIA system with the G6PDH(LM)/diaphorase reac- 
tor (A) and the G6PDH(Y)/diaphorase reactor (B): am- 
plified response for a 20 pl injection of 5 x 10 -7 M NAD + 
(0 )  and 5 x 10 -7 M NADP + (A). 

G6PDH(LM)/diaphorase reactor; the maxi- 
mum response was obtained at 32-37 °C and 
at higher temperature the response decreased 
gradually, probably because of a decrease in 
the activity of the G6PDH(LM). However, in 
the system with the G6PDH(Y)/diaphorase re- 
actor (Fig. 4B), the amplified response to 
NADP + increased with an increase of the tem- 
perature up to 42 °C. This difference may be 
attributed to the thermostability of immobi- 
lized G6PDH(Y) compared with immobilized 
G6PDH(LM). 

The carrier flow rate is related to the resi- 
dence time of the sample zone in the reactor 
(i.e. the turnover numbers of recycling) and, 
therefore, the signal intensity increased with 

/ /  
I~' I0 L' I~' II" II" I0" li '~ 

NADH or NAI)PH (I) 

Fig. 6. Calibration graphs for NAD(P)H coenzymes ob- 
tained by FIA with the G6PDH(LM)/diaphorase reactor 
(A) and the G6PDH(Y)/diaphorase reactor (B): © and A, 
no amplified response for NADH and NADPH, respec- 
tively: • and A, amplified response for NADH and 
NADPH, respectively. (Injection volume, 20 pl.) 
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decreasing flow rate (Fig. 5). Fig. 6 shows the 
calibration graphs for coenzymes with and 
without G6P in the carrier solution at a flow 
rate of  0.3 ml min-  1. When the G6PDH(LM)/  
diaphorase reactor was used (Fig. 6A) without 
G6P in the carrier solution, the response de- 
pended linearly on the NADH concentration 
up to 5 x 10 -4 M, and the detection limit was 
5 x 10-7M,  the linear correlation coefficient 
was 0.999 (n = 7). In contrast, the presence of  
2 mM G6P in the same carrier solution re- 
sulted in a greatly increased signal. The cali- 
bration graphs for the amplified response were 
linear over the range 10-8-5  × 10 - 6  M 
NADH and 2 x 1 0 - 9 - 1 0 - 6 M  NADPH; the 
correlation coefficients were 0.998 for NADH 
and 0.999 for NADPH,  respectively. The de- 
tection limit was 8 x 10 -9M for NADPH  
(corresponding to 160 fmol and 12 fmol, re- 
spectively). The cycle could also be initiated 
with NAD + and NADP +, and so the calibra- 
tion graphs obtained for them were essentially 
the same over the entire concentration range 
as those for N A D H  and NADPH,  respec- 
tively. Similarly, in the system with the 
G6PDH(Y)/diaphorase reactor, the calibraiton 
graphs were amplified greatly for NADP + and 
N A D P H  over the range 1 0 - 9 - 1 0 - 6 M ;  the 
calibration graphs for two NADP coenzymes 
were essentially the same, and were linear with 
a correlation coefficient of  0.999 (n = 9). The 
detection limit was 3 x l 0 - ~ ° M  for both 
coenzymes (corresponding to 6 fmol). In this 
system N A D H  and NAD + gave no signal, 
because the G6PDH(Y) used was specific for 
NADP +. Therefore, this system is useful for 
the highly sensitive detection of  the NADP + 
and NADP H pair. 

The reproducibility of  the measurements 
was tested by repeated injections (n = 10) of  
10-TM NADP + and NADPH.  The relative 
standard deviations were 1.5-2.3% for the 
systems with the two different reactors. 

The immobilized enzyme reactors were used 
repeatedly to confirm the instability with time; 
even after repetitive use (about l0 samples per 
day) for 2 months, the enzyme reactors re- 
tained over 95% of  their original activities. 

4. Conc lus ions  

A FIA approach with an immobilized en- 
zyme reactor involving amplification by sub- 
strate recycling is very attractive with respect 

to the enhancement of  the sensitivity for the 
selective detection of  substrate in the nanomo- 
lar to micromolar range. The amplification of  
nico-tinamide coenzymes is particularly impor- 
tant, because they furnish the redox driving 
force for many dehydrogenase-catalysed reac- 
tions and are frequently used as substrates in 
enzyme immunoassays. This work demon- 
strated the usefulness of  two enzyme reactors 
prepared by co-immobilizing two different 
commercially available G6PDHs and di- 
aphorase for Clostridium kluyver i  in order to 
increase greatly the sensitivity of  NAD(P) 
coenzymes by substrate recycling. In particu- 
lar, the G6PDH(Y)/diaphorase coimmobilized 
reactor was specific for NADP coenzymes 
with an amplification factor of  about 600 (at a 
flow rate of  0 .3mlmin  -I)  in the determina- 
tion of  NADP + and NADPH.  The difference 
in the specificity obtained by the combination 
of  the coupled enzymes is very attractive for 
the specific detection of  NAD(P) coenzymes. 
However, the proposed FIA system was not 
specific between the oxidized and reduced 
forms of  NAD(P) coenzymes, because the cy- 
cle was initiated with each of  them. This dis- 
advantage can be overcome by using this 
amplified FIA system as a postcolumn detec- 
tor for liquid chromatography. Also, the FIA 
system with the G6PDH(Y)/diaphorase con- 
immobilized reactor should prove useful as a 
highly sensitive detection system for enzyme 
immunoassays when using alkaline phos- 
phatase as a label and NADP + (or NADPH) 
as the substrate. 
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Abstract 

A multivariate approach to the solution of problems often encountered in the spectrofluorometry of 
natural samples, utilising information from whole spectra is presented. (a) Piecewise direct standardisation 
is implemented and employed to transfer emission spectra measured with two different xenon lamps of 
different ages as if the spectra were measured with the same lamp. (b) It has been shown using a multivariate 
analysis approach that it is possible to use the raw data points instead of the smoothed data based on an 
algorithm included in the instrument software by the manufacturer. (c) It is documented that Raman 
scattering does not hamper the performance of multivariate calibration; on the contrary, in an experiment 
with sugar samples the concentration prediction errors become about five times lower by including the whole 
emission spectrum in the analysis instead of using a univariate calibration based on an emission wavelength 
that only reflects the analyte of interest. (d) An algorithm for variable selection is implemented and 
employed in the selection of optimal excitation wavelengths. Among 13 emission spectra recorded for a 
sugar sample at different excitation wavelengths, four of these are chosen that describe 98.51% of the total 
variance in the original data. (e) Finally the combination of fluorescence spectroscopy and multivariate 
calibration with conventional chemical data according to the near-infrared black box model is presented. 
The refined sugar quality parameter, the ash content and the fluorescence emission spectra are correlated by 
a partial least-squares regression model. Five experiments employing different monochromator slit widths 
and sugar concentrations are performed, and the best correlation obtained by full cross-validation of the 15 
sugar samples is R = 0.98. 

1. Introduction 

Fluorescence spectroscopy has been used for 
decades as a powerful analytical tool in all 
sorts of  chemical, biochemical, food and envi- 
ronmental laboratories due to its two principal 
properties: excellent sensitivity and specificity. 
The use of  fluorescence excitation and emission 
spectra has so far mostly been qualitative, with 
the purpose of  finding a pair of  excitat ion- 
emission wavelengths where the analyte of  in- 
terest is the only chemical component giving 
rise to the recorded signals [1,2]. 

On searching the literature, very few papers 
are encountered dealing with the application of  

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights 
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multivariate chemometric methods in fluores- 
cence spectroscopy. This seems especially strik- 
ing bearing in mind the enormous number of 
publications using chemometrics in combina- 
tion with traditional spectroscopic techniques 
like near-infrared (NIR) spectroscopy [3-6]. In 
the majority of the papers dealing with fluores- 
cence spectroscopy and chemometrics, only 
synthetic samples or natural samples contain- 
ing very few chemical species are analysed with 
the aim of  resolving a measured excitat ion- 
emission matrix (EEM) into pure excitation 
and emission spectra of  the chemical compo- 
nents in the samples, and with the aim of  

reserved 
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predicting analyte concentrations by rank anni- 
hilation methods [7-12]. When the number of 
signal-producing chemical components in a 
sample becomes larger than 5-6 it is very 
difficult to perform this resolution within ac- 
ceptable limits of accuracy and precision [9]. 

In studies by Lindberg et al. [13] and 
Sj6str/Sm et al. [14] concentrations of two- and 
three-component synthetic mixtures are suc- 
cessfully predicted from fluorescence emission 
spectra by the method of partial least-squares 
regression. In Refs. [15-18] fluorescence spec- 
troscopy in combination with partial least- 
squares regression is used for predicting 
botanical tissue components of complex wheat 
flour samples. The latter example is analogous 
to the widespread use of multivariate calibra- 
tion in NIR spectroscopy [3-6], and illustrates 
how the chemical information for "dirty" natu- 
ral samples can be enhanced by fluorescence 
spectroscopy in combination with multivariate 
statistical methods. 

In this paper, the focus is on the analysis of 
spectra from refined sugar samples in order to 
investigate different intrinsic instrumental 
parameters as well as the combination of 
fluorescence spectroscopy of given samples and 
multivariate calibration. The study both serves 
as a general investigation of how to enhance 
the potential of fluorescence spectroscopy by 
chemometrics as well as a special investigation 
of how fluorescence spectroscopy of sugar sam- 
ples can be approached in a multivariate sense. 
Sugar samples are real samples and all topics 
treated reflect the problems of measuring 
fluorescence spectra on real samples. 

Refined sugar is a very pure foodstuff con- 
taining only small concentrations of impurities 
(below 1%). These impurities, such as phenolic 
compounds, amino acids, melanoidins, and 
melanins [19], stem from the sugar beet deliv- 
ered to the sugar factory superimposed the 
chemical compounds produced at the individ- 
ual unit operations of the factory. It is the 
long-term purpose of the project, of which this 
publication is a part, to use fluorescence spec- 
troscopy for the on-line prediction of (a) 
refined sugar quality [20] and (b) optimal ad- 
justment of process parameters. The fluores- 
cence measured is autofluorescence (or primary 
fluorescence), i.e. the native fluorescence of the 
impurities in the dissolved sugar sample. The 
beauty of this approach rests in the fact that 
nature and processing combined respond with 
a multivariate fluorescent fingerprint [21]. 

Using several examples, the potential of mul- 
tivariate analysis in fluorescence spectroscopy 
will be demonstrated. The topics addressed are 
as follows. 

(i) Transferring spectra between different in- 
strumental set-ups. Spectrofluorimeters are all 
different due to differences in lamps, 
monochromators and photomultipliers [2]. 
When analysing large sample sets, which is the 
case in on-line/at-line process applications, it is 
essential in the case of instrument break-down 
to be able to compare samples measured with 
different set-ups or even on different instru- 
ments. It is outlined how this problem can be 
solved by the piecewise direct standardisation 
algorithm originally developed for the stan- 
dardisation of NIR instruments [22-24]. 

(ii) Smoothing of spectral data. The spec- 
trofluorimeter employed for analysis automati- 
cally smooths the measured emission spectra. 
Raw data will be compared to data smoothed 
with binomial and Savitzky-Golay smoothing 
algorithms. 

(iii) Raman scattering. This often overlaps 
the analyte emission spectra. The classical way 
of circumventing the problem of Raman scat- 
tering is to employ suitable filters [25] (if avail- 
able), to subtract a blank emission spectrum 
from all the samples [25], or to change the 
excitation wavelength [25]. An example will be 
given of how multivariate methods are capable 
of overcoming the problem of the Raman scat- 
tering peaks by including whole emission spec- 
tra in the mathematical analysis. 

(iv) Selection of wavelengths. The measure- 
ment of fluorescence emission spectra at a large 
number of excitation wavelengths is a time- 
consuming operation. It will be demonstrated 
how the principal variable algorithm [26] 
chooses a small but optimal number of excita- 
tion wavelengths describing the main variations 
in the excitation-emission data matrix. The 
wavelength selection is especially important in 
the multivariate calibration of large sample sets 
as well as for fast on-line prediction of analyte 
concentrations in future samples. 

(v) Multivariate calibration. Multivariate 
calibration [27] of the sugar quality parameter 
ash content in refined sugar samples is per- 
formed. Experiments with different excitation 
monochromator and emission monchromator 
slit widths and sugar concentrations are per- 
formed in order to investigate their influence 
on the multivariate calibration models. The 
influence of pH and the use of corrected/not 
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corrected emission spectra in connection with 
multivariate modelling will be touched on. 

2. Materials and methods 

2.1. Instrumentation 

All experiments are performed on a Perkin- 
Elmer LS 50B spectrometer. The computer 
controlling the instrument through an RS232C 
interface is an IBM-compatible 486/50 MHz 
PC. Uncorrected fluorescence spectra samples 
with 0.5 nm intervals are recorded in all experi- 
ments. 

2.2. Programs 

Calculations are performed with Matlab for 
Windows version 4.2c.1 (MathWorks, Inc.) 
and Unscrambler version 5.5 (CAMO A/S). A 
chemometric toolbox made by B.M. Wise [28] 
is used for piecewise direct standardisation. 
The Perkin-Elmer LS50 FLDM Instrument 
program (version 4.00) is used for controlling 
the instrument. Spectral data are converted to 
ascii files by a program made in the OBEY 
language furnished by Perkin-Elmer (OBEY, 
version 3.50). An OBEY program made by S. 
Huckins, Perkin-Elmer, is applied to obtain the 
raw fluorescence emission spectra from the in- 
strument. 

2.3. Measurement conditions 

In experiments including several excitation 
wavelengths, the measurement always starts 
with the largest excitation wavelength and ends 
with the lowest excitation wavelength in order 
to minimise photodecomposition of the sample. 
This problem needs no further concern as long 
as each sample in a given experiment is subject 
to exactly the same measurement cycle. In all 
experiments the sample holder is thermostatted 
to 24 °C + 0.1, which is the average room tem- 
perature during a normal working day. 

2.4. Samples 

Double ion exchanged water was used for all 
sugar solutions and dilutions. There was a high 
degree of repeatability of the sample measure- 
ments (see Figs. 12 and 15). The buffer capacity 
of refined sugar is extremely low and it is 
impossible to obtain reliable pH measurements 
TAt 42:9-H 

of such samples. In the pH experiment, phos- 
phate buffers with C =  0.1 M were prepared 
from sodium dihydrogen phosphate. The glass- 
ware and cuvettes were kept extremely free 
from contamination by washing with methanol 
and a 2% Extran solution (Merck). The sample 
sets analysed are arranged as follows (including 
relevant instrumental parameters). 

(i) Sample set A (Piecewise Direct Standard- 
isation) comprises solid standard blocks nos. 1 
(anthracene and naphthalene mixture), 2(oval- 
ene), 3(p-terphenyl), 4(tetraphenylbutadiene), 
and 5(compound 610) from the Perkin-Elmer C 
520-7440 standard set, and a refined sugar sam- 
ple (15.00 g of refined sugar added to 15.00 ml 
of water); six samples in total. Instrumental 
parameters were excitation wavelength, 
300 nm; emission range recorded, 320-540 nm; 
excitation monochromator slit width, 5.0 nm; 
emission monochromator slit width, 5.0 nm; 
and emission scan velocity, 500 nm min-~. The 
spectra are binomial smoothed (filter factor 9) 
by the FLDM software. 

(ii) Sample set B (smoothing of spectra) 
comprises standard block 2 (ovalene) from the 
Perkin-Elmer set. Instrumental parameters 
were excitation wavelength, 342 nm; emission 
range recorded, 440-600 nm; excitation 
monochromator slit width, 3.0 nm; emission 
monochromator slit width, 5.0 nm; and emis- 
sion scan velocity, 500 nm min- 

(iii) For sample set C (Raman scattering), a 
stock solution consisting of 25.00 g of refined 
sugar added to 50.0 ml of water was prepared. 
From this stock solution, 10 samples were pre- 
pared containing from 0.5 ml to 5.0 ml (with 
0.5 ml intervals). All solutions were diluted to 
10.0 ml with water, i.e. the concentrations are 
given as 5.0, 10.0 . . . . .  50.0°/,, v/v of the stock 
solution. A blank solution (water) was pre- 
pared. Instrumental parameters were excitation 
wavelength, 300 nm; emission range recorded, 
315-540nm; excitation monochromator slit 
width, 8.0nm; emission monochromator slit 
width, 5.0nm; and emission scan velocity, 
1000 nm min  J. The emission spectra are not 
smoothed. 

(iv) Sample set D (multivariate calibration 
of fluorescence spectra) was as follows. (I) Fif- 
teen different refined sugar samples consisting 
of 15.00 g of sugar added to 15.00 ml of H20 
(approximately 50% (w/w)). (I1) Each sample 
in sample set 1 was diluted 1:1 (10.00ml of 
sugar solution added to 10.00 ml of H20). (III) 
The same original 15 sugar samples but with 
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Fig. 1. Emission spectra o f  the 6 samples used in piecewise direct standardisation measured with lamp I mounted. The 
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Fig. 2. Emission spectra of samples 4 and 6 measured with two different lamps mounted. Lamp I is older than lamp 2. 

1.50g of sugar added to 15.00ml of H20 
(approximately 10% (w/w)). Instrumental 
parameters were excitation wavelengths, 
230 nm (emission, 245-435 nm), 240 nm (emis- 
sion, 255-455 nm), 290nm (emission, 305- 
555 nm), and 330 nm (emission, 345-635 nm), 
(1864 data points in total); and emission scan 
velocity, 1000 nm min-' .  The emission spectra 
are not smoothed. 

2.5. Chemometric methods 

The chemometric methods employed are de- 
scribed in detail in the literature, so only a brief 
description including the relevant literature ref- 
erences will be given here. Nomenclature: capi- 
tal, italic bold face letters symbolise matrices, 
small, italic bold letters symbolise vectors and 
small italic characters are scalars. The number 
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Fig. 4. Emission spectra of samples 4 and 6 measured with lamp I and the transformed spectra of the same samples 
originally measured with lamp 2. The spectral differences after transformation are very small. 

of samples, the wavelength, and factors are 
denoted by s, w and f ,  respectively. 

Principal component analysis (PCA) 
Principal component analysis finds the main 

variation in a multidimensional data set by 
creating new linear combinations of  the raw 
data [27,29]. In matrix form we have 

X = T P '  

where X is the analysed data matrix with di- 
mensions s x w, T is the score matrix with 
dimensions s x min(s, w), and P '  is the loading 
matrix with dimensions w × min(s, w). Only the 
significant number of principal components 
(PCs), f ,  equal to the chemical rank of the X 
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matrix is relevant in describing the information 
in X. This leads to the following decomposition 
of  X 

x =  r le;+ e 

where ~ is the score matrix with dimensions 
s x f ,  PI is the loading matrix with dimensions 
w × f ,  and £ is a residual matrix with the same 
dimensions as X. 

Partial least-squares regression (PLS) 
The purpose of  regression is to build a model 

between X and y, where X (see above) contains 
the fluorescence spectra and y (s × !) is a vec- 
tor containing the property of  interest (if sev- 
eral properties have to be modelled, we have a 
matrix Y with dimensions s multiplied by the 
number of  properties), in principal component 
regression [27,30] (PCR) a multiple linear re- 
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Fig. 8. Emission spectra of I I samples with different concentrations of the same relined sugar sample (including a blank 
sample). The Raman scattering overlaps the analyte spectrum in the region around 334 nm. 

gression model is built between the significant 
PCA scores (7"1) and y. PCR maximises the 
variance in X followed by a regression to y. In 
partial least squares the significant score values 
Tj are found in a slightly different way, taking 
into account the variation in y during the 
decomposition of X, i.e. in PLS the covariance 
between X and y is maximised [27, 30-33]. 

The number of factors (principal 
components or partial least-squares compo- 
nents) to include when applying the above 
mentioned methods is found by test set 
validation [27]. In the case of small 
data sets, cross-validation [27,34] is an alter- 
native way of validating the model perfor- 
mance. 
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Table 1 
Prediction o f  sugar  concentrations 
(A) Results o f  PLS calibration (with and without mean centring) and univariate calibration based on raw data 

With mean centring Without  mean centring 
R M S E P .  R b RMSEP ~ R b 

One PLS component  0.017 0.9999 0.134 1.000 
Two PLS components  - - 0.020 0.9999 
Univariate calibration - - 0.105 0.9988 

(B) Results o f  PLS calibration (with and without mean centring) based on Savitzky-Golay smoothing 

With mean centring Without  mean centring 
RMSEP = R b RMSEP a R b 

One PLS component  0.025 0.9999 0,144 0,9999 
Two PLS components  - - 0.029 0.9998 

a RMSEP = x / ~ .  j (C~ "~u~t~u- c[=r'r=~)2/N, where C, pr'dict~J is the model estimated concentration, C7  f¢ . . . .  is the 

reference value and N is the number  o f  samples. 
b Correlation coefficient. 

Piecewise direct standardisation (PDS) 
Piecewise direct standardisation [22-24] 

works on two data matrices A and B. These 
matrices contain spectra of the same standards 
measured under two different instrumental 
conditions A and B (dimensions are number of 
standards multiplied by w). No data prepro- 
cessing is performed prior to the standardisa- 
tion. A multiple of local multivariate regression 
models between each spectral point (wave- 
length) in A and a window of spectral points 
(including the wavelength chosen in A ) in B are 

then built. This yields a banded transfer matrix 
M (w x w) with a window of  non-zero regres- 
sion elements along the matrix diagonal and 
zeros elsewhere [22]. In matrix notation, we 
have 

A ----BM 

Future measurement o f  a sample under instru- 
mental condition B can now be transformed as 
if it were measured under instrumental condi- 
tion A by 

a'r~ ---- b ' . ~ . M  
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Fig. 10. A three-dimensional plot of an excitation-emission matrix (EEM) measured on a refined sugar sample. (Every 
2.5 nm of the emission spectra are used in the plot). 

where b ,~  is a column vector containing the 
measured spectrum and am is the recon- 
structed spectrum. The selection of appropriate 
standards is important [22]. 

Principal variables (P V) 
Assume that we have a matrix X (s x w). 

The method of principal variables [26] aims at 
finding few variables (in this case columns cor- 
responding to wavelengths) that describe as 
much of the total variance in the data matrix 
as possible. The method is based on finding the 
largest diagonal value of 

X'XX'X  (1) 

with the dimension w x w. The wavelength 
variable indexed by this value is the first princi- 
pal variable, designated w (s x 1). In the next 
step X is orthogonalised with respect to the 
chosen variable 

Table 2 
Experiments performed to investigate the multivariate cali- 
bration of sugar samples with respect to ash content 

Sample set a 

Di DIi Dill  

Ex 3.5 Em 3.5 Expt. I 
Ex 8.0 Em 5.0 Expt. 2 Expt. 3 Expt. 4 
Ex 15.0 Em 20.0 - - Expt. 5 b 

= Description of the sample sets is given in the text. 
b Emission ranges are 260-420nm (ex. 230 nm), 270- 
440nm (ex. 240nm), 320-540nm (ex. 290nm), 360- 
620 nm (ex. 330 rim) (1624 data points in total). 

k = (X'w)/(w'w) (2) 

x . _  = x -  wk' (3) 

where w (s x l) and k (w x l) are column vec- 
tors. The next PVs are found by repeating the 
procedure from step l to 3 with X,¢w found in 
step 3. The number of PVs to choose depends 
on the actual problem to be solved. By 
analysing the matrix X'yy 'X instead of 
X'XX'X, the method of principal variables is 
extendible to deal with the selection of wave- 
length variables to obtain optimal correlations 
with properties of interest (y values). 

3. Results and discussion 

3. I. Piecewise direct standardisation 

When using multivariate methods including 
many calibration samples, it is very important 
to be able to transfer spectra between different 
instrumental set-ups (lamps, slit widths, scan 
velocities) of the same spectrofluorimeter and, 
if necessary, between different instruments. 
Furthermore, the xenon lamp in the spec- 
trofluorimeter also needs continuous standardi- 
sation due to a change of spectral 
characteristics during ageing. If, by accident, 
for example, the lamp breaks down after the 
measurement of 100 calibration samples, it is 
of the utmost importance to be able to use the 
calibration models based on these samples for 
the concentration prediction of samples mea- 
sured with a new lamp with other spectral 
characteristics. 
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Fig. 11. Concatenated emission spectra of 15 different sugar samples (experiment 3, sample set DII) measured at four 
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Fig. 12. Concatenated emission spectra of sugar sample 4 from experiments 1 -5 (El-ES). A replicate made in experiment 
4 is included to illustrate the small replicate and measurement variation. 

In order to make a preliminary investigation 
of  the potential of  using piecewise direct stan- 
dardisation (PDS) on the fluorescence spectra, 
two experiments were performed with the same 
fluorescence spectrometer. In the first experi- 
ment, six samples (sample set A) are measured 
with xenon lamp l (old) mounted on the ap- 
paratus, while in the second experiment the 

samples are measured with xenon lamp 2 (new) 
fitted. The raw fluorescence emission spectra of  
all six samples measured with excitation at 
300 nm and with xenon lamp l are shown in 
Fig. I. In Fig. 2 the emission spectra of  sam- 
ples 4 and 6 measured with both lamps are 
shown. A distinct difference between the spec- 
tra is observed and principal component analy- 
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sis of all 12 emission spectra shows the dis- 
placement of  identical samples as seen in the 
score plot in Fig. 3. Samples 2, 3 and 6 are 
chosen as transfer standards in the PDS al- 
gorithm (how to select appropriate standards is 
described in Ref. [22]). The PDS algorithm 
calculates a matrix capable of  transforming the 
spectra measured with lamp 2 as if they were 
measured with lamp 1. 

Are c ---- BMtransfer 
where Ar~ is a matrix with 6 objects and 441 var- 
iables containing the reconstructed spectra, B is 
a 6 × 441 matrix containing the spectra mea- 
sured with lamp B and M,r~,,,'~r is a 441 x 441 
transfer matrix. In this case the optimal window 
size was found to be 7, i.e. 7 spectral points in B 
(this corresponds to an emission range of  3 nm) 
are used to model the chosen wavelength in A. 
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In order to estimate the efficiency of PDS 
transformation, the true spectra measured with 
lamp 1 are compared with the transformed 
(reconstructed) spectra (Fig. 4). A PCA score 
plot of the 6 original lamp 1 spectra and the 6 
transformed spectra is given in Fig. 5. As ex- 
pected, the spectra of the three standards used 
in calculating the transfer matrix compare very 
well, but the three samples not included in the 
transfer calculation also compare satisfactorily. 

This example indicates that the PDS is a 
valuable tool in transferring fluorescence spec- 
tra between different instrumental set-ups for 
the same fluorescence instrument and between 
different instruments. An extensive investi- 
gation of  the performance of the PDS al- 
gorithm in combination with multivariate cali- 
bration methods of  fluorescence spectra 
(including a larger sample set) is presented in 
Ref. [35]. 
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Fig. 13. Score plots (PC1 against PC2) for (a) experiment 1; (b) experiment 2; (c) experiment 3; (d) experiment 4; and (e) 
experiment 5. In experiment 4 replicates of samples 4 and 15 are included (nos. 16 and 17, respectively). 

3.2. Smoothing of spectra 

The Perkin-Elmer LS 50B instrument is sold 
with two types of software smoothing filters, 
i.e. the chemist must choose either binomial or 
Savitzky-Golay smoothing of  the raw data. To 
investigate the smoothing effect on spectral 
shape an OBEY program was written to obtain 
the raw unsmoothed data as output from the 
instrument (see Section 2). Ten emission spec- 
tra were recorded on standard block 2 (sample 
set B) for each smoothing type. A PCA of the 
30 spectra shows three clusters each for one of 
the data types (Fig. 6). The data were not 
preprocessed in any way in order to illustrate 
the sizes of the two significant principal com- 
ponents (the first PC explains 99.988% of the 
total variance and the second PC explains 
0.004% of the total variance). In Fig. 7 the 
corresponding loadings are plotted. The first 
loading vector primarily describes the intensity 
level, while the second loading substantiates 
that the differences indeed are very small but 
still significant. Furthermore, the second 
derivative shape of the second loading vector at 
peak locations might indicate peak broadening. 
This agrees with the broadening effect of the 
smoothing algorithms. 

In the section below (3.3) it is shown that 
instrumental Savitzky-Golay smoothing of  

data during recording of the spectra produces 
slightly larger prediction errors than when raw 
data are used as spectral input into a multivari- 
ate calibration model of the sugar concentra- 
tion. It is concluded that no special smoothing 
algorithms are needed when the multivariate 
data approach is used. 

3.3. Raman scattering 

Raman scattering appears as a solvent-de- 
pendent emission occurring at longer wave- 
lengths than the excitation wavelength [25]. 
Furthermore, the Raman frequency shifts are 
independent of the excitation frequency [25]. 
This can be a problem in classical univariate 
calibration if the spectral region of the analyte 
of interest is overlapped by the Raman scatter- 
ing caused by the actual solvent (in this case 
water). A way of circumventing the influence of 
the Raman scattering is [25] (a) to subtract the 
blank spectrum from each of the sample spec- 
tra, assuming that the Raman scattering is 
independent of the analyte concentration and 
that the blank measurement is possible; (b) to 
employ appropriate filters (if it is possible in 
the actual case); or (c) to use another excitation 
wavelength with the risk of loosing relevant 
analyte information. 
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A multivariate approach to the problems 
of Raman scattering is to analyse the 
whole emission spectrum including the 
Raman scatter. In multivariate calibration the 
Raman signals are treated as interferent(s) and 
cause no problems for the multivariate 
modelling of the analyte emisison spectra. 
This is illustrated by the following ex- 
amples. 

The emission spectra of 11 solutions of a 
given refined sugar sample having different 
concentrations are measured at an excitation 
wavelength of 300 nm (sample set C). At this 
excitation wavelength, Raman scattering will 
occur at around 334 nm, overlapping the emis- 
sion spectrum of the sample. The fluorescence 
emission spectra are depicted in Fig. 8. A full 
cross-validated PLS model with the fluores- 
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cence emission spectra in X (11 x 451) and the 
concentrations in y (11 x 1) shows two signifi- 
cant components; the loading weights of  the 
PLS analysis are given in Fig. 9. The Raman 
effect is seen in both loading vectors, i.e. both 
components are necessary in a full description 
of the data set (see Table 1). The PLS model 
was built without any preprocessing of  the data 
to illustrate how PLS takes into account the 

Raman scattering. If the data are mean cen- 
tred, a one-factor solution is achieved due to 
the fact that the Raman scattering has the 
same intensity in all the samples. The results 
are compared with full cross-validated univari- 
ate calibration (at emission wavelength, 
395 nm) in Table I(A). The prediction errors 
obtained when using multivariate models are 
approximately five times smaller than the error 
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Fig. 14. The first two loading vectors for (a) experiment 1; (b) experiment 2; (c) experiment 3; (d) experiment 4; and (e) 
experiment 5. See comments in the text. 

obtained in univariate calibration, i.e. even in 
the case of single analyte calibration multivari- 
ate modelling should be used. The prediction 
errors obtained with and without mean cen- 
tring are of comparable size. In the case of no 
centring two factors are included in the model 
to handle the interfering Raman scattering. 

The effect of the instrumental Savitzky-Go- 
lay smoothing of the raw data during recording 
of the spectra as input to the PLS model is 
shown in Table I(B). The prediction errors 
obtained by this data preprocessing are slightly 
larger than when using raw data in the PLS 
model (see smoothing of spectra, section 3.2.). 

In this one-analyte example (the same sugar 
solution diluted several times) PLS is capable 
of predicting the sugar concentrations of the 
samples without removal of the Raman signal 
in advance; in the case of several analytes being 
present and possible interaction between the 
Raman signals and the analyte signals, it is a 
necessity to use multivariate methods. 

3.4. Selection of excitation wavelengths 

The selection of a subset of excitation wave- 
lengths is essential in order to minimise the 
time necessary to analyse a chemical sample. It 
takes approximately 40s automatically to 

record one emission spectrum by the OBEY 
software at a given excitation wavelength (in- 
cluding the adjustment of the excitation mono- 
chomator), i.e. to be able to measure at least 20 
samples per hour for on-line/at-line purposes, 
four to five excitation wavelengths have to be 
chosen. One way of selecting the excitation 
wavelengths from a large excitation-emission 
matrix (EEM) is the principal variable [26] 
(PV) algorithm, which is illustrated by the 
analysis of a refined sugar sample (sample 1 
from sample set DI). An EEM is recorded at 
the excitation wavelengths 230-350nm with 
10nm intervals, i.e. 13 emission spectra are 
obtained in the emission range 245-685 nm 
(excitation and emission monochromator slit 
widths were 8.0 nm and 5.0 nm, respectively). 
Rayleigh scattering peaks are removed from 
the emission spectra by filling with zeroes. In 
Fig. 10 a three-dimensional plot of the EEM is 
depicted. The PV algorithm applied to this 
EEM determines the optimal subset of excita- 
tion wavelengths to be 230 nm, 330 nm, 290 nm 
and 240 rim. The variances computed explain 
60.28%, 33.91%, 3.57% and 0.75%, respec- 
tively, of the total variance. In total 98.51% of 
the original variance is explained. "Optimal" 
signifies a compromise between variance ex- 
plained and the precision (see Ref. [26]). 
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3.5. Multivariate calibration o f  fluorescence 
spectra 

The multivariate calibration of  the ash con- 
tent in sugar samples is important  in develop- 
ing fast on-line/at-line methods for detecting 
the end-product quality, which among others, 
is described by the ash content. Clear solutions 
of  15 refined sugar samples with measured 
levels of  ash content determined at the labora- 
tory of The Danish Sugar Factories (Interna- 
tional Commision for Unified Methods of  
Sugar Analysis, ICUMSA)  are analysed by 
spectrofluorimetry without pH correction. 

Table 3 
Prediction of ash content. Performance of PLS modelling 
in the five experiments performed 

10 s R M S E P  a l0  s Bias b R ~ 

Expt. I (a) 1.06 -0.067 0.903 
(b) 1. I l - 0.071 0.763 

Expt. 2 {a) 1.06 -0.200 0.916 
(b) 1.07 0.000 0.788 

Expt. 3 (a) 0.775 0.067 0.951 
(b) 1.04 0.071 0.826 

Expt. 4 (a) 0.516 0.000 0.979 
(b) 0.463 - 0.071 0.966 

Expt. 5 (a) 0.683 -0.20 0.967 
(b) 0.707 - 0.21 0.933 

Key: (a), All 15 samples; (b), sample 10 left out. 
"RMSEP = x/Y~_ i (C, p ~ t ~  - C~""~)2/N, where 

Cp ~ ` ~  is the PLS estimated concentration, C'p r '"~ is 
the reference value and N is the number of samples. 
b Bias = Z~. I (CP r'~ict~d - C~'t~'~"~)/N. 
Correlation. 

Table 4 
Ash content reference value and predicted ash content, 
from PLS modelling of fluorescence spectra measured on 
sugar samples in experiment 3 

Sample Reference Predicted 

1 0.012 0.011 
2 0.009 0.010 
3 0.012 0.012 
4 0.010 0.010 
5 0.011 0.011 
6 0.010 0.011 
7 0.010 0.011 
8 0.014 0.014 
9 0.009 0.010 

10 0.003 O.0O3 
11 0.012 0.011 
12 0.012 0.011 
13 0.008 0.007 
14 0.010 0.011 
15 0.008 0.008 

Based on the results in the previous paragraph,  
the chosen excitation wavelengths are 230 nm, 
240 nm, 290 nm and 330 nm, with the respec- 
tive emission wavelength ranges 245-435 nm, 
255-455 nm, 305-555 nm and 345-635 nm. 
The four emission spectra are concatenated, i.e. 
one sample is associated with 1864 spectral 
data points. 

Five experiments were performed to investi- 
gate the influence of  excitation monochromator  
and emission monochromator  slit widths as 
well as the sugar concentration on the mod- 
elling of the ash content (Table 2). Rayleigh 
scattering becomes very broad when the slit 
widths are fully open, so the region of  each 
recorded emission spectrum in experiment 5 is 
reduced by 30 nm (see Table 2). 

Raw emission spectra from the 15 measure- 
ments in experiment 3 are illustrated in Fig. I l, 
and raw emission spectra of  sample 4 from all 
five experiments, including a replicate from 
experiment 4, are given in Fig. 12. For  qualita- 
tive comparison of the spectral shapes pro- 
duced under different experimental conditions, 
a PCA was performed on each of  the data sets. 
In Figs. 13a-13e, score plots (score 1 against 
score 2) including two replicates in experiment 
4, are shown. The orders of  samples are much 
alike in experiments 1 and 2 and in experiments 
4 and 5, and it is seen that experiment 3 fits 
into the shift of  the samples between experi- 
ments 2 and 4. The amount  of  variance ex- 
plained by the first two significant factors are 
81.6%, 86.4%, 89.9°/o, 91.3% and 93.7%, respec- 
tively. Figs. 14a-14e shows the first two load- 
ing vectors of  each experiment. The shapes of  
the loading vectors are much alike, indicating 
that the experimental conditions give rise to the 
same kind of measured emission spectra. More- 
over, it is observed that the noise level in- 
creases with decreasing slit widths and that it 
increases with decreasing sugar concentration. 

A quantitative measure is obtained by look- 
ing at PLS models of  the ash content. For  each 
experiment, a full cross-validated [27,34] PLS 
model of  the ash content is performed. RM- 
SEP, Bias and the correlation coefficient R for 
all experiments with and without sample num- 
ber l0 are given in Table 3. Reference values 
and predictions obtained in experiment 3 are 
given in Table 4. Sample i0 has a low level of  
ash content but it is still very well predicted by 
the PLS models. It should be stressed that the 
prediction of sample l0 is based on models 
excluding this sample, i.e. sample l0 is a 
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Fig. 15. Emission spectra of a refined sugar sample dissolved in buffer solutions at pH 4, 7, 10. The excitation wavelength 
is 230 nm. A replicate is made of the sample buffered to pH 7. 

"good" outlying sample stabilising the 
models, as seen when comparing RMSEP and 
R. 

From the prediction results it is seen that 
the selective wavelength information lost by 
using fully open slit widths is recovered in the 
signal-to-noise ratio by the employment of 
multivariate modelling. Furthermore, low con- 
centrations of sugar yield lower prediction er- 
rors, indicating some kind of quenching or 
perhaps a viscosity effect. The conclusion 
is that the sugar concentration should 
be within the range 10-20% and the 
slit widths should be in the middle region of 
their respective extremes (excitation slit, 2.5- 
15 nm; emission slit, 2.5-20nm). However, it 
is a very small difference in correlation (R) 
from the middle region slits to the fully open 
slits. 

It is demonstrated how the multivariate 
method PLS is capable of utilising the infor- 
mation in fluorescence spectra despite very 
different conditions of measurement with re- 
spect to slit widths and sugar concentrations. 
These promising results are confirmed on a 
larger scale when about 90 refined sugar sam- 
pies with and without pH correction are 
analysed [20]. Similar correlations to the ash 
content (R = 0.93) are documented as well as 
high correlations to quality parameters like 
amino-nitrogen and colour. 

3.6. The p H  and corrected spectra 

p H  
It is well known that the spectral shapes of 

fluorescing components are pH-dependent. 
This is confirmed in Fig. 15 where the differ- 
ence in spectral shape obtained at pH 4.0, 7.0 
and 10.0 for a given refined sugar sample is 
illustrated. The measurement at pH 7.0 has 
been repeated to show the uncertainty of a 
sample replicate. In ref. [20] comparisons of 
prediction errors from a large sample set of 
refined sugar sampes (about 90) dissolved in 
pure water and in buffer solution at pH 7.0 
are presented. The value of R with respect to 
the ash content is shown to be 0.92 with pH 
correction and 0.93 without correction. Even 
though the difference in prediction error is 
insignificant, the spectral shapes are systemati- 
cally different in the two experiments, indicat- 
ing that the information content is changed 
when going from water solutions to buffered 
solutions. It may be that some sample and 
process information is lost on pH correction 
of the solutions. 

Corrected emission spectra 
Throughout this presentation, uncorrected 

spectra are recorded in all experiments. When 
the fluorescence spectra are corrected [36] all 
spectra are wavelength multiplied by the same 
correction spectrum which stems from a stan- 
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dard measurement of, for example, a quinine 
sulphate solution, which introduces a repro- 
ducible small bias because of the inherent limi- 
tations in the choice of the standard. In 
multivariate calibration methods like PCR and 
PLS, however, a more general optimal weight- 
ing of wavelengths is found by the algorithms, 
so the present choice is not to correct the 
fluorescence spectra before they are introduced 
to the multivariate calibration model. In the 
area of transferring spectra between instru- 
ments, the method of piecewise direct stan- 
dardisation using several transfer standards is 
much more preferable than using corrected 
spectra based on only one standard sample. 

It should be noted that if resolution methods 
like rank annihilation factor analysis [9] 
(RAFA) and the generalised rank annihilation 
method [37] (GRAM) are employed and a li- 
brary search of the resolved fluorescence spec- 
tra is performed, the measured spectra have to 
be corrected to compare with library spectra. 

4. Conclusions 

The outlined multivariate problems with re- 
gard to the evaluation of different data, all due 
to complex natural samples, individual spec- 
trofluorimeters, Raman scattering, smoothing 
algorithms, and selection of excitation/emission 
wavelengths, may in part explain why fluores- 
cence spectroscopy is a tool infrequently cho- 
sen by the analytical chemist as opposed to 
other spectroscopic methods. It has been 
demonstrated that by the use of multivariate 
chemometric methods, these problems are cir- 
cumvented and fluorescence spectroscopy can 
be an important tool for the analytical chemist. 

The NlR analogy of predicting reference val- 
ues from spectra has been transferred to spec- 
trofluorimetry, by determining the ash content 
in refined sugar samples from concatenated 
emission spectra. The potential of autofluores- 
cence in this context is enormous for the analy- 
sis of all kinds of chemical, biological and 
environmental samples including on-line/at-line 
process analyses [21]. A further enhancement 
of spectrofluorimetry can be obtained by utilis- 
ing the instrumental methods of polarisation 
and synchronous fluorimetry in combination 
with multivariate statistics and by the develop- 
ment and implementation of N-way algorithms 
[37-40] capable of dealing with the higher-or- 
der data structures produced by a full excita- 
tion-emission scan. 

TAL 42:9-1 

Acknowledgements 

The author thanks Ole Hansen, Lars Bo 
Jorgensen and John Jensen, The Danish Sugar 
Factories (DDS Development Centre, Mari- 
bovej 2, Post Box 119, DK-4900 Nakskov, 
Denmark) for a stimulating cooperation and 
for providing the sugar samples. Professor Lars 
Munck is acknowledged for valuable and in- 
spiring discussions during the experimental 
work and during the preparation of the 
manuscript. The investigation is sponsored by 
funds to Professor Lars Munck from the Dan- 
ish Research Councils 13-4804-1 (agriculture) 
and 16-5180-1 (technology) and from the 
Nordic Industry Foundation project P93149. 

References 

[1] G.G. Guilbault, Practical Fluorescence, 2nd edn., 
Marcel Dekker, New York, 1990. 

[2] C.A. Parker, Photoluminescense of Solutions, El- 
sevier, 1968. 

[3] S.D. Brown, T.B. Blank, S.T. Sum and L.G. Weyer, 
Anal. Chem., 66 (1994) 315R. 

[4] W.F. McClure, Anal. Chem.. 66 (1994) 43A. 
[5] T. Isaksson, Doctoral Thesis, Chalmers Tekniska 

H6gskola, 1990. 
[6] D. Bertrand and C.N.G. Scotter, Appl. Spectrosc., 46 

(1992) 1420. 
[7] C.-N. Ho, G.D. Christian and E.R. Davidson, Anal. 

Chem., 50 (1978) 1108. 
[8] C.-N. Ho, G.D. Christian and ER. Davidson, Anal. 

Chem., 52 (1980) 1071. 
[9] C.-N. Ho, G.D. Christian and E.R. Davidson, Anal. 

Chem., 53 (1981) 92. 
[10] C.J. Appellof and E.R. Davidson, Anal. Chim. Acta, 

146 0983) 9. 
[11] S.L. Neal, E.R. Davidson and I.M. Warner, Anal. 

Chem., 62 (1990) 658. 
[12] D.S. Burdick, X.M. Tu, L.B. McGown and D.W. 

Millican, J. Chemometrics, 4 (1990) 15. 
[13] W. Lindberg, J.-/~. Persson and S. Wold, Anal. 

Chem., 55 (1983) 643. 
[14] M. Sjrstrrm, S. Wold, W. Lindberg, J. Persson and 

H. Martens. Anal. Chim. Acta, 150 tl983) 61. 
[15] B. Pedersen and H. Martens, in L. Munck (Ed.). 

Fluorescence Analysis in Foods, Longman, Singapore, 
1989, Chapter 13. 

[16] S.A. Jensen, L. Munck and H. Martens, Cereal 
Chem., 1982, 59, 477. 

[17] S.A. Jensen and H. Martens, Cereal Chem., 60 (1983) 
171. 

[18] S.A. Jensen and H. Martens, in H. Martens and H. 
Russwurm (Eds.L Food Research and Data Analysis, 
Applied Science, London, 1982, pp. 253-69. 

[19] R.F. Madsen, W. Kofod Nielsen. B. Winstrom-Olsen 
and T.E. Nielsen, Sugar Technol. Rev., 6 (1978/'79) 49. 

[20] L. Norgaard, Classification and prediction of quality 
and process parameters of beet sugar and thick juice 
by fluorescence spectroscopy and chemometrics, Zuck- 
erindustrie, in press. 



1324 L. Norgaard / Talanta 42 (1995) 1305-1324 

[21] L. Munck, Chapter 1 in Fluorescence Analysis in 
Foods, Edited by L. Munck, Longman, 1989. 

[22] Y. Wang, D.J. Veltkamp and B.R. Kowalski, Anal. 
Chem., 63 (1991) 2750. 

[23] Y. Wang and B.R. Kowalski, Anal. Chem., 65 0993) 
1174. 

[24] Y. Wang, M.J. Lysaght and B.R. Kowalski, Anal. 
Chem., 64 (1992) 562. 

[25] C.A. Parker, Analyst, 84 0959) 446. 
[26] A. H6skuldsson, Chemometr. lntell. Lab. Syst., 23 

(1994) I. 
[27] H. Martens and T. Naes, Multivariate Calibration, 

2nd edn., Wiley, New York, 1993. 
[28] B.M. Wise, Chemometrics Toolbox, Version 1.3 (tip:// 

ra.nrl.navy.mil/MacSciTech/chem/chemometrics/ 
PLSToolboxl 3/). 

[29] S. Wold, K. Esbensen and P. Geladi, Chemometr. 
Intell. Lab. Syst., 1987, 2, 37. 

[30] P. Geladi and B.R. Kowalski, Anal. Chim. Acta, 185 
(1986) I. 

[31] A. H6skuldsson, J. Chemometrics, 2 (1988) 185. 
[32] P.J. Brown, Anal. Proc., 27 (1990) 303. 
[33] P. Geladi and B.R. Kowalski, Anal. Chim. Acta, 185 

(1986) 19. 
[34] S. Wold, Technometrics, 20(4) (1978) 397. 
[35] L. Norgaard, Direct standardisation in multi wave- 

length fluorescence spectroscopy, Chemometrics and 
Intelligent Laboratory Systems, in press. 

[36] J.W. Hofstraat, and M.J. Latuhihin, Appl. Spectrosc., 
48 (1994) 436. 

[37] E. Sanchez and B.R. Kowalski, Anal. Chem., 58 
(1986) 496. 

[38] S. Wold, P. Geladi, K. Esbensen and J. (Shman, J. 
Chemometrics, I (1987)41. 

[39] H. Henrion, Chemometr. lntell. Lab. Syst., 25 (1994) 
I. 

[40] A.K. Smilde and D.A. Doornbos, J. Chemometrics, 5 
(1991) 345. 



E L S E V I E R  Talanta 42 (1995) 1325-1334 

Talanta 

On-line flow injection analysis of volatile organic 
compounds in seawater by membrane introduction mass 

spectrometry 

N. Kasthurikrishnan, R.G. Cooks * 

Department of Chemistry, Purdue University, West Lajayette, IN 47907-1393, USA 

Received 27 December 1994; revised 14 March 1995; accepted 14 March 1995 

Abstract 

The combination of flow injection analysis with membrane introduction mass spectrometry for analysis of 
volatile organic compounds (VOCs) in seawater is examined and is compared to measurements made in 
water. Membrane introduction mass spectrometry is performed using a benchtop ion trap mass spectrome- 
ter, and characterization of various aspects of the flow injection and ion trap combination for the analysis 
of volatile organic compounds (including anthropogenic halocarbons) in seawater is carried out. The analyte 
responses are shown to be linear over several orders of magnitude (e.g. for methylene chloride), independent 
of seawater pH (e.g. for chlorobenzene) and independent of matrix effects for the VOCs studied. A 
comparison of the performance of a microporous (Teflon) membrane with that of an amorphous silicone 
membrane is made, and the former is shown to provide lower detection limits which are in the parts-per-tril- 
lion range (300 ppt for chlorobenzene, 190 ppt for trans-l,2-dichloroethene). The microporous membrane 
provides faster response times by a factor of four to five for relatively more polar compounds, such as 
chlorobenzene. An analysis of a seven-component mixture demonstrates the ability of this on-line combina- 
tion to allow multicomponent analysis of mixtures of some complexity. 

I. Introduction 

Seawater is a complex mixture consisting of  
many salts, suspended silts, various dissolved 
gases, living matter and decaying organic ma- 
terial. The analysis of various organic species 
in marine water is of great importance for 
monitoring water quality [l]. Among the 
volatile organic compounds (VOCs), anthropo- 
genic and biogenic halocarbons are significant 
indicators of pollution in environmental sam- 
ples. These halocarbons are usually present at 
low (ppb) levels in seawater samples, and may 
thus require a preconcentration step before 
identification and quantification by conven- 
tional techniques, such as gas chromatogra- 
phy/mass spectrometry. Common methods of  

* Corresponding author. Fax: (317) 494-0239. 

0039-9140/95~$09.50 (~ 1995 Elsevier Science B.V. All rights 

SSDI 0039-9140{95)01 588-4 

preconcentration include the dynamic head- 
space technique which uses cold trapping [2] 
and liquid-liquid extraction with organic sol- 
vents [3]. Although preconcentration can ex- 
tend absolute and relative detection limits, and 
may be essential for determinations of some 
compounds, it requires increased analysis times 
and carries the risk of  contamination, and the 
possibility of loss of trace analytes. In addi- 
tion, volatile halocarbons produced by marine 
organisms may interfere with the analysis [4]. 
Membrane introduction mass spectrometry 
(MIMS) is a specific yet sensitive method of 
analysis of  volatile compounds in water, which 
often does not require a preconcentration step 
and which nevertheless displays good molecu- 
lar specificity. As such, it may prove useful for 
the analysis of a whole range of  VOCs in 
seawater. 

reserved 
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MIMS has been applied to environmental 
[5-7] and bioreactor monitoring [5,7,8], and 
the technique has been reviewed [5,9,10]. 
MIMS is a relatively simple method which is 
flexible in terms of choice of membranes 
(amorphous silicone or microporous Teflon 
among many others, sheet or capillary configu- 
ration), is easily automated, has fast response 
times, and exhibits a response that is linear 
over a few orders of magnitude. It can be 
adapted to various sample introduction sys- 
tems, especially flow injection analysis (FIA), 
and to different mass analyzers (triple quadru- 
pole, ion trap and sector instruments inter 
alia). If a number of VOCs are present in the 
sample, the response is the sum of those for the 
separate analytes. When MIMS is used with a 
triple quadrupole mass spectrometer capable of 
tandem mass spectrometry, the spectra of indi- 
vidual compounds can be recorded [23]. A 
major drawback of the MIMS technique is the 
difficulty of analyzing compounds with molecu- 
lar weight > 300 dalton and polar compounds. 

A number of improvements in the analysis of 
organic compounds by MIMS have been re- 
ported. For example, MIMS experiments have 
been shown to provide detection limits in the 
ppt (rig l-~) range, i.e. at levels below the limits 
of quantification set by the US EPA [10] for a 
number of VOCs in aqueous solutions exam- 
ined without preconcentration. On-line moni- 
toring of chloroethylenes generated in 
bioreactors at low ppt levels has also been 
reported [ll]. Detection of some organic com- 
pounds in air at ppt levels has been achieved 
using a membrane/jet separator interface and 
ion trap mass spectrometer [12]. On-site analy- 
sis of environmental pollutants in complex ma- 
trices has been demonstrated using a 
membrane inlet mass spectrometric method in 
a mobile analytical laboratory [13]. For exam- 
ple, a toluene concentration of 58 ppm and a 
trichloroethylene concentration of 30 ppb were 
measured in a contaminated ground water 
sample. Recently, stored waveform inverse 
Fourier transform (SWIFT) methods of selec- 
tive ionization in the ion trap have been com- 
bined with MIMS to further improve detection 
limits. Measurements have been made in the 
ppq range in the ideal cases of toluene and 
dichioroethylene in pure aqueous solutions 
[14]. All of the above establish that MIMS can 
be used to analyze at least some VOCs at very 
low levels. Thus, MIMS is an attractive choice 
for analyzing VOCs in seawater, and indeed 

Bauer and Solyom have already presented data 
on these samples [15]. A direct insertion capil- 
lary probe fitted with a silicone capillary mem- 
brane, a 1 ml flow injection sample volume and 
an ion trap mass spectrometer were used to 
study 59 VOCs at the ppt level. Analysis of 
VOCs in seawater samples (Atlantic Ocean at 
Dayton Beach, FL) produced good quality 
mass spectra and showed no matrix effects. 

There are a number of MIMS configurations 
in existence [16-18], among which the more 
recently introduced versions have yielded the 
lowest detection limits. In one of the earlier 
interfaces, the membrane was located at some 
distance from the mass spectrometer and the 
analyte solution was in contact with the mem- 
brane [16]. Although this configuration was 
employed for various successful applications, 
the vapor phase transport of the permeate led 
to the drawbacks of poor response times, mem- 
ory effects, and analyte dilution problems. This 
led to modified versions of MIMS interfaces in 
which the membrane was located within a 
probe which could be inserted into the ion 
source of the mass spectrometer [17]. The 
probe could be fitted with either a sheet mem- 
brane or a capillary membrane. Siivon et al. 
were the first to pneumatically assist the trans- 
port of the analyte from a remote membrane 
into the mass spectrometer [19]. This concept 
was incorporated in a later membrane/jet sepa- 
rator combination which used a jet separator 
to provide enrichment of the analyte [18]. One 
of the advantages of this configuration is that 
the membrane is easily accessible. Studies on 
membrane inlet geometries by LaPack et al. 
have shown improved rates of permeation for a 
configuration where the sample flows on the 
inside and the permeate gas flows on the out- 
side of a capillary membrane, as opposed to 
the reversed configuration [20]. A recent mem- 
brane/jet separator combiantion which uses 
this configuration requires lower sample flow 
rates for optimum analyte response [21]. Thus, 
the newer versions of membrane interfaces 
promise equal or lower detection limits with 
reduced analysis time, and these systems may 
be well suited for the analysis of VOCs in 
seawater samples. The highly sensitive ion trap 
mass spectrometer is an appropriate choice of 
analyzer for this type of experiment. 

One concern in analyzing VOCs in seawater 
samples using a membrane and an ion trap 
mass analyzer is the corrosive nature of seawa- 
ter and the possibility of membrane clogging. 



N. Kasthurikrishnan, R.G. Cooks/Talanta 42 (1995) 1325-1334 1327 

Hence, special care was taken to minimize 
sample volumes using FIA to provide sample 
to the membrane for short periods of time as 
a narrow plug. As many as 12-15 samples 
per hour can be determined with FIA using 
an alternating standard/sample cycle (with a 
custom-built FIA unit [22]), as opposed to a 
rate of a few samples per hour in continuous 
aspiration experiments in which equilibrium 
response is measured. Although some loss is 
suffered in terms of signal magnitude, it is 
more than compensated for by the increased 
speed of analysis, high reproducibility, ab- 
sence of clogging, and automation capability 
offered by FlA. The choice of FIA in combi- 
nation with MIMS for analyzing VOCs in 
seawater was therefore made. 

In this work we characterize various aspects 
of the analysis of VOCs (including anthropo- 
genic halocarbons) on-line in a seawater ma- 
trix. Of particular interest is the effect of the 
seawater matrix on signal response, response 
times, and detection limits of VOCs. The 
effects of pH, flow rate, and sample volume 
on signal response are also studied, A few 
volatile organic compounds in seawater are 
quantified with two types of capillary mem- 
branes (microporous and silicone) and a com- 
parison between the membranes is made. To 
facilitate this comparison, a seven-component 
mixture in seawater is analyzed. 

2. Experimental 

2.1. Instrumentation 

A Finnigan (San Jose, CA, USA) ITS 40 
quadrupole ion trap mass spectrometer was 
used for all experiments. This instrument has 
been modified to accommodate a two-stage 
analyte enrichment system (membrane/jet sep- 
arator) described elsewhere [21]. The operat- 
ing conditions of the ion trap were 50°C 
manifold temperature, 80 laA filament current, 
electron impact ionization, and 25 ms ioniza- 
tion time. Data were acquired by scanning at 
2s per scan over the m/z range of 40-160 
using the ITS 40 data acquisition system. 

2.2. Membrane interface 

The membrane (4 cm in length) is encased 
in a 3/16" stainless steel tube in a coaxial 

arrangement. All experiments were performed 
by flowing the analyte solution through the 
membrane while passing helium gas over its 
surface in the opposite direction [21]. The 
capillary membranes used were of two types: 
silastic and microporous. The dimensions of 
the membranes were 0.635 mm i.d. _+ 1.19 mm 
o.d. for silicone (Dow Corning, Midland, MI) 
and 1 mm i.d. × 1.8mm o.d. for the micro- 
porous PTFE (2 lam pore size, Anspec, Ann 
Arbor, MI). The ends of the silicone mem- 
branes were soaked in n-hexane prior to as- 
sembly for a tight fit onto the fluid transport 
lines. 

2.3. Jet separator assembly 

The coaxial membrane assembly is con- 
nected to a glass jet separator (Finnigan, San 
Jose, CA, USA, Part No. 10008-40010) which 
is connected to a mechanical vacuum pump 
(Alcatel, Kurt Lesker, Clairton, PA, USA, 
Model M2008A). This helps to enrich the 
permeate stream in the analyte by removing 
helium and water. The flow of helium is con- 
trolled by a variable gas flow controller of the 
Finnigan ITS 40 system. Higher pressures of 
helium gas led to the formation of bubbles 
due to helium gas permeation to the solution 
side of the membrane, and lower pressures led 
to reduced signal intensity. Thus, an optimum 
helium pressure (nominal 5psi) was main- 
tained throughout the experiments. A 51 cm 
stainless tube (1.588 mm o.d. × 0.762 mm i.d.) 
connected the jet separator interface to the 
ion trap via the GC transfer line and a Teflon 
front ferrule was used for sealing. The intro- 
duction of samples was carried out with the 
help of a custom-built FIA unit [22]. 

2.4. Heating assembly 

The jet separator and the membrane assem- 
bly were heated individually by programmable 
heater controllers (Omega Engineering Inc., 
Stamford, CT, Model CN(*) 20). The jet sep- 
arator and the membrane assembly were 
heated using 1/4" adhesive heating tape (Clay- 
born, Roseville, CA, Model K16) and an 
8" x 8" Kapton insulated heater (Omega Engi- 
neering Inc., Stamford, CT), respectively. Op- 
timum temperatures for the jet separator and 
the membrane assembly were 150°C and 
80 *C, respectively [21]. 
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2.5. FIA system 

A schematic diagram of the FIA system is 
given elsewhere [22]. Plugs of solutions of de- 
sired volume were injected into a stream of 
carrier solution (water) by a Waters (Milford, 
MA) Filter Acquisition Module (FAM, Model 
000024). The volume of the sample loop was 
250 tal for some studies and 1 ml in the case of 
others. The FAM contains a TTL controllable 
sample/standard switching valve and a Rheo- 
dyne six port HPLC sampling valve (Biochem 
Valve Corporation, East Hanover, N J). All the 
valves are controlled manually by a custom- 
built FIA control unit. In this unit, sample or 
standard could be loaded and injected by de- 
pressing a switch; no syringes were needed for 
loading purposes. The water, sample, and stan- 
dard streams were maintained at a flow rate of 
1-1.2 ml min- J for most of the experiments, 
except when the effect of flow rate was of 
interest. An Ismatec multichannel peristaltic 
pump (Cole-Panner, Niles, IL) was used for 
maintaining flow rates between 1 and 
1.2 ml min -~, and a Masterflex pump (Cole- 
Panner, Niles, IL) was used for the flow rate 
effect study. 

2.6. Sample preparation 

Commecially available reagents were pur- 
chased from Mallinckrodt (St. Louis, MO) or 
Fisher (Pittsburgh, PA) and were of analytical 
reagent grade. In all cases, aqueous solutions 
of VOCs were prepared by dissolving 1 ml of 
the commercially available reagent in 100 ml of 
methanol (stock solution), followed by serial 
dilution in water and seawater. VOCs dissolved 
in water (deionized water) were used as stan- 
dards, and solutions in seawater constituted the 
sample. The seawater used a synthetic material 
prepared according to ASTM standard specifi- 
cations for ocean water substituents (Dl141- 
52). 

3. Results and discussion 

Optimization of the FIA-MIMS experiment 
was sought for the effects of flow rate, sample 
volume, membrane length and temperature. 
Previous studies using FIA with direct inser- 
tion probes have shown the flow rate to be at 
an optimum around l mlmin -~ [23]. In con- 
trast, continuous monitoring experiments are 

often performed at higher flow rates to mini- 
mize boundary layer effects at the membrane 
surface. The present membrane/jet separator 
assembly showed no significant flow rate effect 
from 1 to 6 ml min-~. The flow rate indepen- 
dence of FIA-MIMS offers flexibility of sam- 
ple, carrier, standard and reagent volume. In 
order to simplify sample handling, the flow rate 
was maintained at 1.0-1.2 ml min -~ for all 
experiments. 

The volume of the sample loop plays an 
important role in experiments with short sam- 
ple plugs introduced by FlA. In an FIA-MIMS 
system, the analyte signal increases with the 
sample volume, until equilibrium is achieved. 
Based on such studies, a range of sample vol- 
umes of 250 ~tl-1 ml was determined to be the 
optimum for analyzing VOCs in seawater. The 
optimum membrane temperature, jet separator 
temperature and membrane length were deter- 
mined to be 80 °C, 150 °C and 4 cm, respec- 
tively [21]. 

Since the pH of seawater may vary, an at- 
tempt was made to study the effect of pH. The 
seawater pH was adjusted by adding sodium 
hydroxide and the range of pH 7-12 was ex- 
amined. Fig. 1 shows results obtained using a 
silicone membrane and 100 ppb chlorobenzene 
solution. The analyte signal intensity is found 
to be almost independent of seawater pH. 
Studies on seawater by Bauer and Solyom also 
indicated no pH effect, except when organic 
acids and bases are present in the sample [15]. 
Microporous membranes show a similar lack 
of pH effect, and based on these results no pH 
adjustment is deemed necessary in the case of 
real samples. 

Seawater matrix contains dissolved elec- 
trolytes of very high ionic strengths, and an 
important step in developing methodology for 
analyzing VOCs in seawater samples by FIA- 
MIMS is to determine matrix effects. In the 
membrane/jet separator combination, matrix 
effects may occur owing to the difference in 
concentration gradient or pressure gradient 
(seawater vs. helium, water vs. helium). In an 
FIA-MIMS system, the salts and ionic com- 
pounds do not pass through the membrane; 
nevertheless, in spite of small volumes of sam- 
ple input, fouling of the membrane might be 
expected after prolonged operation. This is es- 
pecially true with microporous membranes, as 
they are more prone to membrane fouling com- 
pared to amorphous membranes such as sili- 
cone. In these studies we used microporous 
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Fig. 2. Response due to toluene in water and seawater. This study was performed using the silicone membrane. 250 tal 
sample volume and 400 ppb of toluene monitored as m/: 91. 

membranes for 2-3  h of continuous operation 
without encountering clogging problems. 

Fig. 2 shows the effect of the seawater matrix 
on the response of toluene using a silicone 
membrane. Two 250t,1 injections, both of 
400 ppb toluene, in water and seawater were 
made. This preliminary experiment failed to 
show any matrix effect. The experiment was 
repeated with randomly chosen concentrations 
of toluene (within the linear dynamic range of 
the ion trap) and no matrix effect was ob- 

served. This absence of a matrix effect is note- 
worthy. Since water and seawater have 
different solubilities for organic compounds, it 
would not be surprising for the nature of the 
mobile phase to have an effect. 

In order to explore matrix effects further, an 
experiment was performed with three analytes 
(toluene, chlorobenzene, nitrobenzene) of 
different polarities (nitrobenzene > chloroben- 
zene > toluene). Each analyte, dissolved in wa- 
ter and then in seawater, was passed across the 
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membrane until equilibrium was reached. A 
typical result is shown in Fig. 3. Note that the 
widths of the peaks in this experiment have no 
particular significance; equilibrium was estab- 
lished making the peak heights the significant 
parameter. In each of these cases the analyte 
showed modest effects due to differences which 
may be associated with analyte polarity. These 
could be analogous to some of the salt effects 
observed in a reverse-phase LC system [24]. 
The change in the polarity of the mobile phase 
upon addition of salts may cause the analyte 
signal to increase or decrease depending on the 
ionic strength of the solution. In these experi- 
ments, salt concentrations were such as to de- 
crease the analyte signal for the less polar 
compounds. Nitrobenzene, the most polar ana- 
lyte, was least affected by seawater, whereas 
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Fig. 3. (A) Response obtained for benzene (10 pph, m/: 
78) in water and seawater with continuous aspiration and a 
microporous membrane. (B) Response obtained for 
chlorobenzene (10ppb, m/: 112) in water and seawater 
with continuous aspiration and a microporous membrane. 
(C) Response obtained for nitrobenzene (60 pph, m/- 123) 
in water and seawater with continuous aspiration and a 
microporous membrane. The widths of the peaks carry no 
significance. 

benzene, the least polar, showed the largest 
reduction in signal. The study was repeated 
using FIA methods to provide small injection 
volumes for both silicone and microporous 
membranes, as shown in Fig. 4. This experi- 
ment failed to show any significant change in 
analyte signal with changes in the analyte and 
in mobile phase polarity. The lack of matrix 
effects in the FIA experiment cannot be fully 
explained because of operating away from 
equilibrium in the MIMS system, and we are 
still investigating this effect. Thus, it appears 
from preliminary studies that no compromise 
in detection limits or in the speed of the analy- 
sis need to be made when analyzing VOCs in 
seawater with FIA. 

Figs. 5 and 6 depict the background sub- 
tracted mass spectrum of 100 ppb toluene in 
water and seawater obtained using an amor- 
phous silicone membrane. The mass spectrum 
recorded in seawater is similar to and shows 
slightly better signal to noise characteristics 
than the spectrum of the same compound in 
water. One possible reason that the relative 
abundances of the (M + H) ÷ ions are not the 
same is the difference in partial pressure of the 
analyte in water and seawater. 

A typical log-log plot of signal intensity vs. 
concentration in water and seawater for meth- 
ylene chloride solutions examined with a mi- 
croporous membrane by FIA-MIMS is shown 
in Fig. 7. The data show a highly linear re- 
sponse over several orders of magnitude of 
analyte concentrations. The lack of difference 
between the water and seawater calibration of 
methylene chloride is a further indication of 
the absence of significant matrix effects. Similar 
results showing the lack of matrix effects and 
linear analyte responses over several orders of 
magnitude were obtained for the other VOCs, 
and are listed in Table 1. 

An attempt was made to characterize and 
compare the performance of microporous and 
silicone membranes for a number of ana- 
lytes. The applicability of FIA-MIMS to a 
variety of VOCs is evident from Table l, 
which lists a few compounds studied, together 
with rise times and detection limits both in 
water and seawater using silicone and micro- 
porous membranes. It is observed that highly 
polar compounds give longer response times 
compared to less polar compounds with sili- 
cone membranes. Silicone membranes are 
hydrophobic and are best suited to the ana- 
lysis of non-polar compounds, whereas mi- 
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Fig, 5. Background subtracted mass spectrum of 300 ppb toluene (m/= 91) in water using a silicone membrane. 

croporous membranes are non-selective and are 
better suited to the analysis of more polar 
compounds. As is evident from the detection 
limit data (based on three times the standard 
deviation of the blank), non-polar compounds 
give similar or slightly lower detection limits 
(1-1.5 times) when using microporous mem- 
branes compared to silicone, whereas with polar 
compounds the microporous membrane yields 
far lower detection limits (4-5 times) than 

silicone. The improved detection limits achieved 
using microporous membranes for polar com- 
pounds is a result of poor transmission by 
silicone membranes, rather than any selectivity 
for polar compounds by microporous mem- 
branes. A universal aspect of microporous mem- 
branes is their speed of analyte transfer. Another 
important aspect of microporous membranes is 
their ability to pass sufficient amounts of water 
to facilitate the use of water as the CI gas [23]. 
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Fig. 7. Log-log plot of ion abundance (m/: 49) vs. con- 
centration for methylene chloride in water (©) and in 
seawater (11) using a microporous membrane. 

Ion chromatograms obtained with a care- 
fully chosen mixture containing seven volatile 
organic compounds are illustrated for silicone 
(Fig. 8) and microporous (Fig. 9) mem- 

branes. Since the detection limits of methylene 
chloride, trans-l,2-dichloroethylene, benzene, 
toluene, chloro-benzene, carbon tetrachloride, 
and 1,1,2-tri-chloroethene are all around 1 ppb, 
a mixture with concentrations close to the limit 
of quantification (10 ppb) was prepared in wa- 
ter and seawater. The mixture was chosen so as 
to contain both polar and non-polar com- 
pounds, and experiments with silicone and mi- 
croporous membranes were carried out under 
identical conditions on the same day. To fur- 
ther facilitate the comparison, the acquisition 
scan rate and the mass scan range were held 
constant. Since the custom-built FIA unit has 
an RSD of 5-8% and the temperature of the 
membrane assembly varies by at least + 3 °C, 
any small variations in analyte signal intensities 
can be neglected. The different analyte re- 
sponses are due to their varying membrane 

Table I 
Comparison of detection limits and rise times for amorphous silicone and microporous membranes• Rise times are 
calculated based on 10-90% of the peak height 

Compound Silicone membrane Microporous membrane 

Detection limit Rise time Detection limit Rise time 

Water Seawater Water Seawater Water Seawater Water Seawater 
(ppb) (s) (ppb) (s) 

Toluene 0.9 
Benzene 0.5 
trans-l,2 Dichloroethene 0.4 
Carbon tetrachloride 1.2 
Chlorobenzene 1.0 

0.9 64 65 0.6 0.6 40 39 
0.5 31 29 0.3 0.3 18 19 
0.4 26 24 0.2 0.2 16 17 
1.O 38 38 0.7 0.7 16 16 
1.1 105 102 0.3 0.3 15 17 
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Fig. 9. Ion chromatograms recorded for a seven-component mixture (methylene chloride, trans-l,2-dichloroethylene, 
benzene, toluene, chlorobenzene, carbon tetrachloride and I,l,2-trichloroethene) at 10 ppb, each using a microporous 
membrane and 1 ml sample volume. The arrows indicate the injections of water and seawater samples. The last four 
arrows, two for 1,1,2-trichloroethene and two for carbon tetrachloride, represent each analyte prepared in water in the 
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permeabilities and not due to differences in 
ionization cross sections. The non-polar com- 
pounds methylene chloride, trans-l,2-dichloro- 
ethene, benzene, toluene, and carbon tetra- 
chloride respond much faster than the rela- 
tively polar compounds chlorobenzene and 
l,l,2-trichloro-ethene when using the silicone 
membrane. Thus, the more polar the com- 
pound, the slower the response for the silicone 
membrane. The ion chromatogram for the 

same mixture recorded using a microporous 
membrane shows a reduced analysis time and 
this allowed 12 sample injections in the time 
requested for four injections with the silicone 
membrane. 

Another possible matrix effect studied was 
that of one organic analyte on the signal of 
another. Previously, such analyte matrix effects 
were observed in the study of binary and 
ternary solutions performed with a direct inser- 
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tion probe using a TSQ 4500 mass spectrome- 
ter [23]. Under  EI conditions, hardly any ma- 
trix effect occurred, but using CI a small 
matrix effect was observed, especially if the 
p ro ton  affinities o f  the analytes varied signifi- 
cantly. To  confirm the lack o f  mutual  matrix 
effects a m o n g  the analytes, s tandards o f  car- 
bon tetrachloride and l , l ,2- tr ichloroethylene 
were prepared in deionized water. Carbon  te- 
trachloride and 1,1,2-trichioroethylene were 
chosen to represent a non-polar  c o m p o u n d  
and a relatively polar  c o m p o u n d  respectively. 
Two injections o f  each s tandard were made,  
as shown in Fig. 9 (the last two peaks o f  
carbon tetrachloride and 1,1,2-trichloroethyl- 
erie). The signal intensities obtained are identi- 
cal to that  o f  the mixture, indicating no 
mutual  matrix effects a m o n g  the analytes for 
these compounds .  

4. Conclusion 

For  the range o f  analytes and concentra-  
tions examined, no preconcentra t ion or  sam- 
ple work up is required for  seawater analysis 
by MIMS.  The present results are consistent 
with and extend the seawater studies o f  Bauer 
and Solyom [15]. An  attractive feature o f  the 
present F I A - M I M S  is the simplicity o f  the 
experimental set up. The membrane  accessibil- 
ity, availability o f  various types o f  mem- 
branes, extended operat ion without  membrane  
clogging, and detection limits in the p p b - p p t  
range pave the way for the in situ analysis o f  
VOCs in seawater samples. Microporous  
membranes  offer lower detection limits and 
give faster response times than silicone mem- 
branes. By increasing the sample volume, us- 
ing microporous  membranes,  and optimizing 
membrane  length, temperature and flow rate, 
one can achieve detection o f  specific analytes 
in the lower ppt range. I f  F I A - M I M S  is com- 
bined with S W I F T  in addit ion to the ex- 
tremely low L O D s  ( p g l - J ) ,  one should be 
able to perform M S / M S  to confirm the iden- 
tity o f  minor  componen ts  in seawater. In ad- 
dition, the methods  used here may  prove 
useful for moni tor ing  o f  VOCs in real envi- 
ronmental  samples and industrial effluents o f  
high ionic strengths. 
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Abstract 

Chrome azurol S immobilised on XAD-2 has been used in this study as a reagent phase for the 
development of an optical fibre AI(III) sensor. Using a kinetic approach, this sensor was able to give a linear 
response in the AI(III) concentration range of 1.3 x 10-5-2.0 x 10-4M with a limit of detection of 
1.0 x 10 -4 M. The optimum responses were obtained at pH 6.0 and when the solution was stirred. The 
sensor response was found to have a repeatability and reproducibility of 1.6% and 5.8%, respectively. The 
results obtained for AI(III) determination in aqueous sample were in good agreement with those obtained 
using graphite furnace-atomic absorption spectrometry. 

!. Introduction 

In the past, immobilised reagents have been 
widely used as preconcentrating agents in ana- 
lytical detection schemes where the analytes 
were generally eluted prior to the quantitation 
step [1]. With a growing interest in the area of  
chemical sensing using optical fibre, immo- 
bilised reagents are now used as a reagent 
phase in the development of  such sensors. The 
reagents are normally adsorbed onto, chemi- 
cally bonded to, physically entrapped in or 
electrostatically attracted to the support. The 
immobilised reagent is then coupled to the 
distal end of the fibre. 

The performance of the immobilised eri- 
ochrome cyanine R on XAD-2 when used as a 
reagent phase in the development of  a flow-cell 
type optosensor [2] and a probe type sensor [3] 
has been previously described. In this paper, 
we report the potential of  immobilised chrome 
azurol S (CAS) as a reagent phase in the 

* Corresponding author. 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights 
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development of  a probe type sensor. 

2. Experimental 

2.1. Reagent 

An ammonia  acetic buffer of  pH 6.0 was 
prepared as follows. About 50 ml of  glacial 
acetic acid (AR) was mixed with approximately 
500 ml of  distilled deionised water. Sufficient 
ammonia  solution (s.g. 0.88, AR) was then 
added to adjust the pH to 6.0 (approximately 
about  50ml  required), and the mixture was 
diluted to 1 I with distilled deionised water. 

An aluminium standard solution of  
4.0 x 1 0 - 4 M  was prepared by dissolving the 
required amount  of  aluminium potassium sul- 
phate, Ai2(SO4)3K2SO4" 24H20 in deionised 
water and then diluting the solution with 
deionised water to 250 ml. 0.019 g of  cetylpyri- 
dinium chloride (CP) was dissolved in 
deionised water and the solution made up to 
250 ml volume with deionised water to give a 

reserved 
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CP standard solution of 2.0 × 10 -4 M. A solu- 
tion of CAS (Fluka) was prepared daily in the 
buffer. 

2.2. Instrumentation 

An aluminium probe incorporated in an op- 
tical fibre reflectance measurement rig was used 
in this study to measure the reflectance of the 
probe before and after reaction with alu- 
minium. The design of the probe used in this 
study was the same as described previously [3]. 

Graphite furnace-atomic absorption spec- 
trometry (GF-AAS) was performed on a 
Perkin-Elmer 3100 model for atomic absorp- 
tion measurement of the aluminium samples. 
The wavelength was set at 309.3 nm. Pyrolytic 
graphite coated graphite tubes were employed 
and a hollow aluminium cathode lamp was 
used as a light source. 

2.3. Procedure 

Adsorption was used in this study to immo- 
bilise the reagents onto a solid support. This 
technique is the most convenient method of 
immobilisation, since it is exceedingly easy to 
perform, merely requiring stirring of the 
reagent and the support. Weak forces such as 
van der Waals forces and hydrogen bonding 
may act to immobilise the dye onto a substrate. 

The absorbent materials used in this work 
include the Amberlite XAD series of porous 
polymers (XAD-2, XAD-4, XAD-7 and XAD- 
8) and anion exchange resins (Dowex l-X8 
(CI), IRA-400(CI), IR-45(OH)). All the solid 
supports used were supplied by BDH. 

Prior to use, the XAD resins had to undergo 
a pretreatment process, since they were sup- 
plied impregnated with ammonium chloride to 
prevent the formation of mould during storage. 
The XAD resins were washed thoroughly with 
distilled water, soaked in acetone and finally 
thoroughly washed in distilled water again. The 
ion exchange resins were first washed using 
acetone and then thoroughly washed with dis- 
tilled water. All the solid supports were used as 
supplied without further grinding. 

The adsorption of the reagents onto the solid 
supports was investigated qualitatively using an 
aqueous CAS solution of 2.0 x l0 -4 M. The 
reagent was immobilised alone in the presence 
of CP and as its aluminium ternary complexes. 
In the former, 10 mi of distilled water, 30 ml of 
CP and 30 ml of CAS solution were added to 

approximatley 1 g of solid support and stirred 
for about 5 h at room temperature. In the 
latter, the same procedure was repeated, but 
instead of distilled water, 10 ml of 
2.0 x 10-4M aluminium solution was added. 
A sample of the solid support with immobilised 
reagent was then removed from the superna- 
tant liquid, washed with deionised water and 
left to dry in a desiccator. The solid support, 
which bound the reagent firmly and at the 
same time retained the properties of the 
reagent as in its solution form, was considered 
the best. 

The reflectance measurement was carried out 
by the use of a kinetic approach where the 
signal was measured 3 min after placement of 
the probe in the aluminium solution. The mea- 
surements were expressed as a reflectance 
difference, which is defined as the difference 
between the reflectance of the aluminium com- 
plex and that of the immobilised reagent alone 
(in the presence of CP), both recorded at the 
same measurement wavelength (635 nm). 

The use of repeatability and reproducibility 
terms to express variations in probe response 
has been suggested by Alabbas et al. [4]. The 
sensor repeatability refers to the successive 
runs made using a single sensor to evaluate 
discrepancies in its response. The sensor repro- 
ducibility refers to the discrepancies in response 
between individual members of a batch of sim- 
ilarly constructed sensors. The repeatability 
and reproducibility of optical fibre sensors are 
two of its important characteristic features and 
were studied in this work at an aluminium 
concentration of 2.0 x 10 -4 M. 

The response of the probe was optimised by 
studying the effects of pH, stirring of the solu- 
tion and reagent concentration. The influence 
of stirring was studied by comparing the re- 
sponse of the probe towards the same concen- 
tration of aluminium when the solution was 
stirred and unstirred. The effect of reagent 
loading on the probe response was studied 
using immobilised reagents prepared from 
different reagent concentrations. The time of 
immobilisation (5 h) and stirring speed were 
maintained constant. 

The effect of foreign ions was studied by 
introducing different amounts (moles) of inter- 
fering ions to the sensing probe. The degree of 
interference of these ions was evaluated with 
reflectance measurements, recorded in the pres- 
ence and absence of the interfering ion in the 
determination of a given concentration 
(2.0 x 10 -a M) of aluminium. 
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For determination with GF-AAS, three t®l 
different samples of known concentration ~ ~ 
(Table 2) were prepared in the laboratory. ~ s° 1 

702 These samples were diluted 100 times, and 
20 pl of the diluted sample was injected into the ~ 60- 
graphite furnace. The reading (peak height) ~ 50- 
was recorded at a wavelength of 309.3 nm. The ~ ~o- 
calibration graph was prepared in a similar ~ ~0, 
way using a standard aluminium solution rang- ~ ~0- 
ing from 1.3 × 10 -5 to 8.0 x 10 - 4  M.  ~ ,0 -; 

3. Results and discussion 

The Amberlite XAD series of porous poly- 
mers gave better results than ion exchange 
resins, since they could make available the 
reagent functional groups to form a complex 
with aluminium ion. The colour change of the 
immobilised reagents after reaction with alu- 
minium was noted to be similar to that in 
solution (from red to blue). The reagent could 
also be successfully immobilised on the anionic 
exchange resin, but the changes in the reflec- 
tance signals in presence of aluminium were 
noticed to be very small. Among the XAD 
series, the highest reflectance change between 
the immobilised reagents and its complexes was 
observed for XAD-2. Therefore, XAD-2 was 
chosen for further study as a solid support for 
the immobilisation of CAS. 

XAD-2 is an aromatic hydrophobic ab- 
sorbent which has a styrene-divinylbenzene 
cross-linked structure [5]. In an adsorption pro- 
cess, XAD-2 will selectively adsorb water solu- 
ble organic substances. The hydrophobic 
portion of the organic substance is preferen- 
tially adsorbed while the hydrophilic portion of 
the molecule will remain oriented in the 
aqueous phase. The interaction between XAD- 
2 and CAS may involve the interaction de- 
picted in Fig. l, since colour changes were 
observed to be similar to that in solution. 
Further, as shown in Fig. 2, the optimum pH 

COOH CH 3 

CI~CL 

"S03cP 
C H ~ / _ ~  

Fig. I. The possible interaction of XAD-2 with CAS. 

/ \ 
\ 

\ 

\ 
6 7 8 9 I0 

pH 

Fig. 2. The effect of pH on the ternary complex formation 
of aluminium with immobilised CAS in the presence of 
cationic surfactant. 

value for complex formation was found to be 
identical to that in the solution. Quinolin-8-o- 
sulphonate was found to behave in the same 
manner when electrostatically immobilised on 
Amberlite CG-400 resin [6]. From this observa- 
tion, it can be stated that the interaction be- 
tween the immobilised reagent and XAD-2 had 
no effect on the functional groups of the 
reagent which was used in the formation of 
complexes with aluminium. Because of compe- 
tition between hydrogen and aluminium ions 
for the organic ligands at low pH values and 
competition between hydroxyl and organic lig- 
and ions for aluminium ions at high pH values, 
Driscoll and Schecher [7] reported that alu- 
minium-organic complexation is generally at a 
maximum in the acidic to neutral pH range. 

Fig. 3 shows the reflectance spectra of the 
reagents immobilised alone in the presence of 
CP and as their aluminium ternary complexes. 
The decrease in reflectance at all wavelengths 
in the range 520-720 nm is due to the forma- 

':f 

520 540 5#0 5DO 600 6 ~  640 660 680 700 7 ~  
Wli/EI.,ENCTH, nm 

Fig. 3. Reflectance spectra of the reagent CAS immobilised 
alone in the presence of CP and as its ternary complex with 
aluminium. 
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Fig. 4. The alternate reaction of  immobilised CAS with 
aluminium and fluoride solution (regenerating solution). 
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Fig. 5. The response of  immobilised CAS to four different 
concentrations of  aluminium, i.e. 6 .4x  1 0 - 3 M  (A), 
3.2 x l0 -3  M (B), 1.6 x l0 -4  M (C) and 7.8 x l0 -4  M(D). 

tion of a coloured aluminium complex which 
strongly absorbs the incident light and thus 
attenuates the intensity of the reflected light. 
Reflectance measurements were made at a cho- 
sen wavelength at which a large change in 
reflectance signal with aluminium concentra- 
tion was observed. Therefore, a wavelength of 
635 nm was used for measuring reflectance sig- 
nal from the immobilised CAS. 

Fig. 4 shows the reflectance response (mea- 
sured at a single wavelength of 635 nm) of the 
immobilised CAS after reaction with alu- 
minium solution and generation with fluoride 
solution. As can be discerned, regeneration of 
the reagent was time-consuming. The long re- 
generation time for CAS can be explained by 
the fact that it has a bulk chemical structure, 
since it contains two chlorine atoms. As 
fluoride has the same ionic charge as chlorine, 
repulsive forces due to chlorine will be experi- 
enced by the fluoride ions approaching the 
complex to react with aluminium. This repul- 
sion will slow down the regeneration process of 
the reagent and a longer time is required for 
regeneration. Eriochrome cyanine R, which has 
exactly the same structure as CAS except for 
the two chlorine atoms, was found to be easily 
regenerated in a shorter time when the same 
regenerating solution was used [2]. 

The response of immobilised CAS towards 
different aluminium concentrations is shown in 
Fig. 5. As for immobilised eriochrome cyanine 
R [2], the response was independent of the 
aluminium concentration used since different 
concentrations of aluminium were found to 
give the same final response. The time taken to 
reach the steady state response, however, de- 
pended on the concentration of aluminium. A 
kinetic approach, whereby the reflectance 

difference of the system is measured at a fixed 
time, was therefore used in further studies to 
characterise this reagent. Fig. 6 shows the re= 
sponses of immobilised CAS towards different 
concentrations of aluminium at different reac- 
tion times. Reaction times greater than 3- 
4 min would limit the determination to within a 
very narrow range. 

Stirring the aluminium solution has a signifi- 
cant effect on the response of the probe. As 
shown in Fig. 7, the rate of increase of the 
reflectance difference is much higher when the 
aluminium solution is stirred compared to that 
without stirring. Stirring the aluminium solu- 
tion could facilitate the diffusion of aluminium 
ions across the nylon mesh to the reagent, and 
therefore speed up the reaction between the 
reagent and the aluminium. Without stirring, 
however, the diffusion depended solely on the 
concentration gradient across the membrane. 

The effect of the reagent concentration on 
the probe response was studied using different 
concentrations of the reagent during its immo- 
bilisation. These immobilised reagents were 

90 7 

o a -  
I 

0 5 I0 15 ~0 25 
AI~MINIUM CONC~I~fP~ION, 

Fig. 6. The response of  immobiliscd CAS to different 
aluminium concentrations at different reaction times. 
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Fig. 7. The effect of  stirring on the probe response based 
on immobilised CAS. 
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Fig. 9. Reproducibility and repeatability of  the a luminium 
probes based on immobilised CAS. 

used for reaction with aluminium of 6.4 x 10 - 3  

and 2.0 x 10 -4 M concentrations. The results, 
shown in Fig. 8, indicate that the higher the 
reagent concentration used for immobilisation, 
the higher the reflectance signal obtained for 
the same concentration of  aluminium. A simi- 
lar observation was made for blood pH sensor 
based on compound 5-91 immobilised on cel- 
lophane [8]. As indicated in Fig. 8, the amount 
of reagent in the matrix can be controlled by 
choosing the appropriate concentration of 
reagent during immobilisation. No reagent 
concentration higher than 0.01 M was studied, 
since at room temperature a saturated solution 
is produced. Higher solution of concentrations 
of reagent allowed more of it to be immo- 
bilised, resulting in the reaction of more alu- 
minium ions to produce a higher reflectance 
signal. Although it seems desirable to immo- 
bilise as much indicator as possible in order to 
obtain an intense signal, it is advisable to ira- 

J 

tot 

0 
O~ 2'D 4,0 &~ 

CAS CONCKIWR~ION, mM 
8B I0~ 

Fig. 8. The effect of  concentration of  the reagent used for 
immobilisation on the probe response based on immo- 
bilised CAS, at two different a luminium concentrations,  i.e. 
6.4 x 10 -3  M (A) and 2.0 x 10 -4  M (B). 

mobilise just enough indicator to obtain a rea- 
sonable signal. For a pH sensor, for example, 
too heavy a loading of the matrix with the 
reagent was found to result in lower pK~ val- 
ues, worse reproducibility of the response and 
a strong background whose intensity did not 
vary with pH [9]. 

Fig. 9 shows that the repeatability of the 
probe was always better than its reproducibil- 
ity. The repeatability of the probe was found to 
be 1.6% whereas the reproducibility was found 
to be 5.8%. In the literautre, there is hardly any 
comment on the effect of variation in construc- 
tion parameters of the sensor, e.g. the indicator 
concentration for immobilisation, the amount 
of polymeric support matrix and the particle 
size of the matrix. According to Alabbas et al. 
[4], the variation in the response of an optical 
fibre sensor has been noted to arise from two 
main sources, i.e. construction variation and 
operational variation. The former includes the 
variation caused by the quantity of matrix, 
concentration of reagent, particle size and 
shape of the probe, while the latter is due to 
variations in analyte concentration. They con- 
cluded that the major source of non-uniformity 
of response lay in the sensor construction (6.5- 
9.5%) rather than sensor operation (2.6%). 

Table 1 shows the results obtained for anion 
and cation interference studies during alu- 
minium determination. Generally, negative in- 
terference was observed for anions whereas 
cations showed positive interference. Negative 
interference can result from the reaction of the 
interferent with the analyte being determined, 
leading to an incomplete reaction [10]. The 
most common type of such an interference is 
the complexing of the analyte by the interfer- 
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Table I 
Degree of interference of some anions and cations of  aluminium using a probe based on immobilised CAS 

X"- AI3+:X "- Ref. diff. % M"- AI3+:M "+ Ref. diff. % 
(a.u.) Error (a.u.) Error 

F- 1:1 49.7 - 12.9 Be 2+ I:1 75.5 +29.1 
1:3 35.3 -38.2 1:I0 79.0 +35.0 
1:5 14.0 - 75.5 1 :!00 79.8 + 36.4 

EDTA 1:1 37.8 -33.8 Fe 3+ 1:1 59.7 n 
1:3 5.6 -90.2 1:10 72.0 +23.1 
1:5 1.0 -98.3 1:100 77.0 +31.6 

C2042- 1:I 55.7 -2.4 Cu '+ 1:1 67.0 + 14.5 
oxalate 1:3 40.6 - 28.9 1:10 74.0 + 26.5 

1:5 ! 6.6 - 70.9 1:100 79.0 + 35.0 

C4H5072- 1:1 17.0 -31.7 Ga 3+ 1:1 60.0 n 
citrate 1:3 3.3 - 88.3 1:10 60.0 n 

1:5 0.5 -93.5 1:100 52.5 - 10.3 

C406H~- 1:1 82.5 -6.3 Zn 2+ 1:1 60.0 n 
tartrate 1:3 62.0 - 24.6 1:10 60.0 n 

1:5 48.0 -45.5 1:100 63.0 +7.7 

PO42- 1:1 39.6 -30.7 In 3+ 1:1 59.0 n 
1:3 22.7 -60.3 1:10 58.5 n 
1:5 12.3 -78.4 1:100 56.0 n 

n = no interference; a.u. = arbitrary units. 

ent. Since most  o f  the anions used in this 
study have a tendency to react with aluminium 
ions to form a colourless complex, a negative 
type of  interference is expected. Positive 
interferents normally react directly with the 
reagent along with the analyte and produce 
coloured species, so that high absorbance is 
obtained. 

Interference from anions such as fluoride, 
oxalate, E D T A  and tartrate is expected, since 
they form a stable complex with aluminium 
[11]. As the stability constant (in logarithms) 
for EDTA,  citrate and oxalate complexes with 
aluminium was reported to be 16.5, 8.1 and 
6.1, respectively [12], the degree of  anion inter- 
ferent is expected to vary in the order 
E D T A  > citrate > oxalate. No interferent from 
hydroxide ions was observed even if its concen- 
tration was 100 times higher than of  alu- 
m i n i m .  This indicates that, at least at the pH 
used in this study, the tendency of  the alu- 
minium to hydrolyse is very small in the pres- 
ence of  the ligands. As well as anions, 
interference from iron and beryllium ions is 
also expected, since the ionic radius of  the 
former is similar to that o f  the aluminium ion 
[13]. The use of  eriochrome cyanine R (which 
has a similar structure as CAS) solution for the 
determination of  beryllium has been reported 
in the literature [14]. 

E D T A  showed the highest interference 
effect, clearly because it has six potential sites 
for binding with the aluminium ion (the four 
carboxyl groups and the two amino groups, 
each of  the amino nitrogens with four unshared 
electrons). The complex formed between 
E D T A  and aluminium is sufficiently stable, 
which undoubtedly results from the multiple 
complexing sites within the molecule by which 
an aluminium ion is effectively surrounded and 
isolated f rom the solvent molecules [15]. 

It should be noted that although a reason- 
able number  of  ions in this study were found to 
interfere with the aluminium determination, 
not all of  these are expected to be present in 
real water samples. Of  these, fluoride and iron 
ions are normally present in water samples 
with aluminium. Fluoride ions originate from 
the salt used to treat the water, whereas iron is 
present in the sample because of  its natural 
occurrence. One should remember, however, 
that aluminium is the third most common con- 
stituent o f  the Earth 's  crust after silicon and 
oxygen. Thus, the possibility of  having a very 
high concentration of  these interfering ions 
compared to that o f  aluminium in the water 
samples is less. At a 1:1 ratio of  these interfer- 
ing ions to aluminiurn, the interference was 
shown to be slight and can be overcome by the 
use of  conventional methods, such as applica- 
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Fig. 10. The dynamic range of aluminium concentration 
determined by a probe based on immobilised CAS. The 
reflectance difference was measured 3 rain after placement 
of the probe in the aluminium solution. 

tion of a masking agent, or more practical 
methods, such as synchronous derivative spec- 
trometry. Capitan and co-workers [16,17] have 
demonstrated the use of the latter type of 
methods as providing a means for the simulta- 
neous determination of many metal ions. 

Fig. 10 shows that the aluminium probe 
based on immobilised CAS produced a linear 
relationship between the reflectance difference 
and the logarithm of aluminium concentration 
in the range of 1.3 x 10 -5 - 2.0 x 10 -4 M. 

An attempt was also made to study the 
reliability of the results obtained using these 
probes by comparison with well-established 
methods such as GF-AAS. The results ob- 
tained are shown in Table 2. Although the 
standard deviation of the reflectance method is 
found to be slightly greater than that of GF- 
AAS, the results obtained show very good 
agreement with the aluminium concentration 
determined in the sample using the optical 
sensor. 

The limit of detection, defined as the concen- 
tration of sample that yields a detector re- 

sponse equal to three times the detector noise, 
was found to be 1.0 × 10 -S M. 

4. Conclusion 

Immobilised CAS on XAD 2 provides good 
reagent phases for the development of an opti- 
cal aluminium sensor. The sensor based on this 
reagent showed optimum response at pH 6.0. 
The amount of reagent loaded into the matrix 
was also found to have a significant effect on 
the response of the probe. The probe appears 
to be ideal for measurement of the aluminium 
content in a dynamic system, since it produced 
a very high reflectance signal when the solution 
was stirred. 

The same steady state response was pro- 
duced by the probe irrespective of the alu- 
minium concentration used. The time taken to 
achieve this response is, however, dependent on 
the aluminium concentration, leading to the 
use of the kinetic method for quantification of 
the measurements. This study has also shown 
that on reaction with aluminium, the reagent 
produced a reproducible signal especially when 
the same probe was used in the measurement. 
Major interferences were observed from 
fluoride, EDTA, oxalate, citrate, tartrate, 
Be 2 +, Cu 2 + and F e  3 +. 

A linear relationship was obtained between 
the log of the aluminium concentration and the 
reflectance signal at aluminium concentrations 
in the range of 1.3 x 10-5-2.0 x 10 -4  M ,  with 
a limit of detection of 1.0 × 10 -5 M. The re- 
sults obtained for aluminium determination in 
unknown samples using the reflectance method 
were in good agreement with those obtained 
using the GF-AAS technique. 
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Table 2 
Determination of aluminium in aqueous sample using both 
GF-AAS and optical fibre aluminium sensors based on 
immobilised CAS. With the latter, the reflectance difference 
was measured 3 rain after placement of the probe in alu- 
minium solution 

Concentration [AI 3+] determined [AI 3+] determined 
by GF-AAS (M) using the CAS 

probe (M) 

3.0 X 10 -4 3.0(--+0.2) × 10 -4 3.3(+0.3) X 10 -4 
8.0 × 10 -5 8.0(-+0.2) × 10 -5 7.8(+0.4) × 10 -5 
2.0 × 10 -5 2.0(-+0.1) × 10 -5 2.2(-+0.4) × 10 -5 
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C o r r i g e n d u m  

Corrigendum to "Direct determination of traces of Ag, 
Cd, Pb, Bi, Cr, Mn, Co, Ni, Li, Be, Cu and Sb in 
environmental waters and geological materials by 

simultaneous multi-element graphite furnace atomic 
absorption spectrometry with Zeeman-effect 

background correction" 
[Talanta 42(1995) 269-281]" 

J .G.  Sen G u p t a ,  J .L.  B ouv i e r  

The following text was inadvertently omitted from the footnotes of Table I 1 (p. 277): 

Mixed synthetic standard solutions used for preparation of calibration curves contained the same 
amount of reagents as the sample and taken through the microwave oven digestion procedure 
before making up the final volume to 50 ml. 

'~SSDI of original article: 0039-9140(94)00256-8. 
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Erratum 

Erratum to "Mechanistic studies of metal ion binding to 
water-soluble polymers using potentiometry" 

[Talanta 42(1995) 219-226]" 

Nell V. Jarvis, Judith M. Wagener 

Owing to a printing error, the Publisher regrets that Figs. 9 and 10 were poorly reproduced. They 
should have appeared as shown below. 
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Fig. 9. Species distribution curves for the complexation of Co(H) and Ni(ll) at 25°C and 1.0 M NaNO~ (titration 3), as 
calculated from the apparent formation constants in Table 2. Only the uncomplexed metal ion plots are shown. 
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Fig. 10. Plot of Iogfl2 (Polymin Water-Free) vs. Iogfl2 (ethylenediamine) for the metal ions studied in this paper. 
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Abstract 

A reasonably sensitive and highly selective spectrophotometric method for the determination of mer- 
cury(II) is proposed. The method is based on the extraction of the ion-associate formed by a mercury(II) 
thiacrown ether cationic complex with Bromocresol Green as the anionic counter-ion using chloroform as 
the extracting solvent. The effect of thiacrown ethers of different cavity sizes, namely 1,4,7,10,13-pentathia- 
cyclopentadecane (PTP) and 1,4,7,10,13,16-hexathiacyclooctadecane (HTO), the thiacrown ether concentra- 
tion, the extracting solvent, the bromocresol green concentration and the aqueous phase pH on the 
extraction were investigated. Measurement of the absorbance at the 2m,x (420 nm) of the extracted 
ion-associate reveals that Beer's law is obeyed over 0.5-12.0ppm mercury(II) for both ligands. Slight 
interference from copper(II) and cadmium(II) is exhibited by the PTP ligand, while HTO is negligibly 
affected by these metal ions. Strong interference from silver(I) is evident for both ligands while alkali, 
alkaline earth and other transition metals tested posed negligible interference. Analysis of mercury in 
synthetic complex mixtures was satisfactory 

1. Introduction 

The toxicity of mercury compounds have 
caused widespread public concern as a result of  
several widely publicized disasters, beginning 
with the Minamata, Japan incident in 1950 
where 111 people were poisoned after eating 
seafood containing high levels of  methyl mer- 
cury (27-102 ppm dry wt) [1-3]. This incident 
and others [2,3] took place in limited areas 
where there had been heavy localized pollution 
with mercurial compounds. 

Several analytical methods have been devel- 
oped for the determination of mercury. Cur- 
rently the most frequently used method for 

* Corresponding author. Fax: (966)3-860-4277. 
Permanent address: School of Chemical Sciences, Univer- 

siti Sains Malaysia, 11800 Penang, Malaysia. 

0039-9140/95/$09.50 O 1995 Elsevier Science B.V. All rights 
SSDI 0039-9140(95)01514-0 

ultra-trace mercury analysis in environmental 
samples is flameless atomic absorption spec- 
trophotometry [2,4,5]. Other analytical methods 
reported include spectrophotometry [2,5-8], 
fluorimetry [2,9] titrimetry [10], neutron activa- 
tion analysis [11], optical [12] and electrochemi- 
cal [2,13] methods. These methods, with the 
exception of neutron activation analysis, are 
generally suitable for the determination of trace 
levels of  mercury. The spectrophotometric 
methods reported are mainly based on ion- 
associates of mercury(ll) complexes, using 
reagents such as Bindschedler's Green [7], te- 
traphenylpyridine [6], Crystal Violet [5] and 
triazenes [8]. Although these methods are gener- 
ally sensitive, they lack selectivity, making them 
only suitable for the analysis of simple samples. 

Our strategy to minimize the interference 
problem is to exploit the complexing- and ion- 

reserved 
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discriminating ability of thiacrown ethers, 
which is a class of crown ethers where the 
donor oxygen atoms on the macrocycle ring 
have been replaced either partially or totally 
with sulfur atoms. Since sulfur atoms are soft 
Lewis bases, thiacrowns are expected to have 
strong affinity for soft Lewis acids such as 
mercury(II) [14-18]. Furthermore, thiacrown 
ethers can form stable cationic complexes with 
class b metal ions as classified by Ahrland et al. 
[14], which in turn can be reacted with an 
appropriate anion to form an ion-associate. 
Upon extraction with suitable solvents, a spec- 
trophotometric procedure for mercury(II) may 
be viable. Although some mercury(II) com- 
plexes of thia ethers have been isolated and 
characterized [15,16], there are only a few stud- 
ies concerning their analytical applications. In 
this paper we report the investigation of using 
a five- (I) and six- (II) membered ring sulfur 
macrocycle for the extractive spectrophotomet- 
ric determination of mercury(II), using Bro- 
mocresol Green as the counter-ion. 

j s  s 

S s 

n 

(I) n = 1, PTP 
(II) n = 2, HTO 

copper(II), manganese(II), iron(II), zinc(II), 
cadmium(II), nitrates of nickel(II), iead(II), 
silver(I) and chloride of cobalt(II) were used. 
Chloroform stabilized with ethanol of purity 
at least 99.9% was supplied by Fluka, while 
Bromocresol Green, sodium salt was pur- 
chased from Allied Chemical. The thia- 
crown ethers I and II were obtained from 
Aldrich. Deionized, distilled water was used 
throughout. 

2.3. Stock solutions 

Mercury(II) standard solution (0.01 M) 
was prepared by dissolving 0.340 g mercury(II) 
nitrate (BDH) in 2.0ml of 2 M nitric acid 
and diluting to 100 ml with water. The solu- 
tion was standardized as suggested by Vogel 
[19]. 

Bromocresol Green stock solution (0.010 M) 
was prepared by dissolving 0.360g of the 
sodium salt in water and dilution to 50 ml with 
water. 

Thiacrown ether stock solution (0.010 M) 
were prepared by dissolving 0.1503 and 
0.1804 g PTP (1) and HTO (II), respectively, in 
chloroform and diluting to 50 ml. Ligand solu- 
tions were diluted from the stock solution 
daily. Macrocyclic sulfur ligands are highly 
toxic and should be handled with care. 

Buffer solution pH (3.5) was prepared by 
dissolving 100.0 g ammonium acetate in water 
and adjusting the pH to 3.5 with 7M hy- 
drochloric acid followed by dilution to 200 ml 
with water. 

2. Experimental 

2.1. Apparatus 

Absorbance measurements were made with a 
Perkin-Elmer Lambda 5 UV/VIS spectropho- 
tometer in conjunction with a quartz cuvette of 
l0 mm path length, pH measurements of the 
aqueous phase were performed with a Corning 
combination glass electrode (Catalog no. 
476530) connected to a Coming pH meter 
Model 21. Unless otherwise stated, all data are 
the average of two determinations mainly car- 
ded out on different days. 

2.2. Reagents and chemicals 

All inorganic chemicals used were of analyti- 
cal reagent grade. Sulfates of chromium(Ill), 

2.4. Recommended procedure 

Aliquots of mercury(II) standard solutions 
(0.10 or 1.0 mM) were transferred into a series 
of 125-ml separatory funnels, and 1.00ml 
buffer solution (pH 3.5) and 1.00ml Bro- 
mocresol Green solution (l.0mM). The total 
volume of the aqueous phase was adjusted to 
5.00 ml by addition of distilled water. Finally, 
5.00 ml of 0.10 mM thiacrown ether in chloro- 
form was added to each separatory funnel and 
the contents were shaken for 60 s. The organic 
phase was allowed to separate from the 
aqueous phase for at least 120 s and the ab- 
sorbance of the separated chloroform layer 
was measured at 429 nm against a reagent 
blank. Blank solutions were treated in the 
same manner, except that no mercury(II) was 
added. 



3. Results and discussion 

3.1. Absorption spectra 
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The absorption spectra of  the extracted ion- 
associates are shown in Fig. 1. Maximum a b -  
sorption occurred at 420 nm for both ligands 
and all measurements were made at this wave- 
length. 

3.2. Effect of pH 

The influence of  pH on the extraction was 
evaluated by measuring the absorbance of  
40 ppm of  mercury over the p H  range 2-6 ,  
while keeping the Bromocresol Green and thi- 
acrown ethers solutions constant at 1.0 mM. 
The pH was adjusted by addition of  1.0 M 
hydrochloric acid and/or 1 M ammonium hy- 
droxide. Maximum absorbance was obtained 
for extraction at about  pH 3-4.5  for both 
ligands (Fig. 2). Throughout  the studies, an 
acetate buffer o f  pH 3.5 was used. 

3.3. Thiacrown ether concentration 

The influence of  the ligand concentration on 
the absorbance signal of  the extracted ion-asso- 0,f 
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Fig. 1. Absorption spectra of chloroform extracts of 
thiacrown ether mereury(ll)-Bromocresol Green complex. 
(I) PTP,  [mercury(ll) ,. 2.5 ppml; (2) HTO, [mer- 
cury(ll) = 4.0 ppm]. Reference: respective blanks. 
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Fig. 2. Effect of pH on the chloroform extracts of thi- 
acrown ether mercury(l I)-Bromocresol Green complex, (1) 
PTP; (2) HTO. Conditions: mercury(lI), 40.0 ppm; Bro- 
mocresol Green, 1.0 raM; ligand concentration, 1.0 raM. 

ciate was studied with a fixed amount  of  mer- 
cury(II) (2 ppm) and variation of  the ligand 
concentration from 0.050 to 2.0 mM. The re- 
sults show that the absorbance becomes con- 
stant at ligand concentrations of  0.10 m M  and 
above (Fig. 3). To conserve the ligands, studies 
were conducted with 0.10 m M  concentrations 
for both ligands. 

3.4. Bromocresol Green concentration 

The superiority of  Bromocresol green as a 
counter-ion for ion-association extraction sys- 
tems has been demonstrated previously [20,21]. 
Therefore, the use of  other counter-ions was 
not investigated in this study. The influence of  
the Bromocresol Green concentration on the 
absorbance is shown in Fig. 4. For  both lig- 
ands, the absorbance was constant for counter- 
ion concentrations of  1.0 mM and above. 

3.5. Effect of shaking time 

Mercury(II)  was extracted with shaking 
times ranging from 30 to 300 s. The absorbance 
was found to be constant over this time period. 
A shaking time of  60 s was adopted. 
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3.6. Choice of extracting solvent 0.9" 

Mercury(II) was extracted at pH 3.5 with 
1.0 mM Bromocresol Green and 1.0 mM lig- 
and in chloroform, dichloromethane or 
toluene. The use of a low dielectric constant 
solvent such as toluene (~ = 2.30) [22], not only 
resulted in extraction with poor efficiency but 
also has poor phase separation. The use of 
chloroform (e = 4.8) and dichloromethane 
(e = 9.08) was satisfactory, probably owing to 
their higher dielectric constant, which favours 
extensive ion-pair formation [22]. Chloroform 
was selected because of its lower volatility. 

0.8 

0.7 

0.6 

g 
.~ 0.5 

. 0  

0.4 

0.3 

(1) 

(2) 

3.7. Precision 0.2 

The procedure was applied to the repetitive 
determination of 2.0 ppm of mercury(II) over a 
period of several days. The relative standard 
deviation for four determinations was found to 
be 1.04 and 1.08 for chloroform extractions 
based on HTO and PTP, respectively. 

3.8. Calibration graph 

The most suitable extraction conditions 

0.1 

0.0 
0 1 2 3 4 5 6 

Brome~resol  green concentration/raM 

Fig. 4. Effect of Bromocresol Green concentration on the 
chloroform extracts of thiacrown ether mercury(ll)-bro- 
mocresoi green complex (!) PTP; (2) HTO. Conditions: 
mercury(II), 4.0ppm; ligand concentration, 1.0mM; pH 
3.5. 
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Fig. 3. Effect of iigand concentration on the chloroform 
extracts of thiacrown ether mercury(ll)-Bromocresol Green 
complex. (I) PTP; (2) HTO. Conditions: mercury(ll), 
4.0 ppm; pH 3.5; Bromocresoi Green, 1.0 raM. 

finally adopted is as follows: ligand concentra- 
tion (0.10mM), buffer pH3.5, Bromocresol 
Green concentration (1.0mM), shaking time 
(60 s), and chloroform as extracting solvent. 
The results for the extractions based on PTP 
and HTO are summarized in Table 1. The 
detection limit, calculated as described earlier 
[20,23] was found to be similar to that of flame 
atomic absorption spectrometry (0.14 ppm) [4]. 
Generally, the analytical characteristics of ex- 
tractions based on the two ligands are similar. 

Table i 
Analytical characteristics of mercury(ll) thiacrown ether-  
Bromocresol Green complexes 

Characteristics Thiacrown 

PTP HTO 

)'m.x (nm) 420 420 
Detection limit (ppm) 0.15 0.14 
Dynamic linear concentration 

range (ppm) 0.5 - 13.0 0.5 - 12.0 

Calibration graph 
Slope 0. i 306 0. i 353 
Intercept 0.017 0.0857 
Correlation coefficient 0.998 0.996 
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Table 2 
Effect of  other metal cations on 
2.0 ppm of mercury(ll) 

the determination of 

Cation Molar ratio Recovery (%) 
(M:Hg(II)) 

PTP HTO 

Li + I000 100.2 101.2 
Na + 1000 100.2 100.6 
K + 1000 98.6 100.4 
Mg 2 + 1000 99.4 100.4 
Ca 2+ 1000 102.2 99.8 
Co 2+ 1000 101.8 99.6 
C r  a+ I000 100.4 99.7 
Fe: + 1000 98.4 99.0 
Zn 2+ 1000 103.0 104.1 
Pb 2+ 1000 95.2 104.3 
Mn 2+ I000 102.7 96.6 
Ni 2+ 1000 102.8 98.0 
Cu 2+ 500 120.3 104.2 

1000 149.0 110.8 
Cd 2 + 500 122.5 96.4 

1000 150.0 ! 10.0 
Ag + 10 305.1 220.0 

1000 850.0 410.5 
Mixture A a 103.2 
Mixture B b 104.0 

a Contains I00 molar each of  Zn 2+, Pb 2+, Ni 2+, Cu 2+ 
and Cd 2+ . 
b Contains 500 molar each of  Zn 2+, Pb 2+, Ni 2+, Cu 2+ 
and Cd 2+ . 

3.9. Effect of foreign metal ions 

Thiacrown ethers generally exhibit high ex- 
tractability for mercury(II) and silver ions [13- 
18,22]. The effect of some alkali, alkaline earth 
and transition metals on the determination of 
2.0 ppm of mercury(II) was examined. Initially, 
solutions were prepared containing 1000 molar 
excess of the foreign ions relative to mer- 
cury(II). For metal ions that were found to 
cause interference, a lower concentration of the 
foreign ion was then prepared. The results are 
shown in Table 2. The data indicate that nei- 
ther ligand exhibits interference by alkali and 
alkaline earth metal ions even though they are 
present in 1000 molar excess to that of mer- 
cury(lI). Of the transition metal ions tested, 
only slight interference from copper(II) and 
cadmium(lI) was observed for 1000 molar ex- 
cesses of the foreign ions for both ligands. 
Interference with 500 molar excesses of these 
two metal ions continue to persist for the PTP 
ligand, while for HTO, the interference is negli- 
gible at this level. Based on the cavity size-ionic 
diameter considerations alone, copper(lI) (ionic 
diameter 1.44 A) [22] and Cd(II) (ionic diame- 

ter 1.94 A) [22] would be expected to form 
stronger complexes with the smaller cavity size 
ligand PTP than HTO. This is probably 
reflected in the stronger interference of these 
metal ions by PTP. However, it must be 
pointed out that selectivity depends not only 
on the stability of the metal-ligand complex, 
but also on the nature of the extracting system 
[17,18]. 

Silver ion has a disastrous effect on all mer- 
cury(II) determinations. Probably the affinity of 
the thiacrown ether for silver(I) is as great, if 
not greater, than that for mercury(II). The 
cavity of the HTO macrocycle seems to be large 
enough to accommodate mercury(II) (ionic di- 
ameter 2.20A) and silver (ionic diameter 
2.52 A) ions [15]. The greater affinity of silver 
ions towards thiacrowns is well known and 
several analytical applications making use of 
this phenomenon have been reported. 
[13,17,18,24,25]. Thallium ion is also known to 
have high affinity to sulfur-containing ligands 
and, therefore, expected to exhibit high interfer- 
ence by using thiacrown in the present spec- 
trophotometric method. Nevertheless, the 
proposed method is generally superior in terms 
of selectivity to the other spectrophotometric 
[5-8] and fluorimetric [9] methods reported 
earlier. However, the proposed method is con- 
sidered more sensitive than the cold vapor 
atomic absorption method with lower detection 
limits. Moreover, the atomic absorption 
method suffers interferences from all metallic 
ions reduced together with the mercury espe- 
cially if they amalgamate or form stable com- 
pounds with mercury, thus rendering our 
present method more selective. A quantitative 
comparison of the selectivity is difficult to make 
due to differences in the methods used for their 
assessment. Strong interference from cadmi- 
um(II), silver(I), iron(II) and copper(II) is evi- 
dent for the use of crystal violet [5] while the use 
of tetraphenylpyridine [6] as a spectrophoto- 
metric reagent exhibits strong interference from 
cadmium(II) and silver(I). The use of a triazene 
reagent for mercury(II) determination, while 
exhibiting good sensitivity, suffer from interfer- 
ence by from these metal ions and others [8]. 
Interference from silver(I), lead(II) and man- 
ganese(II) is exhibited by the fluorimetric proce- 
dure [9]. 

The good recoveries obtained with the HTO 
ligand in the determination of mercury(II) in 
complex mixtures containing 100 (Mixture A) 
and 500 (Mixture B) molar excess each of 
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zinc(II), lead(II), nickel(II), copper(II) and cad- 
mium(II) are further testimonials of the good 
selectivity characteristics of the proposed 
method (Table 2). 

It has been reported that silver(I) picrate 
forms various complexes with HTO such as 
Ag(HTO)Pic and Ag2(HTO)Pic 2 (Pic---picrate 
ion) [15]. In contrast, it has been established 
that mercury only forms a 1:1 mercury-thi- 
acrown complex of the type Hg(HTO) Pic2 [15]. 
Based on this consideration, the nature of the 
extracted species in this study is believed to be 
Hg(PTP)(BCG)2 and Hg(HTO)(BCG)2 (BCG = 
Bromocresol Green anion). 

4. Conclusion 

A sensitive and highly selective spectrophoto- 
metric procedure for the determination of mer- 
cury(II) which utilizes thiacrown ethers is 
demonstrated. The use of PTP and HTO thi- 
acrown ethers yields system with identical sensi- 
tivity, but HTO is better in terms of overall 
selectivity. The proposed method has detection 
limits comparable to that of flame atomic ab- 
sorption sepectrometry [4] and selectivity char- 
acteristics superior to the reported spec- 
trophotometric [5-8] and spectrofluorimetric [9] 
procedures for mercury(II) determination. Un- 
der the conditions examined, the procedure 
exhibits serious interference only by silverI) and 
this method could be applied to mercury(II) 
determinations in complex silver-free samples, 
such as industrial effluents. 
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Abstract 

A new technique for the determination of low molecular weight organic acids in Bayer process liquors is 
reported. The acids are partitioned from acidified liquor into butanol, followed by butylation using 
microwave heating. This method is both rapid (sample preparation time < 15 min) and capable of detecting 
acids larger than previously reported in the low molecular weight fraction (up to RMM 176). A standard 
solution containing 15 acids was used to calibrate the technique and 13 of these acids were detected and 
quantified in a Bayer liquor sample. 

1. Introduction 

Bauxites which are used in the production of 
alumina through the Bayer process commonly 
contain between 0.1 and 0.3% organic carbon 
[1,2]. Much of this carbon is in the form of 
structurally complex humic materials. Humic 
concentrations in the Bayer liquor are consid- 
erably higher than those of bauxite owing to 
the cyclical nature of the process [3]. The con- 
tinual input of organic matter with the bauxite 
is counterbalanced by degradation of the hu- 
mics as a result of the harsh process conditions 
(140-240 °C, 15 atm, 3.5 M NaOH). Eventu- 
ally both the humics and their degradation 
products (polycarboxylic benzoic and phenolic 
acids, aliphatic acids, oxalate and carbonate) 
reach equilibrium levels in the liquor. 

Detrimental effects on plant efficiency and 
alumina product quality have been attributed 
to organic matter in general [4-6] and to some 
low molecular weight acids in particular 
[1,2,4,7]. These considerations have lead to at- 
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tempts to characterize the organic components 
of Bayer liquor [1,2,7], and to efforts to remove 
organic matter from the process [4,8,9]. 

Two methods for the determination of low 
molecular weight acids in Bayer liquors have 
been reported. Lever [1] used a complicated 
procedure for the removal of inorganic compo- 
nents from the liquor, prior to butylatio n of 
the acids at 110 °C in a sealed vial for 40 min. 
A much simpler determination was reported by 
Guthrie and co-workers, [2], in which acidified 
liquor was heated with butanol (70 °C, 1 h) in a 
sealed vial to accomplish butylation. 

The butyl esters of acids from formic acid up 
to suceinic acid (RMM 118) were detected by 
these two methods [1,2], and concentrations 
were calculated using an internal standard 
(nonanoic acid) by reference to a standard 
solution [I]. Good recoveries ( ~  85%) have 
been reported for the method of Lever [7], 
despite the analysis involving evaporation of 
the liquor to dryness several times and the 
potential loss of the more volatile acids on each 
occasion. However, in this later work a more 
vigorous butylation procedure was used 
(1 l0 °C, 4 h, pressure bomb) and higher molec- 
ular weight acids (M~< 166) were detected [7]. 

reserved 
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In this paper we report an improved proce- 
dure for the determination of low molecular 
weight (M,. <~ 176) organic acids, based on mi- 
crowave heating of the butylation mixture, 
which offers advantages in both reduced anal- 
ysis time and a greater range of organic acids 
detected over previous methods. 

2. Experimental 

2.1. Apparatus 

Microwave digestions were carried out in an 
unmodified Panasonic domestic microwave 
oven (Model no. NN-7500), containing a 
sealed 500 ml vessel filled with water to pre- 
vent damage to the magnetron. Reactants 
were contained in Teflon digestion vessels 
(Savillex Corp., Minnesota). Butylated frac- 
tions were analysed by splitless injection on a 
Varian 3700 gas chromatograph, fitted with a 
flame ionization detector. The stationary 
phase was SPB-1 supported on a 30 m capil- 
lary column (i.d. 0.75mm, film thickness 
1 ~tm), with nitrogen (30 ml/min) as a carrier 
gas. The injector and detector temperatures 
were 250 and 270 *C, respectively, while the 
column was initially held at 50 *C for 4 min 
and then programmed to 250 °C at 10 °C/min 
and maintained at 250 *C for a further 7 min. 
Peak areas were determined by a Hewlett 
Packard HP3396A computing integrator. 

ferred to a 120 ml. Teflon microwave digestion 
vessel with 3 drops of 6 M HC1. The vessel 
was sealed and butylation of the acids was 
accomplished by heating the sample in a mi- 
crowave oven (high setting, power output 
1.2 kW). After cooling in an ice bath, the bu- 
tanol layer was removed and neutralized with 
NaHCO3. The concentrations of organic acids 
present were then determined by injection of 
1 ~tl of the butanol fraction into the GC and 
determination of peak areas. 

Apparent extraction efficiencies (E) for each 
component (x) of the standard solution were 
calculated according to eq. (1). 

ax v.u cNA 
E = (l) 

A~A V.q Cx 

where A is the peak area of the component or 
the nonanoic acid, V is the volume of the 
aqueous or butanol phases and C is the con- 
centration of the component or nonanoic acid. 
The values of E obtained cannot be consid- 
ered absolute since the flame ionization detec- 
tor does not respond equally to each of the 
components of the mixture. However, this 
difference in flame response is implicitly cor- 
rected for in the calibration procedure en- 
abling component concentrations to be 
determined quantitatively. 

3. Results and discussion 

2.2. Reagents 3.1. Solubility of  butanol and nonanoic acid 

Extractions were carried out using very high 
purity butanol (99.4%). Analar grade HCI and 
Na HCO3 were used for acidification of the 
process liquors and neutralisation of the buty- 
lated products. Low molecular weight acids 
used in the calibration of the procedure were 
of the highest grade available (AnalaR or 
Reagent). Nonanoic acid internal standard 
was of 90.0% minimum purity (Sigma Chemi- 
cal Co). 

2.3. Procedure 

A 5 ml aliquot of an acidic (pH 1) solution 
containing low molecular weight acids (stan- 
dard mixtures or acidified Bayer liquor) was 
shaken with 2 ml of an internal standard solu- 
tion (1 g/l nonanic acid in butanol) for 5 rain. 
After settling, the butanol phase was trans- 

The loss of the internal standard (nonanoic 
acid) into the aqueous phase during extraction 
was examined by butylation of the internal 
standard solution before and after equilibrium 
with acidified deionized water. While the slight 
solubility of butanol in water leads to an in- 
crease in absolute peak intensity after equili- 
bration, the integrated peak area per original 
unit volume of internal standard solution was 
found to be constant (area/ml before equili- 
bration 5.28%, area/ml after equilibration 
5.24%). 

The concentration effect on component 
peak areas resulting from dissolution of bu- 
tanol has been accounted for explicitly in this 
work. In all cases the relative properties of 
butanol and water have been kept constant 
and it is assumed that the fraction of butanol 
dissolving is also constant. 
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3.2. Calibration 

Solutions containing two or three of  the low 
molecular weight organic acids previously re- 
ported to be present in Bayer liquors (Table 1) 
were used to identify GC retention times for 
each component and to optimize microwave 
extraction conditions. 

Digestion sequences based on numerous 
short pulses of microwave energy (10 x or 
20 × 20 second bursts at 1 min intervals) and 
on one prolonged irradiation (3-8 min) were 
examined. Extraction etiiciencies for the test 
solution components were found to be very 
similar for the short and long pulse regimes. 
The shorter extraction time and greater sim- 
plicity of the long pulse digestion was, there- 
fore, preferred. Increasing digestion time was 
found to decrease the apparent extraction 
efticiencies of  the lowest molecular acids (par- 
ticularly formic and acetic acids) while increas- 
ing the yields for the larger acids (pentanoic, 
glutaric and phthalic) (see Fig. 1). A digestion 
time of  5 min was found to give the highest 
average extraction efficiencies over all the com- 
ponents. 

Once optimum extraction conditions had 
been identified, a standard solution containing 
a number of acids of  interest was prepared. 
The major Bayer liquor acids (formic, acetic 
and succinic) were initially present at concen- 
trations of ca. 1.2 g/l, while the concentrations 
of the remaining components were ca. 0.6 g/l. 
The solution was sequentially diluted to one 

Table l 
Concentrations of low molecular weight organic acids re- 
ported in Bayer process liquors 

Acid Concentration (g/i) 

Ref. [1] gel. [2] Ref. [7] 

F o r m i c  2 .3  3.4,  5 .9  3 .0  

A c e t i c  4 .4  6. ! ,  I 1.0 4 .6  

P r o p a n o i c  - = 0. I 

B u t a n o i c  - = 0 .2  

P e n t a n o i c  0 .6  

L a c t i c  0 .2  - = 0. ! 

O x a l i c  2 .5  - ~ 

M a l o n i c  - = 

S u c c i n i c  1.4 - = 9 .8  

M e t h y l s u c c i n i c  - = 0 .4  

H y d r o x y s u c c i n i c  - = 

G l u t a r i c  - = 0 .9  

T r i c a r b a l l y l i c  - = 

"Reported but not quantified. 

~eo~ 

W 
o 

,0 
0 

4- I I i I I 

3 4 5 6 7 8 

Microwave T ~  Imin. 

o Formic 

,, Butanoic 

• Phthalic 

o 

Fig. I. Variation in extraction efficiency with microwave 
heating time for formic, butanoic and phthalic acids. 

tenth of its original concentration, with three 
aliquots being removed for butylation at each 
dilution. 

It was noted from preliminary experiments 
that under some conditions malonic acid un- 
derwent decarboxylation during butylation, 
producing acetic acid. Malonic acid was there- 
fore not included in the standard solution, but 
was added to an aliquot of it (@0.6 g/l). Dilu- 
tion of  this solution allowed the effect of mal- 
onic acid decarboxylation on the apparent 
acetic acid concentration to be quantified. 

The change in component peak area with 
concentration was quantified by linear regres- 
sion of the ratio of the component area to that 
of  the internal standard (Rx, dependent vari- 
able) against concentration (Cx, independent 
variable) (eq. (2)). The results of  this regression 
analysis and the mean and standard deviation 
extraction efficiencies for each component are 
shown in Table 2. 

R~=m.. C.+ax ~2) 

3.3. Calibration results 

The extraction efficiencies listed in Table 2 
vary between 6.5 and 92.8%, with four com- 
pounds having extraction efficiencies below 
20%. Of these, the low E value for formic acid 
is a result of  the butylation conditions used (see 
section 3.2.). It is interesting to note that there 
is a roughly linear increase in E with carbon 
number for the n-monocarboxylic acids. There 
is a similar trend for the dicarboxylic acids 
(malonic, succinic, glutaric), so that the low E 
value of  malonic acid is also probably a conse- 
quence of the microwave conditions used. The 
hydroxycarboxylic acids (lactic and hydroxy- 
succinic) have the lowest E values (11.8 and 
6.5%), as well as high relative standard devia- 
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Table 2 
Results of linear regression analysis on standard solution dilution experiments and component extraction efficiencies. 

Acid Slope (m~) Intercept (ax) R 2 n Efficiency 
[E (%)] 

Formic 0.472 4- 0.016 -0.023 4- 0.011 0.979 20 16.3 _ 2.3 
Acetic 0.738 4- 0.019 0.003 4- 0.013 0.992 15 30.0 _+ 1.2 
Acetic" 0.719 4- 0.014 0.015 4- 0.010 0.999 5 30.1 4- 0.9 
Propanoic 1.322 4- 0.018 0.014 4- 0.006 0.997 20 56.3 4- 2.7 
Butanoic 1.868 4- 0.015 0.010 4- 0.005 0.999 19 77.0 4- 2.0 
3-Methylbutanoic 2.266 4- 0.020 0.010 4- 0.007 0.999 20 92.8 4- 2.1 
Pentanoic 2.273 4- 0.011 0.002 4- 0.004 0.999(6) 19 91.5 _+ 1.5 
Benzoic 1.662 4- 0.089 0.021 4- 0.031 0.951 20 71.9 4- 9.4 
Lactic 0.382 _+ 0.017 -0.025 _+ 0.008 0.972 18 ! 1.8 4- 1.9 
Malonic 0.419 4- 0.011 -0.003 _ 0.004 0.998 5 16.3 4- 0.9 
Succinic 0.617 4- 0.004 0.002 4- 0.003 0.999 19 25.0 + 0.5 
Methylsuccinic 1.176 4- 0.009 0.003 _+ 0.003 0.999 19 45.0 4- 1.5 
Hydroxysuccinic 0.199 4- 0.006 -0.009 4- 0.002 0.987 16 6.5 4- 1.3 
Glutaric 0.896 4- 0.007 0.006 4- 0.002 0.999 19 37.2 + i.I 
Tricarballylic 0.447 4- 0.031 0.023 4- 0.011 0.921 19 22.7 4- 4.1 
Phathalic 0.426 4- 0.051 0.025 4- 0.018 0.796 20 22.5 4- 6.5 

n is the number of data points used for regression. 
Dilution series carried out in the presence of malonic acid. 

tions (16 and 20%, respectively), and it is ap- 
parent that these species are not well butylated 
under the conditions used here. 

There is no difference, within experimental 
error, between the extraction efficiency values 
determined for acetic acid in the absence and 
presence of malonic acid (30.0 _+ 1.2% absent, 
30. l 4-0.9% present). 

Relative standard deviations of the extrac- 
tion efficiencies are below 5% for most of the 
components. They are higher for formic acid, 
lactic and hydroxysuccinic acids and benzoic, 
pathalic and tricarballylic (1,2,3-propanetricar- 
boxylic) acids. Formic acid elutes on the shoul- 
der of the solvent peak (Fig. 2) and this may 
account for the variability in its data. Benzoic 
acid is not completely butylated under the mi- 
crowave conditions used, and two peaks (one 
being the unbutylated acid) are seen in the 
chromatogram (Fig. 2). By using the sum of 
these two peaks in the calibration the standard 
deviation is considerably reduced (E=  95.3 + 
5.9%). However, at low concentrations the 
smaller, unbutylated acid peak is very difficult 
to detect and the butylated species only has 
been used for regression analysis. Incomplete 
butylation may also be the source of the 
variability in the phthalic and tricarballylic 
acid data, although only one peak each was 
detected for these compounds. 

Linear regressions (Rx on Cx) of the dilution 
series data for each acid generally gave R- 
squared values of better than 0.99, with lower 

values being found for the acids identified 
above as having high standard deviation ex- 
traction efficiencies. 

4 67' 8 11 

I 
10 

2 

16 

! 

2s 3'o 
Retention Time Imln. 

Fig. 2. Chromatogram obtained for the most concentrated 
standard solution. Peak identities are as follows: I, formic; 
2, acetic; 3, propanoic; 4, butanoic; 5, lactic; 6,3-methylbu- 
tanoic; 7, pentanoic; 8, benzoic, 9, 1,1 dibutoxybutane; 10, 
malonic; I i, nonanoic (internal standard); 12, succinic; 13, 
methylsuccinic; 14, hydroxysuccinic; 15, glutaric; 16, ph- 
thalic; 17, tricarballylic. Peaks marked with an asterisk are 

solvent impurities, the superscript u indicates that the peak 
is an unbutylated acid, rather than a butyl ester. 
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i 
Table 3 
Concentrat ions of  organic acids determined in a spent Bayer liquor sample. 

1359 

Acid Concentrat ion (mg/1) 

BA1 BA2 BA3 

Formic 2830 + 130 
Acetic 2920 + 90 
Acetic ~ 3010 + 40 
Propanoic 66 + 23 
Butanoic 24 + 13 
3-Methylbutanoic 29 + 17 
Pentanoic 10 + 8 
Benzoic 10 + 97 
Lactic 290 + 80 
Malonic 756 + 26 
Succinic 1100 _ 20 
Methylsuccinic 138 __+ 12 
Glutaric < 105 
Tricarbailylic i 180 4- 130 

2570 _+ 130 
3 0 0 0 + 9 0  
3090 + 40 

61 + 2 3  
41 4- 13 
4 2 +  17 

3 + 9 7  
350 + 80 
840 + 26 

1 1 4 0 + 2 0  
147 + 12 

< 9 9  
270 + 120 

2690 + 130 
2950 + 90 
3040 __+ 40 

62 + 23 
31 + 13 
16+  17 

19 + 9 7  
270 + 80 
832 + 26 

1180 + 20 
147 _+ 12 

< 9 4  
420 + 120 

Triplicate analysis. 
a Calculated using the results of  the dilution series carried out  in the presence of  malonic acid 

3.4. Analysis o f  Bayer  liquors 

A small aliquot (2.5 ml) of Bayer liquor was 
transferred to a 25 ml beaker and carefully 
acidified to pH 1 with 6 M HCI. Equilibration 
and butylation of the sample was then carried 
out as for the standard solutions and a portion 
of the butanol fraction was injected into the 
GC column. 

The concentration of each component in the 
butanol fraction was calculated from the regres- 
sion data and its concentration in the Bayer 
liquor was then determined by correcting for the 
dilution of the liquor upon acidification (eq. 
(3)). The uncertainty in the concentration mea- 
surement was estimated from the standard er- 
rors of the regression. 

C~ L = V2(R~ - ax) (3) 
V) m x 

where V~ is the original volume of Bayer liquor 
used, V 2 is the total volume of acidified Bayer 
liquor. 

The results of the analysis (in triplicate) of a 
spent Bayer liquor sample are shown in Table 3. 
In general, the agreement between the measured 
concentrations of each of the acids in the three 
samples is very good. The results for tricar- 
ballylic acid are an exception to this, with the 
first sample giving a much higher concentration 
than the other (1180, 270 and 420 mg/l). The 
reason for this discrepancy is unclear, although 
tricarballylic acid did show a relatively high 
level of variability in the calibration experiment. 

The concentrations of formic and acetic acids 
determined for this sample (mean values 2.70 
and 2.96 (3.05*) g/l, respectively) are com- 
parable to those reported for other Bayer 
liquors (Table 1). The two concentrations 
calculated for acetic are the same within exper- 
imental error, indicating that the malonic acid 
present in the Bayer liquor has not undergone 
a significant amount of decarboxylation. The 
succinic acid concentration of this sample (mean 
value 1.14g/l) is very much lower than that 
reported by Brown, but is similar to that of 
another liquor (Table 1). These values probably 
reflect the natural variability of organic acid 
concentrations in Bayer liquor, which are 
affected by the quantity and nature of the 
incoming organic matter as well as plant operat- 
ing conditions. 

Propanoic, butanoic, 3-methylbutanoic, pen- 
tanoic and benzoic acids are all present in the 
sample studied at concentrations lower than 
100 mg/l. The latter four acids are all close to 
their detection limits, with pentanoic acid de- 
tected in only one of the three replicates. Esti- 
mated detection limits (C d, eq. (4)) for these 
acids are 58, 46, 64, 28 and 250 mg/l respec- 
tively, these values being greater than the mea- 
sured concentrations for all but propanoic acid. 
(a x approximates the blank reading for each 
acid and s~/~ is an estimate of the error in the 
blank reading and is obtained from the linear 
regression.) 

Cd = ax + 3sy/x (4) 
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Glutaric acid co-elutes with an unknown 
Bayer liquor component, so that the concentra- 
tions listed in Table 3 are maximum values 
only. Hydroxysuccinic and phthalic acids were 
not detected in this sample. 
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4. Conclusions 

The procedure set out above offers several 
advantages over previously reported methods 
for determining concentrations of low molecu- 
lar weight organic acids in Bayer liquors. The 
use of a microwave oven for heating the buty- 
lation mixture both significantly reduces the 
analysis time and increases the number of 
liquor components which can be quantified. 
Selection of microwave conditions which are 
more sensitive to the larger (and less abundant) 
acids than the more abundant formic and 
acetic acids can also increase the range of 
compounds analysed. More vigorous conven- 
tional heating techniques may be used to ex- 
tend the range of components analysed [7], but 
there is a corresponding increase in analysis 
time. 
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Abstract 

The application of evolving projection analysis (EPA) to second-order bilinear data sets consisting of more 
than two components is described. EPA is a method for rank analysis of ordered data matrices where the 
components appear sequentially as a function of time or some other ordinal variable. It was found that extension 
of the method to mixtures of more than two components was best accomplished using principal components 
analysis to preprocess the data. The algorithm is demonstrated using simulated four-component chromato- 
graphic data, and experimental data from liquid chromatography (three- and four-component mixtures) and 
a spectrophotometric titration (four components), both employing UV-visible diode array detection. 

1. Introduction 

The determination of  the number, identity 
and concentration of  chemical components in a 
mixture is a difficult and pervasive problem in 
analytical chemistry. Quite often a physical 
separation of  the components in a mixture can 
be accomplished through chromatography or 
other means, but this is not always possible. In 
some cases, mixture components may be in- 
completely resolved by the chromatography. In 
other cases, such as the study of  solution equi- 
libria or chemical kinetics, it may not be possi- 
ble to remove a representative sample for 
physical separation. In these cases, a mathe- 
matical separation of  the components may be 
possible even if the identities or characteristics 
of  the components are unknown. For  this to be 
accomplished, three criteria have to be met. 
First, measurements must be made with a first- 
order detector, that is, one with multiple sensor 
elements, such as a spectrometer. Second, a 
series of  mixtures must be available in which 
the component concentrations vary indepen- 
dently. It is not necessary to know the precise 
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nature of  how the concentrations change, and 
many situations exist in chemistry where such 
variations occur naturally. These include par- 
tially overlapped peaks in chromatography, re- 
acting mixtures, and equilibria perturbed by 
some external factor (e.g. temperature, pH). 
The third requirement is that each of  the com- 
ponents present exhibits a unique response pat- 
tern (e.g. spectrum) at the detector. The 
response is also required to change linearly 
with concentration for most methods. 

When the above conditions are met, an 
m x n, data matrix, D, is produced, where m is 
the number of  mixtures and n is the number of  
sensor elements in the detector. A mathemati- 
cal rank analysis of  D can yield information 
about the number of  observable components 
present in the mixture. In chemistry, the most 
common approach to this problem has been 
principal components analysis (PCA) [1]. This 
method, and others like it, take advantage of  
the fact that components with different re- 
sponse and concentration profiles (i.e. observ- 
able components) will increase the rank of  D so 
that it is equal to the number of  observable 
components. In practice, the determination of  
the number of  components (chemical rank) is 

reserved 
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complicated by the fact that the mathematical 
rank is not usually equal to the chemical rank. 
There are three main reasons for this. First, 
experimental noise tends to inflate the mathe- 
matical rank to its maximum possible value 
(i.e. the smaller of the number of rows or 
number of columns in D). Various methods 
have been devised to account for the problem 
of residual measurement errors, with varying 
degrees of success. A second complication is 
the problem of observability. Taking chro- 
matography as an example, if two components 
have concentration or spectral profiles with 
identical shapes, it is impossible to distinguish 
them on a purely mathematical basis. Obvi- 
ously, the degree of similarity in each of these 
domains relative to the level of measurement 
noise is an important factor in the rank estima- 
tion process. Finally, the validity of the model 
is an important consideration. PCA and related 
methods assume a linear model of the form: 

D = C K + E  

where C is the m x p matrix of component 
concentrations (t9 components), K is the p x n 
matrix of detector response factors, and E is 
the m x n matrix of residual errors. Deviations 
from this model, particularly in the form of 
nonlinear response characteristics, can artifi- 
cially inflate the rank. 

PCA has been successfully used for rank 
analysis in a wide variety of chemical applica- 
tions for many years. More recently, a number 
of PCA-based methods designed to examine 
local rank have become popular [2-12]. These 
methods seek to determine the number of com- 
ponents in substructures of the full matrix, D, 
and exploit the fact that data sets such as those 
already mentioned are ordered; that is, the 
rank changes systematically with some ordinal 
variable such as time. One advantage of these 
methods is that they provide a relative measure 
of changes in rank, making it easier to distin- 
guish the appearance of additional components 
in the mixture from measurement noise. A 
second advantage is that these techniques indi- 
cate regions in the data set where a smaller 
number of components may be represented, 
making the mathematical extraction of concen- 
trations and spectral profiles easier. 

One method which has been quite successful 
for the analysis of ordered data sets is called 
evolving projection analysis (EPA) [13-15]. 
Formerly referred to as evolving principal com- 
ponents innovation analysis (EPCIA), this 

technique is normally implemented through the 
use of parallel Kalman filter networks, al- 
though this is not essential. EPA has several 
advantages over similar techniques and can be 
adapted to deal with such practical problems as 
nonlinear responses and non-uniform measure- 
ment noise [15]. So far, applications of this 
method have focused mainly on peak purity 
determination in chromatography and have 
been limited to two-component mixtures. In 
this paper, the extension of the EPA algorithm 
to mixtures of more than two components is 
investigated. Experimental and simulated data 
sets are used, and examples are drawn from 
chromatography and spectrophotometric titra- 
tions. 

2. Background 

The theoretical basis of EPA has been cov- 
ered in detail elsewhere, so only a brief sum- 
mary of the method is given here to accentuate 
the modifications to the algorithm necessary 
for multicomponent mixtures. If D is an m x n 
matrix of n responses for m mixtures, each of 
the rn mixtures can be plotted in an n-dimen- 
sional response space. In the case of liquid 
chromatography with diode array detection 
(LC-DAD), one of the most common exam- 
ples, each of the m mixtures corresponds to a 
different elution time for the fused peak. The 
coordinates of the point for each of these mix- 
tures in the n-dimensional absorbance space 
(A n space) would correspond to the absorbance 
values at the wavelength used, i.e. the spectrum 
of each mixture. Assuming a bilinear matrix in 
the absence of random and systematic errors, 
and assuming that the components in the mix- 
ture are not completely overlapped and exhibit 
adequate spectral differences, these points will 
define a space whose dimensionality is equal to 
the chemical rank of the mixture under study; 
i.e. the number of independently observable 
components. Therefore, if there is a single com- 
ponent present, all the points will lie on a 
straight line. If there are two components 
present, the points should define a two-dimen- 
sional plane in A" space; three components will 
define a three-dimensional hyperplane; and so 
on. Therefore, if one could determine the di- 
mensionality of this subspace, the chemical 
rank of the mixture could be found. PCA has 
long been used for this purpose, although 
experimental errors often make it difficult 
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to clearly confirm the presence of  minor com- 
ponents. 

The principle behind EPA is to first project 
the m points in the n-dimensional space onto 
n -  1 two-dimensional subspaces. If  there is 
only one component present, then all of the 
points should project onto straight lines. 
Therefore, linear models in all of the subspaces, 
obtained by regression, should adequately 
model the data within experimental error. If  
any of these models fails to represent the corre- 
sponding projection, a rank greater than one is 
indicated. Likewise, the points can be projected 
into n - 2  three-dimensional subspaces and 
modeled with planar equations, or n -  3 four- 
dimensional subspaces and modeled with three- 
dimensional hyperplanar equations, and so on. 
This process is continued until the dimensional- 
ity of the model is sufficient to describe the 
data within experimental error. This is taken as 
the chemical rank of  the data set. Models of  
higher order will also adequately model the 
data (e.g. data that fall on a line will also lie on 
a plane), but overestimate the rank. 

The 'evolving' part of  this projection analysis 
comes in the analysis of ordered data sets, such 
as spectrochromatograms. In these instances, 
response vectors (e.g. spectra) are added to the 
data matrix in a sequence determined by the 
ordinal variable (e.g. time). The data matrix is 
analyzed by the projection procedure described 
above after each new addition. To evaluate the 
validity of each model, the residual for the 
newest  point is calculated. Unlike the usual 
regression analysis (where errors are assumed 
to be only on one axis) the residual is not 
calculated in the vertical direction but rather in 
a direction orthogonal to the model. This 
avoids excessively large residuals if the projec- 
tion happens to be aligned close to the vertical 
axis. This orthogonal residual will be referred 
to as the f i t  error, FE. The original implemen- 
tation of EPA employed a prediction error 
instead [13], but it has since been found that 
the fit error is somewhat more well behaved in 
certain circumstances [15]. 

The fit error is calculated for each projection 
with each iteration of  the cycle; that is, as each 
new response vector (e.g. spectrum) is added to 
the data matrix. As long as the model being 
used is valid, the sequence of fit errors should 
exhibit the characteristics of  the measurement 
noise. When model errors occur owing to an 
increase in rank beyond the dimensionality of 
the current model, the sequence of  fit errors 
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~ t |  exhibit a systematic variation. This is illus- 
trated in Fig. 1 with a typical projection into a 
two-dimensional response space. Initially, the 
projections fall on a straight line and the fit 
errors follow the expected distribution. As the 
rank of the matrix increases, however, the 
model no longer holds and the fit error se- 
quence begins to show systematic deviations. It 
is this deviation that signals the presence of a 
new component. 

Of course, not all projections for a given 
dimensionality may show systematic deviations 
in the fit errors. Depending on the system 
under study, the variations could be confined 
largely to one projection or distributed evenly 
over all projections. For this reason, the root 
mean square of  the fit error (RMS(FE)) is 
calculated for all projections of  a given dimen- 
sionality. In the absence of systematic devia- 
tions, this quantity should reflect the 
magnitude of experimental noise. When sys- 
tematic deviations appear, there should be an 
increase in RMS(FE). 

The EPA algorithm is normally implemented 
through the use of  Kalman filter networks 
which have been described elsewhere [13]. The 
recursive nature of the Kalman filter makes it 
ideal for this purpose. The details of this imple- 
mentation will not be discussed here. 
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Fig. 1. Typical projection of  ordered data into a two-di- 
mensional response space and the evolution of  fit errors for 

a one-component model. Systematic deviations of  the fit 
error (onhogonal residual for the most recent point) indi- 
cate the appearance of  a second component. 
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The usual procedure with EPA is to apply 
several models of  increasing dimensionality to 
an ordered data set. Failure of  a model with a 
given dimensionality signals an increase in rank 
beyond that value and the appearance of  a new 
component. For  example, in the analysis of a 
spectrochromatogram containing three over- 
lapping components, one would expect to see 
failure of  the one-component model when the 
second component appears, and failure of  the 
two-component model when the third compo- 
nent appears. The fit error traces for the three- 
component model (and models of  higher 
dimensionality) should remain fiat throughout 
the chromatogram since it has sufficient dimen- 
sionality to model the entire data set. 

One aspect of  EPA that needs to be ad- 
dressed when moving to higher dimensions is 
the selection of  wavelengths to be used for the 
projections. Consider, for example, the equa- 
tion for one projection of  UV-visible ab- 
sorbance values onto a four-dimensional space: 

A i = o~iA p "F ~,Aq + 7,Ar (i # p ,  q, r) (1) 

The indices of the wavelengths corresponding 
to the independent axes in the model have been 
designated as p, q, and r. These will be the 
same for all n -  3 models. The index i corre- 
sponds to the wavelength being modeled for 
this particular projection and will vary for the 
n -  3 models, as will the coefficients of the 
regression, ~t, fl, and ~,. The selection of p, q, 
and r is important. For  numerical stability, 
absorbances at these wavelengths should ex- 
ceed baseline values and should not exhibit a 
high degree of collinearity. Also, they should 
be selected to optimally distinguish among the 
components. In peak purity applications, the 
selection of  the wavelength to act as an inde- 
pendent variable is not critical since the prob- 
lem of  collinearity does not arise for a 
one-component model. For  multicomponent 
analysis, however, the selection is important 
for determining the success of  the algorithm. 

Several approaches to the problem of wave- 
length selection were tried. In one approach, a 
wavelength for the one-component model was 
first selected and that model was applied to the 
data set. When the one-component model 
failed, the wavelength showing the greatest de- 
viation was then selected as the second inde- 
pendent axis, and the two-component model 
was applied. This procedure was repeated until 
the dimensionality of  the model satisfied the 
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data set. Unfortunately, the success of  this 
approach was found to be very dependent on 
the nature of  the data set. For  example, the 
second wavelength selected, while effective for 
distinguishing between the first two compo- 
nents, may not be as effective for components 
two and three. 

A successful alternative approach was found 
to be pretreatment of  the data with PCA. The 
first k principal components were then used to 
represent the data; i.e. the scores on the first k 
eigenvectors were used instead of the ab- 
sorbances at n wavelengths. Typically k was 
chosen to be large enough to ensure that it 
exceeded the rank of  the data set, yet small 
enough so some of  the noise was excluded. A 
value of k = 10 was found to be satisfactory for 
this work. Since the eigenvectors are ordered 
according to the proportion of variance they 
encompass, and since they are by definition 
orthogonal, the independent axes were simply 
selected as the f i rs t j  eigenvectors, where j  is the 
dimensionality of  the model. Therefore, the 
three-component model is defined in a manner 
analogous to Eq. (1): 

T, = ~,T, + fl, T2 + YiT3 (i ~: 1, 2, 3) (2) 

where I", represents the score on principal com- 
ponent i. Using this data pretreatment step had 
several advantages. First, it provided a reliable 
method of variable selection that resulted in 
consistent performance of the algorithm. Sec- 
ond, it increased sensitivity to model deviations 
by reducing the contribution of  wavelengths 
containing little or no information. Finally, 
because the algorithm only needed to deal with 
k variables rather than n wavelengths, compu- 
tation time was reduced. For  all of  the results 
presented here, preprocessing via PCA was 
used and the first 10 principal components 
were retained. 

3. Experimental 

3.1. Chromatography 

Chromatographic data obtained from simu- 
lations and from real three- and four-compo- 
nent mixtures were used to evaluate the EPA 
algorithm. The three-component mixture con- 
sisted of  toluene ( l l . 48mM) ,  naphthalene 
(0.42mM) and m-xylene (8.12mM) in a 7:1 
(v:v) methanol: water solvent (analytes are 
given in the order of  elution). The effective 
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for a simulated four-component mixture. 

concentration ratio of the analytes (i.e. com- 
pensating for the maximum molar absorptivity 
of each compound) is ca. 1.3:1:1.1. The four- 
component mixture consisted of toluene 
(11.54 raM), napththalene (0.42 mM), m-xylene 
(7.97 mM) and biphenyl (0.22 mM), with an 
effective concentration ratio of 1.3:1:1.1:2. 
These mixtures were analyzed on a chromato- 
graphic system consisting of a Shimadzu LC- 
6A pump (Shimadzu, Columbia, MD), a 50 pl 
injection valve (Rheodyne model 5020, Cotati, 
CA), a Partisphere Cs column (12.5cmx 
4.6 mm with 5 lam packing) (Whatman, Hills- 
boro, OR), and an HP 8452A diode array 
spectrometer (Hewlett-Packard, Palo Alto, CA) 
with 30 p.l flow cell (Hellma Cells, Jamaica, 
NY). Isocratic elution was used with 7:1 
methanol:water as the mobile phase. These 
conditions ensured sufficiently poor resolution 
to test the algorithm. Spectra were obtained at 
0.5 s intervals with an integration time of 0.4 s. 
Data were acquired between 61 and 169 s after 
injection for the three-component mixture, and 
up to 183.5 s for the four-component mixture. 

3.2. Spectrophotometric titration 

The spectrophotometric titration of pyrocat- 
echol violet (Aldrich, Milwaukee, WI) was car- 
ried out by first placing 100 ml of a 0.01 M 
solution in a beaker and adding dilute hy- 
drochloric acid to adjust the pH to 3.00. Spec- 
tra were obtained on an HP 8452A diode array 
spectrometer between pH 3.00 and 12.00 at 
intervals of 0.25 pH units by adding small 

amounts of dilute sodium hydroxide. Spectra 
were obtained between 266 and 818 nm at 4 nm 
intervals with an integration time of I s. 

3.3. Computational aspects 

All calculations were carried out on a 33- 
MHz 80486-based computer using Matlab 4.0 
(Mathworks, Natick, MA) for Windows (Mi- 
crosoft, Redmond, WA). 

4. Results and discussion 

4.1. Chromatography 

Initial investigations into the application of 
EPA to multicomponent chromatographic sys- 
tems were carried out using simulations. This 
permitted an examination of the algorithm in 
the absence of certain experimental artifacts 
that can complicate real chromatograms, such 
as scan time effects, baseline variations, detec- 
tor nonlinearity and heteroscendastic noise. It 
also allowed a direct comparison to be made 
between the times at which components begin 
to elute and the fit error traces for EPA. A 
typical simulated spectrochromatogram for a 
four-component mixture are shown in Fig. 2. 
In this case, Gaussian profiles were used in 
both the spectral and chromatographic do- 
mains. The spectrum and elution profile of 
each component was shifted by one standard 
deviation from the preceding one. The effective 
concentration ratio (components 1-4) was 
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1:2:1:4. The maximum absorbance was set to 
unity and Gaussian noise was added at a level 
of  0.1% of  the maximum. 

The noise free chromatographic elution 
profiles for the four components in the mixture 
are shown in Fig. 3a, and the fit error traces 
after processing the data with the EPA al- 
gorithm in the forward and reverse directions, 
respectively, are shown in Fig. 3b and c. Focus- 
ing first on Fig. 3b, it can be seen that the fit 
error trace for the one-component model 
shows deviations from the baseline shortly af- 
ter the appearance of  the second component. 
Likewise, the two- and three-component mod- 
els fail with the elution of  the third and fourth 
components. As expected, the RMS(FE) for 
the four-component model remains flat 
throughout the chromatogram. Figure 3c, 
which is obtained by presenting the chromato- 
graphic data to the algorithm in the reverse 
order, provides complementary information to 
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Fig. 3. Evolving projection analysis of the data in Fig. 2: 
(a) chromatographic elution profiles for the individual 
components; (b) fit error traces obtained from processing 
the data with the EPA algorithm in the forward direction 
(increasing time); and (c) fit error traces obtained by pro- 
cessing the data in the reverse direction (decreasing time). 

that in Fig. 3b. The results confirm the pres- 
ence of four components and indicate where 
the elution of  each component is complete. A 
knowledge of  the regions where each compo- 
nent elutes can be useful in curve resolution for 
the individual components. 

In earlier work with two-component mix- 
tures, it was demonstrated that the error traces 
for the one-component model closely matched 
the chromatographic elution profile of the sec- 
ond component [14]. With more than two com- 
ponents, the shape of  the fit error trace to the 
elution profiles is more complex, arising from a 
combination of elution profiles for multiple 
components. The precise shape of  the trace, 
including the position of  the maximum, will 
depend on a number of  factors, including the 
order of  the model, the number of  components 
present, spectral and chromatographic resolu- 
tion, and relative concentration ratios. How- 
ever, it appears that the trace for the final 
component (i.e. the ( n -  1)th order model for 
an n-component mixture) matches the elution 
profile for that component well. Therefore, it is 
possible to obtain an indication of  the elution 
profiles for the first and last components with 
this approach. 

Another feature of  the RMS(FE) traces is 
that they tend to decrease in maximum ampli- 
tude as the order of the model increases. This is 
expected, since deviations from high-order 
models will be smaller than for the low-order 
models, which are less capable of  describing the 
multicomponent mixture. Again, absolute mag- 
nitudes will depend on chromatographic reso- 
lution and spectral correlation of  the 
overlapped components, as well as their con- 
centrations and elution order. These factors, 
along with the level of  measurement noise, will 
ultimately determine the sensitivity of  this 
method to minor components in the mixture. 
While the sensitivity of  this method has been 
studied for two-component mixtures [14], the 
case of multicomponent mixtures is more 
difficult because of  the large number of  factors 
influencing performance. Nevertheless, a simple 
study to test the limitations of  the method was 
undertaken. In this study, a four-component 
mixture with Gaussian spectral and chromato- 
graphic profiles was simulated, with equal peak 
separation in the chromatographic and spectral 
domains. The first three components had a 
maximum absorbance of  0.25, while the fourth 
component was varied from 0 to 0.025. The 
maximum amplitude of  RMS(FE) was then 
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measured for the three-component model run- 
ning in the forward direction. This should rep- 
resent a 'worst-case' scenario, since the last 
component will produce the smallest trace. 
Results from this study are plotted in Fig. 4 
for peak separations of  0.75, 1, and 1.25 stan- 
dard deviations. As expected, larger model de- 
viations are observed as the relative 
concentration and resolution (spectral and 
chromatographic) of  the fourth component in- 
crease. As was found to be the case for peak 
purity detection [14], the detectability of  the 
fourth component will depend on the level of 
experimental noise. For  example, if noise at a 
level of  1 + 10 - 3  A.U. were added to the sim- 
ulated data sets, the fourth component will 
not be detectable when its effective concentra- 
tion falls below 0.3 and 0.7% of  the total for 
chromatographic/spectral separations of  1.25 
and 1 a, respectively. 

The analysis of  real chromatographic mix- 
tures is more problematic. A number of  non- 
idealities, such as baseline drift, refractive 
index effects, detector scan time effects, het- 
eroscedastic noise, and detector nonlinearity, 
are well known to cause problems in the rank 
analysis of  real chromatographic data [14-18]. 
The spectrochromatograms for the three- and 
four-component mixtures used in this study 
are shown in Fig. 5. Spectra for the four com- 
ponents used are shown in Fig. 6 and are 
presented in the order of  elution. The forward 
and reverse rms fit error sequences for the 

three-component study are shown in Fig. 7. 
As expected, the traces in the forward direc- 
tion indicate the presence of  the second and 
third components with the successive failure of  
the one- and two-component models, but the 
traces are somewhat different from the simula- 
tion results in several ways. First, the shape is 
different, but this is expected since the non- 
ideal chromatographic conditions promote 
non-Gaussian peaks. Second, it is clear that 
the fit error traces for the three- and four- 
component models do not remain completely 
fiat, making it difficult to detect the presence 
of  additional minor components. It is expected 
that this is due to baseline variations and/or  
non-ideal detector behavior. Finally, small 
perturbations in the fit error traces are often 
observed coincident with the appearance of  
new components in the mixture. These pertur- 
bations, appearing as small 'bumps', precede 
the true failure of  the model when it occurs. 
This behavior is routinely observed for real 
chromatographic data and arises from the fact 
that the baseline noise has some non-random 
structure. In the case of  the one-component 
model, for example, this structure will be fit to 
the model. When the first component does 
appear, a couple of  iterations are necessary 
for the model to lock onto the true structure 
of  the data, and it is during this transition 
that increased errors are observed. Similar 
effects are observed for the higher order mod- 
els. Nevertheless, the forward fit error traces 
clearly indicate the presence of  at least three 
components. 

The reverse traces (Fig. 7b) complement the 
information in the forward traces. Again, the 
presence of  three components is indicated by 
the failure of  the one- and two-component 
models, and again the traces are not com- 
pletely flat for the three- and four-component 
models. The error traces have a somewhat 
different shape in this case, since the chro- 
matographic profiles are not symmetric under 
these conditions. Also, there is a shift towards 
earlier times for the peaks in the reverse trace 
as the order of  the components being modeled 
has changed. By combining the two traces, 
information such as the region occupied by 
component 2 can be extracted. 

The forward and reverse fit error traces for 
the four-component mixture are shown in Fig. 
8. The comments made for the three-compo- 
nent case are also valid here, except for the 
additional component.  The deviations for the 
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three-component model are smaller than for 
models of lower order, as expected from the 
simulation studies, and begin to approach lev- 
els that make them difficult to discern from the 
artifacts already noted. The presence of a 
fourth component is still clearly indicated in 
this case, however. 

4.2. Spectrophotometric titration 

The spectrophotometric titration of pyrocat- 
¢chol violet was employed as an alternative 
example of an ordered data set. Although this 
is not an exceptionally challenging case for 
rank analysis since the spectral profiles of the 
four species are reasonably well separated, it 
serves to illustrate the principles of the method. 

The data from the spectrophotometric titration 
are shown in Fig. 9 and the expected distribu- 
tions of species calculated using reported equi- 
librium constants in Fig. l0 [19]. The fit error 
traces in the forward and reverse directions are 
shown in Fig. 10b and c, respectively. The 
traces are not as smooth as for the chromatog- 
raphy example, since the points are sampled 
less frequently, but clearly indicate the presence 
of four components. The successive failure of 
the models in the forward direction approxi- 
mately matches the expected distribution, al- 
though deviations for the two- and 
three-component models seem to lag the ap- 
pearance of the third and fourth components 
slightly. There is also an unexpected perturba- 
tion of the four-component model at the very 
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end, but the number of  points is insufficient to 
support the presence of  a fifth species. The fit 
error trace in the reverse direction (Fig. 10c) is 
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less well-behaved because there is no initial 
one-component region for the models to stabi- 
lize. Nevertheless, the trace for the four-com- 
ponent model remains flat while the others 
show obvious deviations, clearly signaling the 
presence of  three components. In this case, the 
initial point of  model failure for the two- and 
three-component models seems to be displaced 
to higher pH. This, coupled with the observa- 
tions for the forward traces, suggests that per- 
haps there are some deviations from the 
reported values for the equilibrium constants. 

5. Conclusions 

The results presented here demonstrate the 
EPA is a useful technique for the rank analysis 
of  ordered data sets consisting of  more than 
two components. Best results were obtained 
when the original data were preprocessed with 
PCA and the scores were used in place of  the 
original data. EPA has the advantage of  
providing relative measures of  changes in rank 
and indicates where new components appear in 
the data set. No  prior information needs to be 
presented to the algorithm. In the case of  chro- 
matographic data, simulations have shown 
that, in the ideal situation, minor components 

TAL 42: IO-C 
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can be detected at relatively low concentrations. 
In practice, artifacts such as baseline drift and 
non-ideal detector characteristics are likely to 
limit the method before baseline noise. This is 
expected to be a problem for all evolving rank 
analysis methods, however, and clearly is a 
problem which deserves more attention. 
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Abstract 

A modified computer program SCTPT for the computation of formation constants of extraction 
complexes with two-phase pH titration data by using the Marquardt-Fletcher algorithm is described. It can 
be used to deal with extraction systems which consist of a metal, an acidic extractant and a neutral 
synergistic reagent with no need of new subroutine. It has been applied successfully to the Pb-PMBP(I- 
phenyl-3-methyi-4-benzoyl-pyrazolone-5)-TBP (tributyl phosphate) system. The results obtained are in 
agreement with those published in the literature. 

1. Introduction 

PH titrations have been widely used in the 
study of stability of metal complexes with 
acidic iigands [1]. There are, however, few re- 
ports for this method being used in the study of 
the extraction equilibrium [2-5]. The main 
difficulty is the treatment of the experimental 
data. Compared with partition methods by 
which both pH and metal concentration in 
aqueous phase or organic phase are to be 
determined, the two-phase titration method is a 
simple and time-saving experimental method 
since only the determination of pH in the 
aqueous phase is required. All the quantitative 
information needed from the system studied 
can be obtained if the experiment is designed 
step by step. By this method, the chelate and 
synergistic extraction mechanism of metal ions 
can be studied with a pH electrode only. The 
method was first proposed by Dyrssen [6] to 
determine dissociation constants of weak acid 
(HA) in water and the partition constants be- 

* Corresponding author. 

0039-9140/95/$09.50 O 1995 Elsevier Science B.V. All rights 
SSDI 0039-9140(95)01523-X 

tween two phase solutions, and was then used 
by Jensen [2] to determine formation constants 
of extraction complexes. In recent years, the 
method has been applied to chelate and syner- 
gistic extraction systems [3-5]. However, 
graphical methods were used in the treatment 
of the data and complicated mathematical cal- 
culations and a number of mathematical ap- 
proximations were involved in their procedure 
[2-4,6], which made it impossible to apply the 
method to complicated systems (e.g. more than 
three unknown species present). In order to 
obtain reliable results and simplify the compli- 
cated calculation, it is necessary to design a 
powerful program for data treatment. 

Many computer programs for the computa- 
tion of formation constants of metal complexes 
in aqueous solution equilibrium have been de- 
scribed [7] but programs for the evaluation of 
two-phase pH titrations have not been seen so 
far except one that we reported previously [5]. 
The most used programs are SCOGS [8] and 
MINIQUAD [9] which are both based on the 
Newton-Gauss algorithm. In these programs, 
good estimates of the initial parameters are 
usually important. However, Marquardt's 

reserved 



1374 Q.Y. Cai et al./ Talanta 42 (1995) 1373-1378 

method [10], which combines the steepest de- 
scent and Newton-Gauss  algorithm in a pow- 
erful way, has no strict demands of  the initial 
estimates and has been introduced in some 
programs [11,12]. The Marquard t -Fle tcher  al- 
gorithm, i.e. Marquardt 's  method modified 
by Fletcher [13], is more effective on the 
convergence efficiency. We have compared 
the Marquard t -Fle tcher  algorithm [13] with 
MINIQUAD,  the result shows that there is no 
difference between them for general nonlinear 
refinement problems such as y = f ( x , t )  (where y 
and x are the observation points, and t, the 
parameters to be refined); but for two-phase 
systems in which the parameters to be resolved 
arc formation constants and free concentra- 
tions effected by formation constants, the Mar- 
quardt -Fle tcher  algorithm is more stable. 
However, as it is easy for the unknown 
parameters to be near to linear correlation in a 
two-phase system, the Marquard t -Fle tcher  al- 
gorithm should be used cautiously. When the 
initial estimates are far from the truth, it often 
gives an erroneous descent direction in the first 
iterations. If  it is limited so that the sum of  the 
squares of  the residuals should be reduced in 
each iteration according to the Marquardt- 
Fletcher algorithm, the refinement will diverge 
or pace up and down on a saddle point, so the 
control of  the shifts is important, especially in 
the first iterations. Sometimes when an itera- 
tion cannot give a smaller sum of  squares and 
the Marquardt 's  parameter is very large, it is 
allowable that the iteration ends without de- 
crea~e of  the sum of  squares in order to skip 
over the saddle point. 

We have previously reported a F O R T R A N  
program SCTPT [5] (Stability Constants for 
Two-Phase Titrations) for the computation of  
pH titrations in an extraction system with an 
acidic extractant. In this paper, a new version 
of  the SCTPT is described. It can be used to 
deal with extraction system with an acidic ex- 
tractant and a neutral synergetic reagent. Ow- 
ing to the use of  analytical derivatives 
combined with the Marquard t -Fle tcher  tech- 
nique, the program SCTPT can converge to a 
stable minimum with no need of  a good esti- 
mate of  the initial parameters. The work of  
the program will be illustrated by using data 
for the lead - 1 - phenyl - 3 - methyl - 4- benzoyl - 
pyrazolone-5-tr ibutyl  phosphate (Pb -PMBP-  
TBP) extraction system. 

2. Mathematical background 

For a system which consists of a metal M, an 
acidic cxtractant H. A and a neutral synergistic 
reagent B, the equations related to the equi- 
librium and formation constants # are: 

I M  + m A  + nBo + h H  = M t A , . B . H h o  (1) 

13,,... = [M,A., B. Hh]o/tM]~[A]"[B]7,[H] j' (2) 

IM + mA + hH --- MtA,. Hh (3) 

fll,.h = [MIA,. Hh ]/[My[A]'[H] h (4) 

The total concentration of  metal ion M can be 
expressed as follows: 

V.q" TM = V.q "[M] + V.q ~ I[MtA,,,Hh] 

+ V0 ~ / [MtA . ,B .H h ]o  (5) 

TM = [MI + ~ I[M,A,.Hh] 

+ V0/V.q ~ I[M,A,. B. Hh ]o (6) 

where V.q is the total aqueous volume and V o 
the total organic volume. Let R = Vo/V.q and 
R = 1 for aqueous species and omit the sub- 
script 0, Eqs. (7) and (8) can be obtained. 

TM = [M] + R"  ~ I[M,A.,B. Hh] (7) 

E = T~  I ¢ - / ~ P  

= [M] + R .  ~ / [ M , A , ,  B, Hh] 

- cM v ~ / v . ~  (8) 

For A, B and H, their residual function can 
be obtained in the same way: 

F =  ~'~-- T~ p 

= [A]+R • ~' m[MtAmB.Hh] 

- -  C H n  A • Vl-lnA/Vaq (9) 

G = ~"°- ~P 

= R" [B]o + R .  ~. n [MtA , , ,B .Hh l  

- CB" vdV.q (10) 

H - -  T~ k -  ~i~P 

--- [H] - [OH] + R - ~  h[M,A,,, B,, H,,] 

- ( c . .  v .  + N-  C.,,^ • V.,,^ 

-- CoN " VoH )/ V~q, (11) 
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where CM, CH,A, Cs, Cr~ and Con represent, 
respectively, the initial concentration of M, 
H,,A, B, inorganic strong acid and base; V~4, 
Vn,,A, VB, and V N are their added volume 
correspondingly, and Vail is the titrated vol- 
ume. From the above equations we can see that 
the form of the mass balance equations for the 
two-phase system is the same as that for 
aqueous solution except that the species in the 
organic phase are multiplied by the phase ratio 
Vo/V~q. From Eqs. (8)-(10) the three unknown 
concentrations [M], [A] and [B] represented by 
M, A and B can be calculated by the Newton- 
Raphson [8] method in which the functions E, 
F, and G are expanded as a Taylor series 
truncated at the first-order term (Eqs. (12)- 
(14)): 

0 = E = E* + a E / a M .  A M  + OE/aA • AA 

+ OE/OB • AB (12) 

0 = F = F ° + OF/aM.  A M  + aF/aA • AA 

+ aF /aB .  AB (13) 

0 = G = G ° + OG/OM. A M  + OG/OA • AA 

+ aG/aB .  AB (14) 

With the shift AM, AA and AB, the solutions 
are obtained by iteration at a set of given 
parameters. At this point the concentrations of 
all species MtA,,B,,Hh are also known and 
hence the function H to be fitted (Eq. (11)) and 
the residuals square sum (Eq. (15)) can be 
obtained. 

u =  Y' (T~d ' c -  T'dP)2= ~ /4 2 (15) 
points points 

To obtain the best parameters the minimum 
of U must be found and according to the 
standard least-squares expression (Eq. (16)) the 
parameters ,stmnh represented by ,sz can be ob- 
tained by iteration (Eq. (17)). 

( j r . / +  p .  1)S = JVH (16) 

,8~ +' = ,8~' + ,8~.  S, (17) 

where P is the Marquardt parameter, I the unit 
matrix, and J the Jacobian matrix given by 
Ju.= OH~/O log,82 (i, the experimental points). 
As discussed by Nagypal et al. [14], Jo is deter- 
mined in Eq. (18): 

0H~/0 log ,8/= R • h • [MtA,, B,, Hh]2 

aH~ a M  OH~ OA 

a M  a log ,82 aA a log ,82 
all, as  

-~ (18) 
aB a log ,sj 

N / a M ,  aH/OA and OH/aB can be calculated 
from Eq. (11), whereas g~M/O log[3j, OA/a log ,sj 
and aB/a log ,82 are determined from the three 
linear equations shown below: 

0 = aE/a log ,sy 

= R • 1 • [MtAmB, Hh]j ~r - -  - -  
dE a M  

aM a log ,sj 
OE 0,4 dE OB q 
OA O log ,sj OB O log ,sj 

o = e r / a  log ,sj 

(19) 

dF dM 
--R "m • [MtA,,B, Hh]I/-; dMd logfli 

OF OA OF OB 
-t - -  + (20) 

OA 0 log flj OB 0 log flj 

0 = OG/O log flj 

OG OM 
= R .  n .  [MtA,.  B. Hh b + 0---M O log------flj 

OG OA OG OB -4 
aA O logflj + OBO logflj 

(21) 

where OE/OM, OE/OA, OE/OB, OF]OM, OF]aA, 
OF]OB, aG/OM, OG/OA and OG/OB are already 
known from the Newton-Raphson solution 
for the concentrations. 

In order to ensure that p is positive in each 
iteration, s', the smallest shift of S, should be 
greater than -0 .99,  otherwise, let S =  S .  
( -0 .99 /s ' ) .  On this occasion, it is unreasonable 
to adjust the Marquardt's paramater P accord- 
ing to the Marquardt-Fletcher algorithm. So 
the following is done: in the ease of conver- 
gence, set P constant; in the ease of divergence, 
P is increased by multiplying it by 5 until 
convergence. When P is much greater (greater 
than a predetermined value Pro) and no smaller 
U can be obtained, this iteration is ended too 
and P is set to a smaller value Pc, which is 
calculated according to Marquardt-Fletcber 
algorithm or is assigned by experience. The 
refinement may be terminated when both the 
relative shifts and the relative variation of the 
residual square sum are less than a predeter- 
mined tolerance (e.g. 10 -4 , or 10-5). 

3. Program 

The program SCTPT is written in FOR- 
TRAN77 and has been compiled and run on a 
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desk-top computer, PC/XT 386. It contains a 
main program which reads the experimetal 
data, the parameters describing the model and 
the initial estimates of  the formation constants 
either through the keyboard or through a data 
file by using the DOS pipe command. The fl 
values may be held to be constant (KEY = 0) 
or varied (KEY = 1) at will. After subroutine 
MINI is called to refine parameter fl, it then 
prints out the results and calls subroutine 
PLOT to plot the concentration distribution 
diagram and the fitting titration curves at will 
(LPT = 0 or 1). The dimension statement in the 
program is such that a total number of  300 
titration points (points per curve times number 
of  curves) and up to 10 complex species can be 
used. For  a single curve, up to 60 points can be 
used. This program can perform different tasks 
by changing the value of  the parameters ML 
and MLB: 

- l Only water solution system, no B 
presents 

ML = 0 Two-phase system containing no 
metal 

1 Two phases system containing 
metal 

The synergetic reagent B is present or not if 
M L B =  1 or 0 for a two-phase system. If 
strong acid is added as titrant, its concentra- 
tion should be given a negative sign and the 
pre-added strong base, if present, should be 
given a negative sign also. 

CAFUN: to calculate the free concentra- 
tions, the squares sum U and to set up matrix 
j T j  o r  not by setting NXC = 1 or 0 point by 
point. 

CHOL: a general purpose symmetric linear 
equations solver based on Choleski factoriza- 
tion. 

PLOT: a plot sub. It can also be designed as 
a program so that it can be run on another 
computer with strong plot function. To run 
this program, the [3 values are input. 

MINI: a main minimization sub. Its flow 
diagram is following: 

(1) Call C A F U N  to calculate U k, matrix 
j T j  and vector J T H  

(2) Call CHOL to solve equations 
( j T j  + p .  I )"  S = - J T H  

(3) If s', the smallest shift of  S, is greater 
than - 0 . 9 9 ,  goto (7), otherwise goto (4) 

(4) Set S =  S "  ( -0 .99 /s ' ) ,  Call C A F U N  to 
calculate U* + 

(5) If U~'+~< U k goto (8); otherwise goto 
(6) 

(6) P = P x 5, if P <P m  (Pro is set by experi- 
ence) goto (2), otherwise set P - - P c ,  goto (8) 

(7) Adjust P according to Marquard t -  
Fletcher method 

(8) Set fl* + ~ = flk + flk . S, k = k + l 
(9) If  the termination tolerance is achieved 

or the number of  iterations is greater than the 
predetermined number, go out, otherwise goto 
(l). 

4. Experimental 

The P b -  PMBP(1-phenyl-3-methyl-4-benzo- 
yl-pyrazolone-5)-TBP(tributyl phosphate) sys- 
tem was chosen for use as a model system to 
test the program. 

4.1. Chemicals  and  solut ions 

All chemicals were analytical-grade. Solvent 
benzene was pre-saturated with 0.1 M KNO 3 
and the solvent water was pre-saturated with 
benzene also. TBP and PMBP were purified 
according to the literature [3]. Their solutions 
were prepared with benzene in different concen- 
trations. Other chemicals were used without 
further purification. All solutions were pre- 
pared with doubly distilled water. The ionic 
strength was kept at 0.1 M with KNO3 and the 
temperature was kept constant at 25.0 + 0.2 °C. 

4.2. Operation 

A 10 ml Pb 2+ solution, 10 ml PMBP-ben-  
zene solution, 2 ml TBP-benzene  solution and 
a certain quantity of  strong acid (HNO3) were 
taken into a double walled cell. Under the 
protection of N2, a certain quantity of  potas- 
sium hydroxide was added and the solution 
was stirred until the equilibrium was achieved. 
Then the pH value in the aqueous phase was 
determined. 

The experiment was divided into several 
parts. Firstly, the two-phase solution involving 
PMBP and TBP was titrated. The result shows 
that no synergistic compounds (such as 
H.  A • n B) were present. Then the solution con- 
taining PMBP and Pb 2+ was titrated at two 
different concentrations of  PMBP. Finally the 
titrations with Pb 2 +, PMBP and TBP were run 
at three different concentrations of  TBP. In this 
way, the number of  unknown parameters de- 
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Table I 
Acid dissociation constants of PMBP and computed values 
of formation constants of Pb-PMBP-TBP together with 
those published in the literature, [3], the complex species 
are defined as [M/A,,,B,,Hh] 

Species Log fit,,,,/, (O,os/0,,.,~, ) Log #/,,,,o, 
I, m, n, h computed literature [3] 

0, 1,0, 1 o 7.53 ~ 7.55 
0, 1,0, l q 4.1 " 4.1 
I, 2, 0, 0o 1 i.93 (0.029) 12.08 
1,2, i,0o 12.90 (0.018) 13.00 

"Value is taken from the literature [5]. 

creases gradually and linear correlation be- 
tween the parameters  is prevented. For  each 
curve, at least 30 points were titrated. 

5.  R e s u l t s  

The computed values of  formation con- 
stants, together with those published in the 
literature [3] are given in Table 1. The effect of  
initial estimates on formation constants is 
given in Table 2. The concentration distribu- 
tion and the fitting curves are given in Figs 1 
and 2. The values found are in agreement with 
those already published in the literature [3]. 
The main complexes are Pb(PMBP)2 and 
Pb(PMBP) 2 • TBP in the P b - P M B P - T B P  sys- 
tem. We also postulated the presence of  
PbA2" H A  (HA represents PMBP). The #13~o 
varied with its initial estimate and the sum of  
squares was unchanged, indicating that the spe- 
cies must be rejected. 

6.  D i s c u s s i o n  

IN 0 

M . I  

i . l  / -  

q.l 

~i.1 t 1 

"' ,'.s ¢., 4'.s s'., i . s  ,'.0 s 

pH 

Fig. 1. The concentration distribution of the complex spe- 
cies. (I) Pb(PMBP)2o; (2) Pb(PMBP)2(TBP) o. 

done with the Marquard t -F le tcher  algorithm 
[13] in which the Marquardt  parameter  P was 
adjusted according to the ratio of  the practical 
decrease of  the sum of  squares U to the ex- 
pected decrease in the sum of  the squares. 
Thus, it possesses a more effective convergence 
than the Marquardt  method. (ii) The use of  the 
analytical derivatives eliminates the errors in- 
evitably introduced during numerical differenti- 
ation. Consequently the initial estimates of  the 
parameters need not be accurate and can be 
varied in a large range (about _+ 105). (iii) The 
formation constants are stored in mantissa and 
exponent form (a, b), i.e. ] ?=  a - l 0  h and the 
refinement is made to refer to the mantissa of  
the formation constants only, the exponent re- 
maining unchanged. So that the partial prod- 
ucts are not fortuitously larger or smaller than 
can be held in the computer ' s  store. (iv) When 
a synergetic extraction system is too compli- 
cated and weak :,,~cies are present (e.g. more 
than three species unknown present), the" fol- 
lowing method may be taken: at first compute 

The program SCTPT possesses the following 
advantages over other programs for formation- 
constant calculation. (i) The refinement was 

Table 2 
Effect of initial estimates on formation constants 

Species Log #l,,,,h Log ,~1,,,,/, Number of 
I, m, n, h (initial estimates) (computed value) iterations 

1,2,0,0o 2.0 11.93 13 
18.0 I 1.93 7 
24.0 I 1.93 I0 

!,2, 1,0o 6.0 12.90 6 
13.0 12.90 4 
23.0 12.90 9 

7.8 

i.l 

4.8 

3.0 
o • z.m 4.o s.o s.o te .o  tz ,o  

TZTRRTL"O VOL~ V (~) 

Fig. 2. The fitting titration curve. © and x are the 
experimental points. ( I ) CpM BP = 0.0212 M. CTB P = 0.0220 
M; (2) CeMap=0.0212 M, C-rap=0.0110 M. 
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]? of the main species and neglect the weak 
species, since their presence has little effect on 
p of the main species; then compute p of the 
weak species by setting fl of the main species 
constant (KEY = 0); finally all the parameters 
p are computed with above calculated value as 
initial estimates which should be close to the 
true value. 

The running time of the Program SCTPT on 
the model is less than 2 min on a PC/XT 386 
computer. 
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Abstract 

In this paper two simple configurations for sample illumination using a charge-coupled device (CCD) 
detector have been shown. The choice of an appropriate sample illumination can be crucial to obtain spatial 
and spectral information of complex samples. It is demonstrated that simultaneous Raman spectra of a 
heterogeneous sample of three compounds can be obtained using a vertical sample illumination. Spatially 
resolved resonant Raman and surface-enhanced resonant Raman spectra of a complex (Ni-PAPH) have 
been observed with a low integration time. Dividing the CCD in two regio~ ~ and with horizontal multiline 
sample illumination (argon-ion laser at 488 nm and He-Ne laser at 632.8 urn) spatially resolved fluores- 
cence spectra of a homogeneous mixture of dyes have been obtained. The total image was acquired in 
only 1 s. 

1. Introduction 

Owing to the modern analytical technique 
requirement for detectors with high sensitivity 
and low noise, charge-coupled device (CCD) 
detectors have recently been introduced in ana- 
lytical spectroscopy as an alternative to photo- 
multiplier tubes (PMT) and photodiode arrays 
(PD). A description of the devices, their char- 
acteristics and spectroscopic applications was 
first reported by Denton and co-workers [1-7]. 

The characteristics of CCDs of high quan- 
tum efficiency, high sensitivity from the soft 
X-ray to the near-IR regions, minimum dark 
current, large dynamic range, low read noise 
and the ability to integrate for long periods of 
time make them ideal tools for a wide variety 
of analytical applications [8-16]. However, 
CCDs are usually preferred for low-light-levels 
spectroscopies such as Raman [17] and lu- 

* Corresponding author. 

0039-9140/95/$09.50 O 1995 Elsevier Science B.V. All rights 
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minescence. As CCDs have few restrictions on 
the choice of laser wavelength for Raman exci- 
tation, researchers have addressed their investi- 
gation in all spectral regions. Pemberton et al. 
have reported the combination of a CCD de- 
tector and He-Ne laser for Raman spec- 
troscopy [16]. Wang and McCreery [18] have 
demonstrated that NIR-Raman spectroscopy 
with a CCD detector may offer superior sensi- 
tivity to Nd:YAG excited FT-Raman, while 
avoiding fluorescence excitation in most 
molecules. The coupling of CCD/diode laser 
system to fiber optic was also reported [19]. 
Other researchers have exploited a variety of 
novel readout techniques directed at improving 
the capabilities of the CCD, including binning 
[20,21] fast spectral framing and time-delayed- 
and-integration (TDI) mode imaging. 

The main characteristics of CCDs derive 
from their bidimensional configuration, which 
permits the spatial information imaged on the 
spectrograph entrance slit to be readily investi- 
gated [22-25]. Imaging spectrographs corn- 

rc~rved 
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bined with CCD detectors have been applied to 
simultaneous acquisition of multiple spectral 
inputs from several optical fibers [26]. In a 
recent work, we reported the spatially resolved 
SER spectrometry on silver-coated filter paper 
substrate of 9-aminoacridine using simple exci- 
tation-collection optics [27]. In this work the 
performance of a CCD detector for spatially 
resolved Raman and fluorescence techniques is 
demonstrated. Two different sample illumina- 
tion modes have been employed whose configu- 
rations are simple and inexpensive compared 
with the other CCD methods reported in the 
literature and do not require the use of the 
optical fiber or cylindrical lens. 

2. Experimental 

2.1. Instrumentation 

A schematic diagram of two illumination 
configurations employed is shown in Fig. 1. In 
the first configuration (Fig. 1A), the sample 
was excited by the 488-nm line of an argon-ion 
laser (Coherent, model Innova 70-5) and was 
vertically illuminated. In the second configura- 
tion (Fig. 1 B) the sample along the vertical axis 
was excited by two different wavelengths, an 
argon-ion laser turned at 488 and 632.8 nm 
line of a He-Ne laser (Siemens, model LGK 
7626S) were used. Two laser beams were hori- 
zontally focused on the glass cuvette. The sepa- 
ration between two laser beams was 0.7 cm. 

He-Ne 
Laser 

Argon ion 

> 

> 

Argon ion 
Laser 

w Dbe~ion 

Cuvettc 
CCD 

$ 

Cuvette 

(A) 

(n) 

Fig. I. Configurations for vertical (A) and horizontal (B) 
sample illumination of  the CCD detector. L ,= Lens; M 

mirror; S = spectrograph entrance slit; Sp = spectro- 
graph. 

In both systems, the laser beams were fo- 
cused into the cuvette with a piano convex glass 
lens with a focal length of 25 cm and f-number 
of 4. Collection was performed with a glass 
biconvex lens with focal length of 25.4 mm and 
f-number of 1. The cuvette was placed approx- 
imately 11.5 cm from the collection lens, with 
the distance from the entrance slit to the lens 
being 5 cm. Thus the optical magnification was 
ca. 0.5. The scattered light was collected onto 
the entrance slit of a triple indexable granting 
spectrograph (Acton Research Corporation, 
SpectraPro 275, Czeny-turner; with F number 
of 3.8; fitted with three gratings of 300, 600 and 
1800 grooves/mm). The spectral coverage and 
resolution varied gradually with spectral region 
and grating employed. The reciprocal linear 
dispersion of the spectrometer are 12 and 
1.5 nm/mm with the 300 and 1800 grooves/mm 
gratings, respectively. 

A solid-state two-dimensional charge coupled 
device (CCD) (EG&G Princeton Applied Re- 
search, Thomson CSF, THX-31159A) was used 
as detector. The CCD consists of 512 × 512 
elements each being 19 x 19~rn. The active 
area 9.7 × 9.7 mm overall. This system has a 
quantum efficiency of 32% at 550 nm. The CCD 
was cooled to - 7 0  °C by a Peltier system. 
When cooled to - 7 0  *C, this detector exhibits 
a dark current of 10 photoelectrons pixel-t s-  
and a readout noise of 4-5 electrons per scan. 
The calibration of the detector system was 
conducted with a mercury pen lamp. Operation 
of the detector was controlled by a personal 
computer (486 computer at 66 MHz, equipped 
with 8 Mbytes of extended memory and math 
coprocessor) with OMA Spec 4000 software. 
The spectrometer was connected to the con- 
trolling PC by a conventional IEEE-488 gen- 
eral-purpose interface bus (GPIB). 

2.2. Chemicals and procedure 

Analytical-reagent grade chemicals and dis- 
tilled, deionized water were used throughout. 
Cresyl Violet 670, rhodamine 6G and 2- 
pyridinecarboxyaldehyde 2-pyridyihydrazone 
(PAPH) were purchased from Merck and 
used as methanolic solutions. Silver colloids 
were prepared at room temperature by adding 
1 ml o f  1 x 10 -3 M silver nitrate to 3 ml of 
2 x 10--aM sodium tetrahydroborate. After 
mixing, 0.1 ml of 1001ag/ml analyte solution 
was added. Ni-PAPH complexes were pre- 
pared at room temperature by adding the 
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Fig. 2. Space-resolved Raman spectra of nitromethane (bottom), triethanolamine (middle) and benzene (top). Binning was 
10-fold in the slit dimension. Acquisition time was 120 s and laser power 40 mW (Argon ion laser was tuned at 488 nm). 

volume ratio (1:1 v/v) of 100 lag/ml PAPH (in 
aqueous or chloroform solutions) to 25 ~tg/ml 
of nickel(II) nitrate prepared in water. 

3. Results  and discussion 

One of the main goals of the introduction of 
charge-coupled devices (CCD) as detectors in 
analytical chemistry was to exploit their two- 
dimensional nature. This feature permits to 
obtain simultaneous spectral and spatial infor- 
mation of the analyzed sample. The acquisition 
of high-quality space-resolved spectra requires 
an appropriate sample illumination and collec- 
tion of scattered light by the spectrograph/de- 
tector system. In this work, two sample 
illumination configurations have been evaluated 
for improving device performance and opera- 
tion of Raman analysis of liquid samples (Fig. 
1). Figure 1A shows a configuration involving 
vertical illumination of sample. Since the dis- 
persion direction of the spectrograph used was 
horizontal, the vertical direction in the CCD is 
available for spatially resolved spectrometry. 
To create a spatially heterogeneous sample, 
three immiscible solvents: nitromethane, tri- 
ethanolamine and benzene were located in a 
glass cuvette. The separation of the compounds 
of the sample was determined by the different 
densities of the solvents (1.14, 1.12 and 0.88 g/ 
ml for nitromethane, triethanolamine and ben- 

zene, respectively). The spatially resolved 
Raman spectra of this immiscible sample are 
shown in Fig. 2. The height dimension in the 
figure represents the tracks number (each track 
was made up of 10 rows of pixel) in the CCD 
detector. Since the pixel height is 19 I~m and the 
optical magnification of the collection optics is 
about 0.5, each track represents 0.038 mm in 
the cuvette height. This means that only 1.5 cm 
of cuvette height is observed by the small area 
of the CCD detector. In this case the image was 
binned 10-fold in the slit dimension and the 
resulting 31 spectra were acquired. The power 
at the laser head was 300 mW of which 40 mW 
reached the sample. The Raman bands corre- 
sponding to nitromethane (up to 10 track), 
triethanolamine (from 10 to 20 track) and ben- 
zene (from 20 to 30 track) are well resolved 
(Fig. 2). It should be noted that the acquisition 
time of this image was only 120 s. The less 
intense zones in the figure result from the inter- 
phases nitromethane-triethanolamine and tri- 
ethanolamine- benzene. 

The simultaneous aequsition of the resonant 
Raman (RR) spectrum and the surface- 
enhanced resonant Raman (SERR) spectrum 
of the complex of nickel with 2-pyridinecar- 
boxyaldehyde 2-pyridylhydrazone (PAPH) is 
shown in Fig. 3, using the vertical approach 
described in the Experimental section (Fig. 
1A). The sample was placed into a glass cu- 
vette, with the Ni-PAPH complex dissolved in 
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Fig. 3. Simultaneous acquisition of resonant Raman (bottom) and SERR (top) spectra of Ni-PAPH complex. Binning 
were 200-fold and 20-fold in the slit dimension for RR and SERR spectra, respectively. Acquisition time was 180 s. The 
488-nm line of the argon ion laser (25 roW) was used. 

chloroform at the bottom and the aqueous 
N i -PAPH complex adsorbed on silver hydro- 
sol at the top, so RR and SERR spectra were 
obtained, respectively. As shown, the line posi- 
tions and relative intensities in the RR and 
SERR spectra correlate quite well. What is of 
interest for the present is that, as expected, the 
SERR bands are more intense than the corre- 
sponding RR bands. The flexibility of the CCD 
system permits comparable intensities in both 
spectra to be obtained by using different 
binning in the two spatial regions. Binning was 
200-fold in the slit dimension for the RR spec- 
trum and 20-fold for the SERR spectrum. This 
difference in the binning was also due to the 
attenuation of the laser power by the aggre- 
gated colloidal silver, thus more binning was 
needed for RR spectrum. The image was ac- 
quired in 180 s with a laser power of 25 mW. 

The sensitivity and imaging performance of 
the instrument for analytical purposes was also 
tested with a homogeneous mixture of Cresyl 
Violet 670 and rhodamine 6G. The spatially 
resolved fluorescence spectra of the mixture are 
shown in Fig. 4. An argon ion laser tuned at 
488 nm (2 mW) and a H e - N e  laser at 632.8 nm 
(12 roW) were aligned horizontally so that two 
regions of the sample along the vertical axis 
were excited by the two beams (see Fig. I B). 
The emitted light from the sample was then 
imaged onto the entrance slit of the spec- 

trograph, dispersed and detected by the CCD 
detector. As each vertical region was excited by 
a wavelength (488 or 632.8 nm as excitation 
source) different fluorescence spectra are ob- 
served. In this figure, the first region (bottom) 
was excited by the 488 nm line and only the 
spatially resolved fluorescence spectrum of rho- 
damine 6G was observed. In the second region 
(top) the excitation wavelength was 632.8 nm 
and only Cresyl Violet was detected. The 
fluorescence maxima of rhodamine 6G and 
Cresyl Violet are at 550 and 621 nm, respec- 
tively. The large peak observed at 632.8 nm 
corresponds to the H e - N e  laser line. The CCD 
was binned 10-fold in the spatial dimension, 
and the resulting 32 spectra are stored. The 
total image was acquired in only 1 s. 

To conclude, the combination of imaging 
spectrographs and CCD detectors have revolu- 
tionized the field of spectroscopic investigation 
and have helped to interpret the results. Space 
resolved spectra of complex samples can be 
acquired simultaneously in a fraction of the 
time previously required by conventional detec- 
tors. To fully exploit CCD performance, an 
adequate and simple configuration is needed to 
illuminate the sample and to collect the scat- 
tered light in the small area of CCD detectors. 

Depending on the illumination mode, com- 
ponents in heterogeneous or homogeneous 
samples can be studied in situ with satisfactory 
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Fig. 4. Space-resolved fluorescence spectra of a mixture of rhodamine 6(3 (10 -4 M) and Cresyl Violet (10 -5 M) excited 
by the 488 nm line of the argon ion laser (2 roW) and the 632.8 nm line of the He-Ne  laser (12 roW). Binning was 10-fold 
in the slit dimension. Acquisition time 1 s. 

spatial and spectral resolution and low integra- 
tion time. 
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Abstract 

A method for the determination of salbutamoi in both tablets and syrups is described. It utilizes the 
reduction of the Folin-Ciocalteau reagent by the phenolic group, monitoring the absorbance of the resulting 
complex at 760 nm. Results obtained are linear over the range 0-6 lag mi-] salbutamol. Coloring material 
was removed by anionexchange chromatography prior to analysis and there was no interference from 
sucrose, neutral flavorings or the common preservative sodium benzoate. This method appears suitable as 
a general assay for salbutamoi. 

1. Introduction 

Salbutamol, 1, ot-[(tert-butylamino)methyl]- 
4-hydroxy-m-xylene-~,~'-diol, the structure of  
which is shown in Fig. 1, is a sympathomimetic 
amine containing a phenolic group. Salbutamol 
sulfate in various f o r m s - - a e r o s o l  spray, 
tablets, syrups, i n j e c t i o n -  is extensively used 
in the treatment of  asthma. 

The recent expiration of  the proprietary 
rights of  the original patent holders has led to 
the widespread utilization of  the generic sub- 
stance in formulations for oral dosage, many of  
which are flavored and colored to appeal to 
specific local tastes. 

The most recent official B.P. [1] and U.S.P. 
[2] assays for salbutamol (as the sulfate) in 

HOCH 2 

HO~~CH (OH) CH2NHC (CH3) 3 

Fig. I, Structure of salbutamol. 

* Corresponding author. Fax: (809)927-1640. 

formulation are based on HPLC and non- 
aqueous titration, and are described specifically 
for tablets, injection solutions and aerosol 
sprays. Although the non-aqueous titration 
method is straightforward, it is inapplicable 
to syrups and solutions, while the other 
methods are unsuitable for the technologically 
less well-developed settings in which it is often 
necessary to quantify salbutamol in formula- 
tions. An earlier B.P. method [3] is based on 
anion-exchange chromatography and the UV 
absorption at 276 nm of  the salbutamol cation 
in acid. Although suitable to relatively low- 
technology environments and, in principle, ap- 
plicable to a number of  formulations, this 
method is described specifically for tablets 
only; it is subject to interference from neutral 
and cationic excipients, and additives, several 
of  which absorb in the same mid-UV region as 
salbutamol. 

Recently published salbutamol assays in- 
clude a microtitrimetric method [4], described 
in application for tablets only, and a number of  
others which entail the formation of  highly 
unstable derivatives with various chromogenic 
agents [5-16]. 

SSD! 0039-9140f95)01534-5 
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The phenolic group in salbutamol makes it a 
reductant for the Folin-Ciocalteu reagent, a 
chromogenic agent which has been widely ap- 
plied to the determination of a number of 
compounds with reducing properties [17], and 
has been successfully used to quantify phenol 
morphine in the presence of its methyl ether 
codeine [18]. 

2. Experimental 

2.1. Apparatus 

A Phillips single beam P48670 visible/near- 
IR spectrophotometer was used for the ab- 
sorbance measurements at 760 nm. For the 
B.P. method [3] and the measurement of spec- 
tra of neutral solutions obtained by ion-ex- 
change chromatography of syrups, UV 
absorbances were determined on a Hewlett- 
Packard 8452 diode array spectrophotometer. 
A 1 cm quartz cell was used in both cases. An 
Orion model EA 920 pH meter was used for 
pH measurements. 

2.3. Reagents 

Distilled deionized water was used through- 
out. Folin-Cioicalteu reagent was prepared ac- 
cording to a published procedure [18]. The 
reagent was used as soon as possible after 
preparation, although colorimetric solutions 
prepared from reagent that was 54 h old gave 
results indistinguishable from those obtained 
with freshly prepared reagent. 

Ion-exchange chromatography utilized the 
commercially available chloride form of a 
strongly basic ion-exchange resin (usually 
Dowex l-X2, 50-100 mesh) which, prior to 
use, was stirred briefly with 0.1 M NaCI or 
0.1 M HCI and washed free of chloride ions. 

Saturated Na2CO3 solutions were cooled and 
filtered before use. 

2.4. Standard drug solutions 

A solution of salbutamol sulfate in water of 
concentration equivalent to 50 ~tg ml -~ saibu- 
tamol was made up, and appropriate aliquots 
taken for preparation of colorimetric solutions 
used to generate the standard curve. 

2.2. Materials 

Pure drug samples were obtained from P.A. 
Benjamin Manufacturing Co. Ltd., Kingston, 
Jamaica. Dosage forms were acquired from 
local and overseas sources, and the following 
formulations were used. 

(A) Ventasol syrup, salbutamol sulfate 
equivalent to 2 mg salbutamol per 5 ml syrup, 
no color or flavor. (P.A. Benjamin Manufac- 
turing Co. Ltd., Kingston, Jamaica). 

(B) Fedbutamol syrup, salbutamol sulfate 
equivalent to 2 mg salbutamol per 5 ml syrup, 
colored and flavored. (Federated Pharmaceuti- 
cal Co. Ltd., Kingston, Jamaica). 

(C) Ventolin tablets, salbutamol sulfate 
equivalent to 2 mg salbutamoi per tablet, col- 
ored. (Glaxo Operations UK Ltd., Greenford, 
UK). 

(D) Ventolin syrup, salbutamol sulfate 
equivalent to 2 mg salbutamol per 5 ml syrup, 
no color or flavor. (Glaxo Operations UK 
Ltd., Greenford, UK). 

(E) Albuterol syrup, salbutamol sulfate 
equivalent to 2 mg salbutamol per 5 ml syrup, 
colored and flavored. (Allen & Manbury's (Di- 
vision of Glaxo), Research Triangle, NC 
27709, USA). 

2.5. Analytical samples from pharmaceutical 
preparations 

Anion-exchange chromatography was car- 
fled out to remove coloring materials where 
present, as most common food dyes are anionic 
and non-phenolic. This procedure also re- 
moved benzoate. 

Tablets 
Ten tablets were weighed and powdered, and 

a quantity of powder containing the equivalent 
of 5 mg salbutamol suspended in 30 ml water. 
The suspension was filtered, the filtrate passed 
through 10-15 ml of the chloride ion-exchange 
resin contained in a 50 ml burette, and the resin 
washed with water until the volume of eluant 
was 100 ml. 

Syrups 
For syrups with and without color, a volume 

of syrup containing the equivalent of 5 mg 
salbutamol was diluted with an equal volume 
of water, the solution passed through 10-15 ml 
of the chloride resin, and 100 ml eluant col- 
lected. Solutions of syrups without color were 
also prepared by dilution to 100 ml of a vol- 
ume of syrup containing the equivalent of 5 mg 
salbutamol. 
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Table I 
Limits, optical characteristics, accuracy 

Beer's law limits (lag ml-~) 0-6 
Molar absorptivity (I mol-~ cm-~) 15240 
Regression equation ~ 
Slope (m) 15240 _+ 99 
Intercept (n) 0.005 _+ 0.001 
Correlation coeffÉcient (r) 0.998 
R-squared b 99.7'/0 

y = n + mc, where c is the concentration in lag ml- ~. 
b Six replicate samples of each concentration. 

2.6. Preparation o f  colorimetric solutions 

Aliquots of  standard or sample solutions 
containing the equivalent of  5, 10, 20, 30, 40, 
50, 100, 200, 400, 600 and 800 lag salbutamol 
were placed in 100ml volumetric flasks. To 
each flask was added 2 ml of  Folin-Ciocal teu 
reagent and 3 ml of  saturated Na2CO3 solu- 
tion, and the volume made up to the mark with 
water. Five hours were allowed for develop- 
ment of  the maximum blue color, after which 
the absorbance could be measured within 18 h. 

3. Results and discussion 

3. I. Effect o f  concentration 

Plots of  optical density versus concentration 
were made over the range 0 - 8  lag ml - t  using 
salbutamol standards. Excellent linear correla- 
tion was obtained up to 6 lag ml -~, and the 
slope of  the plot over this range was used to 
calculate the molar absorptivity at 760 nm by 
Beer's law. The results of  linear regressional 
analysis of  the data are shown in Table 1. The 
salbutamol concentration in each pharmaceuti- 
cal preparation was again determined using 
Beer's equation, making substitutions for the 
above-determined molar absorptivity and for 
the measured absorbance. Several concentra- 
tions of  each preparation were used and the 
average calculated, along with its standard de- 
viation. Table 2 summarizes the results ob- 
tained. 

3.2. Effect o f  flavoring and benzoate 

The flavorings and benzoate present in the 
syrups did not interfere with the determination 
of  salbutamol using the colorimetric method. 
The results obtained using syrup solutions pre- 
pared via ion-exchange chromatography were 

identical to those for solutions made up by 
simple dilution of  syrups. UV analysis (moni- 
toring 278 nm) of  neutral solutions obtained 
from the ion-exchange chromatography of  col- 
orless syrups in some cases revealed severe 
interference by cationic or neutral species 
present as flavoring. 

In all the cases studied, the salbutamol con- 
centrations obtained by this method were in 
agreement with .:ose stated by the manufac- 
turers of  the formulations, which were given to 
one significant figure. 

The reaction between salbutamol and the 
Folin-Ciocalteau reagent results in the forma- 
tion of  an intensely blue complex 
(2max = 760 rim), which is probably a reduced 
heteropolyanion of  molybdenum and tungsten 
[19]. Isopoly- and heteropolyanions of  molyb- 
denum and tungsten have been extensively 
studied, and their structures are fairly well 
understood. They can be reversibly reduced by 
the addition of  one to six electrons per anion to 
give the "heteropoly blues", a generic name 
derived from their intense coloration. These 
"blues" can be classified as mixed-valence com- 
plexes containing Mo(V) and Mo(VI), or W(V) 
and W(VI). It is likely that the phenolic group 
of  salbutamol reduces the Mo(VI) and W(VI) 
centers to produce these relatively stable 
mixed-valence complexes. The intense, fairly 
broad band observed at 760 nm in the visible/ 
near IR is typical of  these complexes, and has 
been attributed to intervalence charge-transfer 
bands between Mo(V) and Mo(VI) via an oxo 
bridge, or to d - d  bands for Mo(V) [20]. The 
large value of  e obtained in this study is consis- 
tent witl- those usually observed for d - d  tran- 
sitions [19,20]. 

Table 2 
Salbutamol determination in formulations 

Formulation Nominal amount Found a Official 
(mg per tablet or method [3] 
mg per 5 ml syrup) 

Tablets 
Ventolin 2 2.05 _+ 0.13 1.96 _+ 0.06 

Syrups 
Ventolin 2 2.10+0.11 
Fedbutamol 2 2.02 _+ 0.17 
Albuterol 2 2.16 _+ 0.05 
Ventasol 2 1.93 _+ 0.02 

Average _+2 x standard deviation of six determinations. 
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Abstract 

After reaction with nitric acid, brucine can be transformed into cacotheline, and then measured indirectly 
by adsorptive stripping voltammetry. This method is based on the adsorptive accumulation of cacotheline 
at a hanging mercury drop electrode, followed by cathodic linear sweep voltammetry. The cathodic peak 
potential is about -0.35 V (vs. saturated Ag/AgCI). The detection limit of 2.0 x 10 -9 M is obtained under 
optimized conditions. The electrochemical behaviour of cacotheline and the mechanism of the electrode 
reactions are discussed. 

1. Introduction 

Brucine is an alkaloid, and exists mainly in 
the seeds o f  Strychnos nux-vomica.  Its structure 
is shown in Fig. l a. The seeds of  Strychnos 
nux-vomica have been used in traditional Chi- 
nese medicine with a long history. Its main 
efficacy includes pain relief, reduction of  
swelling and promotion of  circulation [1,2]. 
Several well-known traditional Chinese 
medicines have the seeds as one of  their main 
ingredients. As a drug, brucine itself is known 

CH30~ 
o 

"o,qcH2 %_/ 
0 

a b 

Fig. I. Structure of (a) brucine and (b) cacotheline. 
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as a central nervous system stimulant. It can be 
adsorbed by the human body and enters into 
the bloodstream. Generally, the concentration 
of  brucine in urine and blood is low after 
metabolization. Thus, the establishment of  
highly sensitive methods for the determination 
of  brucine is of  pharmacological importance. 
Brucine is also known as a drug with great 
toxicity. The determination o f  trace amounts of  
brucine is thus not only of  toxicological, but 
also of  forensic significance. Various chromato- 
graphic and other procedures have been em- 
ployed for this purpose [3-6]. For  example, 
Dadisch [7] established a chromatographic 
method for the detection of  brucie in urine. 
Korany and Self El-Din [8] developed a spec- 
trophotometric method to determine brucine in 
mtx  vomica liquid extract. The limit of  detec- 
tion was about 8 x 10 -6 M. Nyasulu [9] stud- 
ied the electrochemical oxidation of  brucine at 
a carbon paste electrode. However, brucine has 
no electroactivity of  reduction at a mercury 
electrode [10]. 

Cacotheline (CAC), as a nitration product of  
brucine, is an analytical reagent used in the 
detection and determination of  various metal 

reserved 
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ions and organic compounds [11-13]. Its struc- 
ture is shown in Fig. lb. Vijayalakshmi and 
Saraswathi [14] studied the polarographic and 
cyclic voltammetric behaviour of  cacotheline at 
a mercury electrode. They found there were 
two cathodic polarographic waves between pH 
2.0 and 12.0. The first wave involved two elec- 
trons for the reversible reduction of  the o- 
quinone group to hydroquinone, while the 
second underwent a four-electron irreversible 
reduction of the nitro group to hydroxy- 
lamine. However, they did not mention the 
adsorptive properties of  cacotheline at a mer- 
cury electrode, and the detection limit of  deter- 
mination of  cacotheline was only about 
1 x 10  - 4  M. 

This paper studied the electrochemical prop- 
erties of  cacotheline, especially its adsorptive 
characteristics at a mercury electrode. On the 
basis of  this, a new electroanalytical method 
for the indirect measurement of brucine was 
established. After reaction with nitric acid, 
brucine was transformed into cacotheline, 
which was then determined by adsorptive strip- 
ping voltammetry at a mercury electrode. Ad- 
sorptive stripping voltammetry (AdSV) has 
been used for trace measurements of  numerous 
compounds of  pharmaceutical significance [15]. 
As illustrated in this paper, by this method a 
detection limit of  2 x 10 -9 M was achieved for 
the determination of  cacotheline or brucine. 

2. Experimental 

2.1. Apparatus 

A model 370 electrochemical system (EG&G 
Princeton Applied Research, U.S.A.) was used 
for cyclic voltammetry, adsorptive stripping 
voltammetry and phase-selective a.c. voltam- 
metry. The working electrode was a model 303 
static dropping mercury electrode (SDME). A 
medium-sized drop (surface area, 0.0171 cm 2) 
was employed. The counter electrode was a 
platinum wire and the reference electrode was a 
saturated Ag/AgCI electrode. 

2.2. Chemicals 

Brucine was obtained from Heidelberg 
(U.S.A.). A stock standard solution of brucine 
(1.00 x 10 -a M) in 5% e thanol -95% water (v/ 
v) was prepared and stored in the dark; work- 
ing standard solutions (1.00 x 10 -4, 

1.00 x 10 -5 and 1.00 x 10 -6 M) were prepared 
by dilution with water. Cacotheline was ob- 
tained from Drs. Fraenkel and Landau (Ger- 
many). A stock standard solution of 
cacotheline (l.00 x l0 -3 M) in water was pre- 
pared and stored in the dark; working standard 
solutions (1.00 × 10 -4M and less) were pre- 
pared by dilution with water. All other chemi- 
cals were of  analytical reagent grade. Triply 
distilled water was used throughout. 

2.3. Procedure 

Measurement of cacotheline by AdSV 
A 10-ml volume of  0 .02M acetic acid-  

sodium acetate (HOAc-NaOAc)  buffer solu- 
tion (pH 4.0) containing a specific amount of 
cacotheline sample solution was added to the 
cell, which was purged with purified nitrogen 
for at least 4 min to remove oxygen. The 
SDME was set to the hanging mercury elec- 
trode mode. The preconcentration potential 
( - 0 . 1  V) was then applied to a new mercury 
drop for a selected time while the solution was 
stirred at 400 rev min -~. The stirring was then 
stopped, and after 15 s the voltamperogram 
was recorded by applying a linear sweep scan. 
The scan was terminated at - 0 . 5  V. 

Nitration of brucine 
A certain amount of  brucine (about 0.05 g) 

was placed in a flask and 1 ml of  3.5 M nitric 
acid was added. The flask was then heated on a 
water bath and kept at 60-70 °C while stirring 
the solution inside. After 2 h  of  reaction, 
brucine was believed to be completely trans- 
formed into cacotheline. All the products and 
the solution were thoroughly transferred into a 
beaker. With water added, the beaker was 
heated until all the solid product was dissolved. 
After cooling down, the solution was trans- 
ferred to a 100 ml volumetric flask and diluted 
with water to the mark. This solution or its 
diluted version could be used as sample solu- 
tions. After measuring cacotheline in this solu- 
tion by adsorptive stripping voltammetry, the 
amount  of  brucine could be determined indi- 
rectly. 

3. Results and discussion 

3.1. Nitration of brucine 

Brucine is electroinactive at a mercury elec- 
trode. For  example, in buffer solution of 
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Fig. 2. Cathodic sweep voltamperograms for (curve a) 
3 × 10 -5 M brucine, (curve b) 3 × 10 -5 M cacotheline and 
(curve c) nitration product of 3.45 x 10-SM brueine. 
(Electrolyte, 0.02 M HOAc-NaOAc, pH 4.0; scan rate, 
100 mV s; initial potential, -0 .10  V.). 
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Fig. 3. Repetitive cyclic voltamperograms for I x l0 -6 M 
cacotheline after 30 s accumulation at - 0.1 V. Four cycles; 
other conditions as for Fig. 2. 

H O A c - N a O A c  (pH 4.0), brucine does not 
show any reduction peak over the potential 
range - 0 . 1 0 - - 0 . 5 0  V (Fig. 2, curve a). Thus, 
there is no way of  determining brucine by 
voltammetry at the mercury electrode. How- 
ever, in the same electrolyte, cacotheline shows 
a well-defined reduction peak at about 
- 0 . 3 7  V (Fig. 2, curve b). This prompted us to 
use a nitration method to transform brucine 
into cacotheline first, and then determine ca- 
cotheline by voitammetry. Brucine can thus be 
measured indirectly. The procedure of  nitration 
of  brucine was described in detail in the exper- 
imental section. The voltamperogram of  the 
nitration product is shown in Fig. 2, curve c. 
Compared with Fig. 2, curve b, this product 
has the same cathodic peak potential as ca- 
cotheline, which indicates that the nitration 
product of  brucine obtained by this procedure 
is indeed cacotheline. 

3.2. Adsorptive properties o f  cacotheline 

Fig. 3 is a repetitive cyclic voltamperogram 
for 1 x 10 -6 M cacotheline, recorded after pre- 
concentration at -0 .1  V for 30 s. A large and 
well-defined cathodic peak is observed at the 
first scan (designated as 1) at - 0 . 3 2  V. Subse- 
quent scans exhibit a dramatic decrease of  the 
peak to a stable value representing the response 
of  the solution species. This is an obvious 
indication that cacotheline has adsorptive char- 
acteristics at a mercury electrode. No peaks are 
observed in the anodic branch, illustrating that 
the reduction of  cacotheline at a mercury elec- 
trode is irreversible. 

Fig. 4 shows plots of  cathodic peak current 
(/pc) of  linear sweep voltammetry vs. preconcen- 
tration time (t) for different concentrations of  
cacotheline. At first, ip¢ increased linearly 
with t at all four levels, indicating that before 
adsorptive equilibrium is reached, the longer 
the preconcentration time, the more cacotheline 
was adsorbed and the larger the peak current. 
However, after a specific period of  accumula- 
tion time, the peak current at different concen- 
tration levels invariably tended to level off, 
showing that the adsorptive equilibrium of  ca- 
cotheline on the mercury electrode surface was 
achieved. 

The adsorption of  cacotheline can be used as 
an effective preconcentration step before the 
voltammetric measurements. In this way, highly 
sensitive adsorptive stripping voltammetric 
measurements of  cacotheline can be achieved. 

3.3. Selection o f  experimental conditions 

Various supporting electrolytes, such as 
HCI, HOAc-NaOAc ,  NH3-NH4CI,  KH2PO4- 
K2HPO4, NaOH, KCI, Na2B4OT" 10H20 and 
Britton-Robinson buffer solution, were tested 
by AdSV and H O A c - N a O A c  was found 
to be the best because of  the well-defined 
voltamperogram and reasonably high sensitiv- 
ity. The experiments revealed that the condi- 
tions of  a total concentration of  H O A c -  
NaOAc between 0.002 and 0.18 M, and pH 
value between 3.7 and 5.0 offered the best 
responses. Thus 0.02 M H O A c - N a O A c  and 
pH 4.0 was chosen in all experiments. The 
experiments of  the effect of  preconcentration 
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Fig. 4. Effect of  preconcentration time on the cathodic voltammetric peak current for (curve a) 5 x 10 -8  M, (curve b) 
1 x 10 -7  M, (curve c) 5 x 10 -7  M and (curve d) I x 10 -6  M cacotheline. Other conditions as for Fig. 2. 

potential showed that over the range 0 -  
- 0 . 1 5  V, /pc remained almost constant at a 
high level, but beyond this range it decreased. 
Thus - 0 . 1 0  V was chosen as the best precon- 
centration potential. 

The adsorptive stripping voltammetric re- 
sponse of  cacotheline was further characterized 
concerning concentration (CcAc) dependence, 
detection limit and reproducibility. Under the 
optimized conditions with a 100 mV s-~ scan 
rate, the peak current had a linear relationship 
with ccAc over the range from 2.0 x 10 -8 to 
1.0 x 10 - 6  M when the accumulation time was 
30 s (correlation coefficient, 0.9991). The detec- 
tion limit achieved was 2.0 x 10 - 9  M when the 
preconcentration time was set to 3 rain (S/ 
N =  3). The precision was estimated by nine 
successive measurements of  5 x 10 - 7  M ca- 
cotheline under the same conditions as above 
with a 30 s accumulation. The average peak 
current was 0.46 laA, range 0.43-0.52 laA, and 
relative standard deviation 2.7%. 

Table I 
Results o f  indirect measurement  of  brucine 

No. Amoun t  of  Amoun t  o f  Recovery Standard 
brucine brucine rate deviation 
added measured" (%) (%) 
(g) (g) 

I 0.0559 0.0538 96.2 2.4 
2 0.0473 0.0453 95.8 1.3 

mn=~ 5. 

As described above, brucine can be trans- 
formed into cacotheline by nitration and then 
determined by AdSV. Under the optimized 
conditions mentioned above, brucine was mea- 
sured indirectly by the standard additions 
method. Certain results are listed in Table 1. 
The transformation rate of  above 95% indi- 
cated that brucine was almost completely 
transformed into cacotheline. This result illus- 
trated again that the method of  first nitrating 
and then determining by AdSV was feasible for 
the indirect measurement of  brucine. 

3.4. System weakly adsorbed reactant 

The effect of  the square root of  the scan rate 
(v '/2) on ip¢ of  cacotheline at different precon- 
centration times was examined. When t = 0, i~ 
had a linear relationship with v t/2, illustrating 
that the reduction of  cacotheline was diffusion- 
controlled. When t = 10 s, the i~ vs. v j/2 curve 
showed upward bending, indicating that the 
system began to show some adsorptive charac- 
teristics. When t = 60 s, as more cacotheline 
was adsorbed, upward turning of  the ip~-O t/2 
curve became more pronounced. 

The effect of  the concentration of  cacotheline 
on /pc is shown in Fig. 5. When t - - 0 ,  the 
relative peak current expressed as the ratio of  
i~/CcAc was small and remained nearly con- 
stant on increasing the concentration of  ca- 
cotheline (curve a), This indicated that the 
reduction of  cacotheline at the mercury elec- 
trode was almost totally diffusion-controlled. 
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Fig. 5. Effect of concentration of cacotheline on the relative peak current as the ratio of the cathodic peak current to the 
cacotheline concentration. Preconcentration period: (curve a) 0 s; (curve b) 30 s. Other conditions as for Fig. 2. 

However, when t = 30 s, because more cacothe- 
line was adsorbed on the mercury surface, the 
values of  ipc/CCAc were much larger than those 
of  curve a at lower CCAC. At higher CCAC, 
however, the adsorption of  cacotheline reached 
saturation and its contribution to the peak 
current did not increase any more. The ratio 
then declined very rapidly with increasing con- 
centration of  cacotheline, and eventually 
tended toward the constant value of  curve a 
(curve b). All of  these suggest a gradual trans- 
formation of  the system from adsorption-con- 

trolled to diffusion-controlled when the concen- 
tration of  cacotheline increases. This is also a 
characteristic of  the system involving a reactant 
that is weakly adsorbed [16]. 

3.5. Mechanism of  reduction of  cacotheline at 
mercury electrode 

Over the potential range from 0.20 to 
- 0 . 5 0  V, cacotheline has a pair of  reversible 
peaks at about 0.03 V and an irreversible peak 
at - 0 . 4 0  V. Electrolysis experiments with a 
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Fig. 6. Influence of cacotheline concentration on the amount of cacotheline adsorbed on the mercury electrode surface. 
Preconcentration time: (curve a) 30 s; (curve b) 60 s; (curve c) 90 s. Other conditions as for Fig. 2. 
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large area of  the mercury cathode at the poten- 
tial of  - 0 . 2 V  showed that the number of  
electrons transferred for the first cathodic peak 
(n~) was 2. Electrolysis at - 0 . 5 0 V  revealed 
that the number  of  electrons transferred for 
both cathodic peaks was 6. Thus, the number  
of  electrons for the second irreversible reduc- 
tion peak (n2) should be equal to 4. This result 
is in good agreement with that of  Vijayalak- 
shmi and Saraswathi [14]. The mechanism of 
electrode reduction of  cacotheline at the mer- 
cury electrode involves two processes. The first 
cathodic peak is most  probably due to the 
reversible reduction of  the o-quinone group to 
hydroquinone involving two-electron transfer. 
The second is possibly the irreversible reduc- 
tion of  the nitro group to hydroxylamine with 
four-electron transfer. It  is the second peak, 
showing adsorptive characteristics, that we are 
interested in. 

3.6. Measurement  o f  the amount  o f  cacotheline 
adsorbed 

As mentioned above, under the conditions of  
low CCA c, long t and fast v, the reduction of  
cacotheline can be considered to be totally 
controlled by the adsorption of  cacotheline. In 
this case, the cathodic peak current almost 
decays to its baseline with little diffusion tail 
(see Fig. 3). Integration of  this peak gives a 
charge Q,, which represents the reduced charge 
of the surface species of  cacotheline adsorbed 
at the mercury electrode. According to the 
equation 

F = Q~/(nFA) 

the surface coverage F (mol cm-2)  can then be 
calculated, where A is the area of  electrode 
(0.0171 cm2), n is the number  of  electrons 
transferred (4) and F is the Faraday constant. 

Fig. 6 illustrates the relationship between F 
and CcAc at three different accumulation times. 
When the concentration of cacotheline was 
small, the surface coverage increased linearly 
with CCAC, However, at higher concentrations 
of  cacotheline, the curves tended to level off. 

The surface coverage F at three different levels 
tended to reach the same constant value, which 
represented a full surface coverage of 
8.60 × 10 - t t  mol c m - L  Each cacotheline 
molecule adsorbed thus occupied an area of  
1.93 nm 2, if the adsorption of  cacotheline was 
as a monolayer.  
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Abstract 

The ability of chelation chromatography in combination with differential pulse anodic stripping voitamme- 
try (DPASV) to provide a simple, fast and reliable way of dealing with interionic interferences, competitive 
complexations, re-adsorption of released metal ions and sorption of spiking metal ions by organic/inorganic 
materials in the complex matrixes of real natural samples has been critically examined. The technique is based 
on the selective complexation of target metal fractions on some novel sorbents which are polymeric chelating 
resins doped on stationary supports (Whatman No. 1 paper and silica gel). The usual complications of leaching 
of the resin and/or the chelating ligand and colloid retention on the sorption bed at any stage of separation 
were largely obviated with these sorbents under the operational conditions of metal sorption. A detailed study 
on the application of such sorbents to the differentiation of ionic (free), labile (ionic plus weakly complexed) 
and bound (strongly complexed) metal fractions present in local river-sediment and water samples was carried 
out. Chelating resin-impregnated paper (CRIP) and chelating resin-immobilized silica gel column (CRISC) 
methods of chromatographic separation of analyte trace metals in combination with the follow-up 'standard 
addition' procedure of the DPASV technique were employed. A modest attempt has been made to formulate 
a speciation (fractionation) scheme for metal contents present in river-sediments and waters on the basis of 
selective retention of ionic and labile fractions on complexing resins. 

1. Introduction 

Selective separation of  trace metals from 
aquatic complex matrixes and their fractiona- 
tions in different forms is considered an ardu- 
ous task, owing to the severe interferences 
caused by the high levels of  cations, anions, 
organic colloids and particulates present in the 
natural sample [1-6]. Of several chromato- 
graphic techniques widely used to isolate trace 
metals, the applications of  chelating resins are 
found to be potentially more selective than 
those o f  ordinary cation-exchange resins. How- 
ever, it may be recalled that the retention of  
total metal species by a chelating resin (Chelex- 

* Corresponding author. 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights 
SSD! 0039-9140(95)01573-6 

100) column was found to be quantitative us- 
ing synthetic solutions, but later was found 
prone to error using natural waters and seawa- 
ter. The reason is that the heavy metals in 
natural samples may not exist entirely in the 
free (ionic) form, but may be present partly as 
the colloidal and/or  complexed form, which 
will not equilibrate with the added ionic spike 
during the time of  the separation experiments 
[7,8]. Also, the natural samples may contain a 
large fraction of  the trace metals in a form 
which is not retained by the resin, and the 
anodic stripping voltammetry (ASV) method 
used to determine labile metal content may not 
respond to this inactive fraction [7]. In another 
technique where ion-exchangers were used to 
collect only labile forms, anodic ASV was 

reserved 
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Fig. 1. Structure of chelating polyelectrolytes. 

aided by cation-exchanger [9,10] retention. This 
was found useful to some extent in combating 
the general problems of trace metal analysis, 
such as ASV peak distortion [3-6], peak reso- 
lution owing to competing complexations 
(metal-supporting electrolyte complexation 
[11], chlorocomplexation [12], metal-humate 
complexation [6]), re-adsorption of labile 
metals onto particulates [9], adsorption of sus- 
pended matter onto an electrode [5,6,13], and 
sorption of metal ions used in peak spiking by 
colloidal hydrous oxides or humic acid compo- 
nents of sediments [14]. Nevertheless, all these 
procedures have limitations in overcoming 
other major complications, i.e. interionic inter- 
ferences due to diverse metal ions, intermetallic 
formation [15,16] and the dissociation of spar- 
ingly soluble salts along with surface-held ions 
[9]. Moreover, the retention of metal-rich col- 
loidal particles in the larger pores of resins 
may cause spurious results on acid digestion/ 
elution. 

In the quest for a fool-proof solution to 
various problems as stated above and to pro- 
cure chelating functionalities immobilized on 
polymeric substrates which are effective for the 
quantitative retention of trace metal ions with 
desired selectivity, some novel chelating 
polyelectrolytes (Fig. 1) doped on stationary 
supports (Whatman No. 1 paper strip and 
silica gel), in accordance with Grahame's mod- 
ification of Stern-Gouy-Chapmans'  electrical 
double layer theory [17], appeared quite 
promising. The application of these sorbents in 
the chelating resin-impregnated paper (CRIP) 
and chelating resin-immobilized silica gel 
column (CRISC) method of chromatographic 
separation has already been established with 
synthetic water samples [18-21]. In the present 
investigation, a total speciation (fractionation) 
scheme of metals was formulated employing 
these methods for river-sediments, on the basis 
of selective chemical extraction followed by 
selective retention of the metal fraction of de- 
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sired 'lability' on complexing sorbents. An at- 
tempt has also been made to employ the CRIP 
method for metal fractionations in river water 
samples. 

2. Experimental 

2.1. Sediment samples 

Sediment sampling from a local river 
(Ganges) was carried out separately for two 
types of samples. The first type is the natural 
sediments which were collected from the mid- 
dle current of Nagwa Ghat (NG), Shivala Ghat 
(SG) and Raj Ghat (RG). Samples of the other 
type were drawn from the section of the river 
in the vicinity of the outfalls of sewage and 
waste-water drains through Nagwa nullah 
(NN) and City nullah (CN). The sampling was 
conducted by a USBM-54 bed material sam- 
pler which scoops bed samples from about 6 -9  
inches depth in the river bed. The samples were 
dried in air under atmospheric conditions, 
packed in polyethylene bags, properly labelled 
and brought to the laboratory for analysis. The 
water samples tested were drawn from two 
local ghats (Harishchandra Ghat (HCG) and 
Rajendra Prasad Ghat (RPG)) with the help of 
a dissolved oxygen water sampler. The collec- 
tion points at these centres were adjoining nul- 
lah, mixing point of nullah and river (each at a 
depth of 1 m from the top), and the middle 
current of the river (0.6 m of the total depth 
from the top of the river). 

2.2. Chemical extractant solutions 

A small amount of sediment (400 mg) was 
placed in a vial with 30 ml of extracting solu- 
tion and then sealed. This was equilibrated 
overnight by mixing with the help of an end- 
over-end mixing unit and allowed to settle for 
several hours; only supernated suspension was 
taken as test aliquot. The extractants used 
were: 0.02 M HNO3 (pH 1.8-2.3), 4 M  
CH3COOH/0.4 M NH2OH-HCI,  0.13 M 
CH3COOH/0.4M CH3COONa3 (pH 5) and 
0.05 M CaCl2. These four base solutions cover 
the entire range of labile metal contents, e.g. 
0.02 M nitric acid, low-pH labile; hydroxyl- 
amine hydrochloride in acetic acid, metals in 
reducing conditions; acetic acid/acetate buffer, 
weakly sorbed and carbonate bound; 0.05 M 
calcium chloride, exchangeable fraction at neu- 
tral system pH. 

2,3. Selective retention of  labile metal species by 
chelation chromatography 

The use of two different modes (CRIP and 
CRISC) of chromatographic separation lead to 
the detection of primarily two different cate- 
gories of biologically available metal ions, 
namely (a) ionic form by CRIP and (b) ionic 
plus weakly bound metal ions by CRISC (if the 
CRIP and CRISC methods give identical re- 
sults, this indicates the presence of the ionic 
form only in the sample). The following chelat- 
ing resins, which were originally reported [18- 
21] from our laboratory, were used in the 
chromatographic separations (structures are 
shown in Fig. 1): 

(i) poly[N-p-xylylene piperazinium-di-iodo- 
hydroxyquinoline sulfonate] (PXPi(- 
IHQS)2) (MW 36 310); 

(ii) poly[N-p-xylene piperazinium-di-sulfos- 
alicylate] (PXPi(SSA)2) (MW 25 680); 

(iii) poly[N - chloranil - N,N,N',N' - te- 
tramethyle -thylenediammonium-di-sul- 
fosalicylate] (PCED(SSA)2) (MW 2979); 

(iv) poly[N-p-xylylene-N,N'-dicyclo- 
hexylethyl-enediammonium-di-iodo-hy- 
droxyquinoline sulfonate] (C2 EX- 
[IHQS)2) (MW 21 364). 

The CRIP chromatographic method was ex- 
ecuted on Whatman No. 1 paper strips (25 x 
1.5 cm 2) which were impregnated with finely 
powdered chelating resins, PXPi(IHQS)2 and 
PXPi(SSA)2, in the manner described elsewhere 
[18,19]. Sediment extract was placed as a single 
spot (0.2 ml) on the bottom of the paper with 
the help of a microsyringe pipette for ascending 
chromatographic separations based on differ- 
ential migration of heavy metals in suitable 
solvents (water; PXPi(IHQS)2 strip and ace- 
tone-water (97:3, v/v); PXPi(SSA)2 strip) 
based on the differences in their solubility 
product equilibria [22]. The lower portion of 
the paper fixes the target metal at the starting 
point through complexation, whereas in the 
upper portion, all the mobile ions were found 
together as stable complexes in an 'elliptical 
zone' with PXPi(IHQS)2-impregnated strip [18] 
and in a 'narrow band' with PXPi(SSA)2-im- 
pregnated strip [19]. The preferential order of 
selectivity for cations is Fe a+ >Cu2+ > Cd 2+, 
Pb 2+, Zn 2+. The chelation of Cu 2+ at the 
starting point was only feasible in the absence 
of Fea+; other diverse metal ions Cd 2+, Pb 2+ 
and Zn 2+ moved with the solvent and had an 
affinity for the functional groups of the sorbent 
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in the upper zone. The fine particles of metal- 
rich colloids/clays introduced at the starting 
point by microsyringe, although negligible, 
were dispersed around the middle of the paper 
by ascending carrier solvent; the upward mov- 
ing metal ions with the solvent front have 
apparently higher Rc values required for sepa- 
ration from strongly bound metals, if any, on 
colloids/clays. Both upper and lower parts were 
perfectly digested in 2ml of concentrated 
HNO3 (Suprapur ExcelaR), diluted to 25 ml 
and finally subjected to DPASV measurements. 

CRISC chromatography was performed with 
two sorbents, silica geI-PCED(SSA) 2 and silica 
geI-C2EX(IHQS) 2, and their column perfor- 
mance with a synthetic water sample contain- 
ing different heavy metals has been reported 
elsewhere [20,21]. Column operations were em- 
ployed in the usual manner with 1.5 g chelating 
sorbent (~20-60 mesh) loosely packed (1 cm 
height) in a glass column (13 x 1.4 cm) under 
optimized conditions: pH 3.0 (Fe3+), 4.0 
(pb2+), 5.0 (Cu 2+) with flow rate 5ml min -~ 
for silica geI-C2EX(IHQS)2 sorbent; pH 5.0 
(Fe3+), 3.2 (Cd2+), 4.5 (Cu 2+) with flow rate 
5mlmin -t  for silica geI-PCED(SSA) 2 sor- 
bent. In all cases, 1 ml of the extract was 
diluted to 50 ml at the optimized pH and then 
passed through the column at a specified flow 
rate of analyte metal ions. This was followed 
by double or triple washings of bed materials 
with water to remove impurities due to fine 
particles or metal-rich colloids, if any, intro- 
duced during the loading step of the test 
aliquot. It may be pointed out that both sor- 
bents have fast sorption kinetics suitable for 
column operation [23] with a t~/2 (time required 
to reach half of the maximum sorption) value 
of 2 rain and a P2,,i, (the percentage attain- 
ment of equilibrium in 2 min) value of 50% 
metal sorption [20,21]. Moreover, with the thin 
bed of chelating resin and the flow rate of 
5 ml rain- 7, the contact time (10 min) of solu- 
ble complexes with the resin phase is appar- 
ently sufficient for the dissociation of labile 
metal fractions from weakly complexed metal- 
humate and fulvate or colloid species. Metal 
ions sorbed onto the column were finally eluted 
by 10ml of Suprapur ExcelaR grade 0.1 M 
HCI (silica geI-C2EX(IHQS)2 column) and 
1 M HNO3 (silica geI-PCED(SSAh column), 
diluted to 50ml and finally subjected to 
DPASV (standard addition) monitoring. 

2.4. Differential pulse anodic stripping 
voltammetry (DPASV) operating conditions 

Differential pulse anodic stripping voltam- 
perograms were obtained at ~25 °C in the 
conventional manner with an EG and G 
Princeton Applied Research model 264A polar- 
ographic analyzer in conjunction with a model 
303A static mercury drop electrode (SMDE) 
stand and an Omnigraphic X-Y recorder. The 
mercury drop was renewed after de-aeration of 
the cell contents for each run. The DPASV 
peaks were spiked by the corresponding stan- 
dard metal ion solution to evaluate the metal 
contents of the various solutions following the 
'standard addition method' of quantitative 
analysis. The spiked standard peaks were rela- 
tively sharper than test ASV peaks, giving a 
better comparison of their respective peak 
heights. 

In each run, 1 ml of digested/eluted test 
aliquot was added to 10 ml of buffer containing 
background electrolytes I, sodium tartrate 
buffer (/~=0.001 M, p H = l l )  for Fe 3+ and 
ammonium citrate buffer (/~ = 0.2 M, pH = 3) 
for Cu 2+, Cd 2+, Zn 2+, Pb 2+. The representa- 
tive curves obtained under optimized condi- 
tions (see Figure captions) of voitammetric 
operation after CRIP and CRISC separation 
methods are shown in Figs. 2 and 3. 

Direct and simultaneous analyses of the sedi- 
ment extracts [13] were also undertaken by 
introducing 10 ml of extract directly into the 
voltammetric cell. Typical runs are depicted in 
Fig. 4. Suitable voltammetric operational 
parameters, such as deposition potential, scan 
rate and pulse height, were examined for all the 
sample extracts, as exhibited in Fig. 5. The 
optimum DPASV parameters - -  deposition 
time, 240 s; deposition potential vs. Ag/AgCl, 
-1.2V; pulse height, 25mV; scan rate, 
5 mV s- ~ - -  were exercised for all sediment ex- 
tracts. Prior to each deposition step, the test 
sample was purged with nitrogen for 4 rain. In 
the reproducible repeat analysis, the cell con- 
tents had to be mechanically mixed between 
each deposition step. For both standard solu- 
tion and suspension, the relative standard devi- 
ation of repeated scans was _+ 8% or better, 
and the replicate precision was of the same 
order. The peak potentials for different metal 
ions in sediments in direct and simultaneous 

~ Purified buffers were obtained following the CRISC 
method, as reported in Ref. [21]. 
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Fig. 2. Differential pulse stripping voltammograms of metals in Nagwa nullah sediment preconcentrated by the CRIP 
method. (a) PXPi(IHQS)2 impregnated strip (0.02 M NHO3 sediment extract), (Fe -~+, 0.001 M sodium tartrate buffer, 
pHI 1; Zn -'+, Pb :+, Cu 2+, 0.2 M ammonium citrate buffer pH 3). (b) PXPi(SSA)2 impregnated strip (sodium acetate 
sediment extract) (Cu 2+, 0.2 M ammonium citrate buffer, pH 3; Zn 2+, Cd 2+, Pb 2+, 0.2 M ammonium citrate buffer, 
pH 3). (DPASV operational conditions: deposition time = 60 s, scan rate = 10 mV s -~, pulse height - 25 mV, deposition 
potential (vs. Ag/AgCI) = - 1.5 V (Fe~+), - 1.2 V (Zn z+, Cd 2+, pb2+), -0.6 V (CuZ+).) 

D P A S V  analysis when varied with base elec- 
trolyte solution are por t rayed  in Table 1. 

The residual metal impurities in t roduced 
dur ing various stages o f  separation, digestion 
or  elution in the present work  were always 
subjected to the necessary corrections. The 
blank runs in D P A S V  determinat ion o f  resid- 
ual metal ions were made  with 1 ml o f  digested 
(25 ml)/eluted (50ml)  solution (without  any 
sediment extract or  water samples) in 10 ml o f  
an appropr ia te  buffer o f  known pH, and corre- 

sponding amounts  were calculated for  subtrac- 
t ion f rom the final results. In direct and 
simultaneous analysis, the metal impurities 
present in extractants were determined by sepa- 
rate D P A S V  runs, pr ior  to extract analysis for  
blank corrections. 

2.5. Total metal contents 

The total metal contents  were determined by 
D P A S V  after sample digestion using a K N O 3 -  
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Fig. 3. Differential pulse stripping voltammograms of  metals in Nagwa (3hat s~liment preconccntrated by the CRISC 
method. (a) Silica geI-PCED(SSA)2 column (0.02 M H N O  3 sediment extract) (Fe -*+, 0.001 M sodium tarlrate buffer, pH 
I1; Cd 2+, Cu z+, 0.2 M ammonium citrate buffer, pH 3). (b) Silica geI -C,EX( IHQS)2 column (0.02 M HNO.~ sediment 
extract) (Fe -~+, 0.001 M sodium tartrate buffer, pH I1; Cu -'+, Pb 2+, 0.2 M ammonium citrate buffer, pH 3). (DSPASV 
operational conditions: deposition time = 60 s, scan rate = 10 mV s + i pulse height = 25 mV, deposition potential (vs. 
Ag/AgCI) = 1.5 V (Fe~+), - 1.2 V (Zn 2+, Cd 2+, Pb2+), -0 .6  V (Cu2+).) 
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Fig. 4. Typical voltammograms of direct and simultaneous analysis of metals in Raj Ghat sediment in different extracts: 
(a) 0.02 M HNO 3, (b) 0.4 M NM2OH • HC1/4 M CH~COOH, (c) 0.13 M CH.~COOH/0.4 M CH3COONa (pH 5) and (d) 
0.05 M CaCI 2 extract. 

NaNO3 fusion technique [24] in which 2.0 g 
sediment sample was predigested in 5 ml con- 
centrated HNO3 at low heat. This was subse- 
quently treated with KNO3-NaNO3 melts at 
400 *C. The follow-up involved adding 10.0 ml 
aqueous acid, NH,OH neutralization and am- 
monium citrate buffer maintaining pH3.0. 
Comparison was also made here between the 
direct simultaneous analysis of extracts and the 
amounts obtained after chromatographic sepa- 
rations (Table 2). 

3.  R e s u l t s  and  d i s c u s s i o n s  

The four major extractants (acidic, reducing, 
metal complex and neutral salt) used for the 
extraction of metal ions from sediments have 
distinctive characteristics in metal speciation 
[13]. The trace analyses with the CRIP and 
CRISC techniques are found to be equally 
efficacious for real as well as synthetic samples, 
insofar as evaluation of free and labile frac- 
tions is concerned. The iigand anions exposed 
outwardly as gegenions of polyelectrolyte 
coated on the stationary support are found to 
be readily available for strong chelation of even 

trace levels of labile metal species with a higher 
degree of selectivity and sensitivity. Hence, no 
spiking of sediment extracts is required, e.g. 
with chelex-100 resin [7], in the present study. 
Despite the fact that the CRIP and CRISC 
techniques are likely to give an estimation of 
only ionic (free) and labile (ionic plus weakly- 
complexed) metal fractions, respectively, 
strongly bound metals (and unreactive labile 
fractions if any) are not extracted at all. The 
instability problem of chelating resins caused 
by their bleeding, preswelling and cracking un- 
der the influences of medium effects and elution 
processes is found to be completely obviated in 
the present instance. Further, the sorbents 
studied here only take less than 4 min for 100% 
metal sorption [18-21]. A very small amount 
of colloids or fine particles in test aliquots of 
sediment extracts would not vitiate the sorp- 
tion kinetics and also could not be retained 
with polymer coated resins of negligible pore 
size, during the extract loading. 

The retention of heavy metals from local 
river (Ganges) sediments and waters on CRIP 
and/or CRISC supports was studied by 
analysing the original natural sample and the 
paper or column effluent, using DPASV moni- 
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Fig. 5. Effect of operational parameters on copper peak 
current. (a) Deposition potential, - 0 . 4 V  to 1,4V vs. 
Ag/AgCI; deposition time 60 s; pulse height, 25 inV. (b) 
Deposition potential, - 1 . 2 V  vs. Ag/AgCI; deposition 
time, 60-240 s; pulse height, 25 inV. (c) Deposition poten- 
tial, -1 .2  V vs. Ag/AgCI; deposition time, 60 s; pulse 
height, 25-100 mV. 

toring. Retention of the total metal, naturally 
present, was not quantitative since only ionic 
and labile fractions were retained by chelating 
sorbents in the present study. The direct 
DPASV analysis of the original sample suffers 
the serious set-back of readsorption effect(s) in 
contrast with the earlier works [7,13]. As a 
matter of fact, the substantial shift in Ep values 
(Table 1) of metal ions in sediment extracts 
studied can be considered as an indication of 
difficult oxidation due to the heavy sorption of 
diverse materials during both the deposition 
and stripping steps. However, the combination 
of chelation chromatography with DPASV ap- 
pears to be an advantageous approach to the 
alleviation of serious problems of ASV peak 
resolution, owing to the competitive role of 
calcium ions [10] released through particle dis- 
solution of sediment component, interionic 

interferences [14],  intermetallic formation 
[15,16] and also to the readsorption effect in 
cells by diverse metal ions, surfactants and 
organic colloids present in the complex ma- 
trixes of real natural samples. 

3.1. Low-pH labile contents 

Dilute nitric acid (0.02 M) treatment of sedi- 
ments releases metal ions associated with acid 
soluble matrix components (e.g. carbonates 
and amorphous hydroxides) and also displaces 
metals from organic acid colloids and surface 
sites [13]. The direct and simultaneous DPASV 
of Cu 2+, Cd 2+, and Pb 2+ gave flat baselines, 
where as a sloping baseline was obtained for 
Zn 2+ (Fig. 4(a)). 

The increase in peak height was accompa- 
nied by an increase in pulse height and deposi- 
tion time (Fig. 5). However, in all cases, a pulse 
height of 25 mV was used for DPASV runs, 
which provided a current well within the range 
of the recorder. In fact, a deposition time of a 
few seconds should have been adequate to 
avoid colloid effects for sediment extracts con- 
taining high levels of metal ions. However, the 
weakly-complexed colloid surface-held trace 
metal ions (ASV labile fraction) might not be 
easily retrieved and migrate to the mercury 
drop cathode under the influence of the applied 
potential, in such short time of deposition. As 
a matter of fact, a relatively large peak current 
was observed in the present study, when a 
higher negative potential of - 1 .2  V vs. Ag/ 
AgCI and sufficient time of 240 s were em- 
ployed (Fig. 5(b)) for ASV deposition for 
extracts containing large amounts of insoluble 
colloids/clay particles in direct DPASV analy- 
sis. The effects of variation of pulse height, 
deposition time and deposition potential are 
almost similar in all extracts for each metal 
studied. 

It has been observed that direct DPASV 
through the standard addition method for 
Fe 3 + in nitric acid extract has never been possi- 
ble, as the current for a sample consisting of 
free or weakly- bound iron metal is drastically 
reduced on spiking (Fig. 6). This reflects a 
favoured complexation equilibrium upon addi- 
tion of spiking metal solution and consequent 
electrode adsorption perturbation. The prob- 
lem is successfully solved by the application of 
CRIP/CRISC methods of isolation of iron 
from the extract. This step is also advantageous 
in combating the iron interferences [14] in the 

TMt ~ :  10.4 
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DPASV measurement of multi-element sam- 
pies. Both PXPi(IHQS)2 and PXPi(SSA)2 resins 
were found to be equally suitable for Fe 3+ 
retention by the CRIP method (Table 3) within 
the limit of errors incurred during the separa- 
tion and monitoring steps. In contrast, sorbent 
silica geI-PCED(SSAh is selective for Cu 2+, 
Cd 2+, Fe 3+, whereas silica geI-C2EX(IHQS)2 
is selective for Cu 2+, Pb 2+ and Fe 3+ under the 
specified conditions of pH and flow rate. The 
selective retention of Zn 2+ was not possible by 
the CRISC method. A very low or almost 
negligible value for Cu 2+, Cd 2+, Zn 2+ and 
Pb 2+ in real samples is obtained by direct 
DPASV as compared to those obtained after 
chromatographic separations by both tech- 
niques. This indicates the drastic reduction of 
metal ion concentrations in direct DPASV 
analysis of sediment extract, presumably due to 
the re-adsorption of ionic and ASV labile 
loosely bound ions by colloidal particles along 
with the massive Fe 3+ interferences; this ques- 
tions the validity of the data and tenuous na- 
ture of the direct method of sample monitoring 
with sediment samples. 

Table 3 shows 'low-pH labile' metal content 
data, after chromatographic separation, in var- 
ious sediments by the CRIP method to esti- 
mate only the ionic form, and the CRISC 
method to estimate ionic plus weakly-com- 
plexed (or loosely sorbed ions on particles in 
the extract) fractions as total biologically avail- 
able 'low-pH labile' metals. The larger values 
of labile metal contents obtained by the CRISC 
method can be rationalized from the fact that 
the solution is passed slowly in this method, 
allowing enough equilibration time to extract 
metal easily from weakly complexed materials 

in addition to the free metal ions (stability 
constants [25] (log K) of complexes Cu 2+ -SSA 
(9.5) and Cu2+-I HQS (ll.8) are larger than 
those for Cu E+ -humic acid (6, 8)/Cu 2+-fulvic 
acid (7.8, 8.5) complexes [26]). On the basis of 
a comparative study of 'low-pH labile' metal 
contents where the CRISC method gave higher 
results than the CRIP method, it may be con- 
cluded that there were weakly-bound metal 
fractions of Cu 2+ in Nagwa nullah, City nul- 
lah, Shivala Ghat, and Pb 2+ in all four samples 
barring City nullah. The metals Cd 2+ and Fe 3+ 
were always present as free ionic fraction 
(Zn 2+ could be only estimated as the free form 
by the CRIP method, as the CRISC method 
was not feasible). 

3.2. Low-pH labile reducing conditions 

The major fraction of total metal contents in 
soils and sediments is associated with hydrous 
oxides of iron, manganese and aluminium, and 
can be extracted with the help of reducing 
agents e.g. hydroxyl amine hydrochloride in 
25% acetic acid [13]. 

A typical direct DPASV voltammogram in 
NH2OH" HC1/25% acetic acid medium is 
shown in Fig. 4(b). A system peak appears at 
-0.75 V at lower pulse height (<  100 mV) as a 
consequence of the absorption of colloidal 
matter on the baseline slope of Cu 2+ [13]. As 
usual, the drastic iron interferences as well as 
the presence of organic particulates and Cl- 
ions impart a negligibly small amount of metal 
ions (Cu 2+, Cd 2+, Zn 2+, Pb 2+) by direct and 
simultaneous DPASV measurements. It is in- 
teresting to note that direct iron analysis in 
NHaOH'HCl/acetic acid did not pose any 

Table 1 
Peak positions of different metals in sediment sample extractants in direct DPASV measurements 

Extractant solution Peak position (V) vs. Ag/AgC1" 

Zn 2 + Cd-" + Pb: + Cu: + 

0.02 M HNO~ -0.975 --0.525 -0 .375 +0.250 
( -  1.150) ( -0 .725)  ( -0 .510)  ( -  0.080) 

0.4 M MH2OH • HCI/4 M CH~COOH -0 .925 -0 .600  -0 .425 -0 .175 
( - 0.995) ( - 0.685) ( - 0.480) ( - 0.255) 

0.13 M CH3COOH/0.4 M CH~COONa - 1.25 -0 .625 -0 .475 -0 .125 
(pH 5) ( -  1.150) ( -0 .740)  (--0.480) ( -0 .235)  

0.05 M CaCl,  -1 .500  -0 .625 -0 ,475 -0 .050  
( -  1.165) ( -0 .750)  ( -0 .560)  (--0,135) 

+" Values in parentheses denote peak potentials (Ep) for pure elements in different chemical extractants. 
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Table 2 
Total metal contents in various sediments (lag g-~) 

1403 

Metal NN CN NG SG RG 
ions 

Direct CRIP Direct CR1P Direct CRIP Direct CRIP Direct CRIP 
method method method method method method method method method method 

Cu 2+ 2482 5613 2002 6680 849 - 1679 7305 973 11464 
Cd 2+ 16805 16805 6397 6397 718 7298 5951 26212 406 1409 
Zn ~+ 68689 2433 12539 12539 10783 5617 3949 11469 2272 1711 
PB 2+ 2836 7131 1844 2892 392 13976 1515 2020 395 4132 
Fe 3+ 2 2 1 5 4  96030 82571 97761 45055 48108 59539 63120 79646 81517 

NN = Nagwa nullah, CN---City nullah, N G -  Nagwa Ghat, SG = Shivala Ghat, RG = Raj Ghat; Error ~< +8%. 

problem in spiking, unlike in the nitric acid 
extract. It is noted that the results by direct 
analysis of iron are practically consistent with 
those obtained (excluding Nagwa Ghat sam- 
ple) after chromatographic separations within 
the error limit (_+8%). The reason may be 
that NH2OH • HCI extract leaves very few ac- 
tive sites for reabsorption of iron by com- 
pletely dissolving the organic colloidal 
particles. The exception with the Nagwa Ghat 
sample may be attributed to the presence of 
favoured adsorption by inorganic particulates 
in direct analysis. In the case of other metals, 
direct analysis data (Table 4) are always spuri- 
ous owing to severe adsorption by undissolved 
residues other than hydrous oxides. 

Chromatographic separations (Table 4) re- 
veal that the zinc and copper contents are 
higher in Nagwa Ghat but lower in Raj Ghat. 
A small amount of Cd 2+ ions are found in 
Raj Ghat, and a higher amount in Nagwa 
nullah. The tributary Nagwa nullah has a 
lower Pb 2+ content, although Nagwa Ghat 
showed a relatively high Pb 2+ deposit in the 
fiver bed. The Fe 3+ contents were found to be 
relatively lower in Shivala Ghat as compared 
to Nagwa nullah. 

The comparison of the CRIP and CRISC 
methods in NHzOH. HCl/acetic acid extract 
revealed that Cu 2+, Cd 2+ and Fe 3÷ were 
present only in the free (ionic) form in all 
ghats, as the CRIP and CRISC values are in 
agreement with each other without showing a 
significant contribution from weakly labile 
complexed metal. Both weakly bound and free 
Pb 2+ were found in Nagwa nullah, City nul- 
lah, Nagwa Ghat, Raj Ghat and Shivala 
Ghat, as the CRISC method resulted in larger 
values than the CRIP method. 

3.3. Weak acM (pH 5) labile 

The sodium acetate buffer releases metal 
bound to ion-exchange sites or carbonate min- 
erals through acetato complexation, rendering 
minimized pH effects on peak size [13]. Table 
5 revealed that Cu 2+ is present in negligible 
amounts in all the sediments studied. The rea- 
son may be that the acetato complex is ineffi- 
cient in destroying the weak bonding of metal 
ions and, further, hydrous oxides associated 
with large amounts of other metal ions are 
readily dissolved. In the direct analysis of the 
acetate buffer extract of Raj Ghat and Shivala 
Ghat, Cu 2+ peak splitting (Fig. 4(c)) was ob- 
served, probably owing to metal-humate com- 
plex formation. However, the emergence of a 
second copper wave can also be assigned to 
the formation of copper(I) hydroxy species or 
adsorption of Cu(II) hydroxy species in mod- 
erately acidic medium (pH > 5) [27]. 

The chromatographic separation results 
(Table 5) show that all samples are relatively 

| t t ! 
-1.5 -1.~ -1.3 -1.2 -1.1 -1.t 

V o l t s  (V)  

Fig. 6. Effect of metal spiking for Fe -~+ in 0.02 M HNO~ 
extract of Raj Ghat sediment: (a) sample peak, (b) spiked 
peak. 
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Table 3 
'Low-pH labile' metal contents of  sediments in 0.02 M HNO.~ extract (ttg g - i )  

Metal Sample Direct CRIP  method a CRISC method 
method PXPi(IHQS)2 

Silica gel- 
PCED(SSA)2 

Silica gel- 
C2EX(IHQS)2 

Cu 2+ NN 31 491 712 713 
CN ! 80 1316 1745 1728 
NG 2 8319 8334 8333 
SG 5 1096 1396 1384 
RG 3 826 843 833 

Cd 2 + N N 0 I 184 1248 ns 
CN 5 i 247 1267 ns 
NG nd 1128 1286 ns 
SG nd 3617 3891 ns 
RG nd nd nd ns 

Pb 2+ NN ! 3536 ns  4125 
CN 3 500 ns  543 
NG 1 832 ns 896 
SG 3 597 ns 1278 
RG nd 61 ns 437 

Zn 2 + N N 52 269 ns ns 
CN 10 6561 ns ns 
N G  ! 12789 ns ns 
SG nd 7098 ns  ns  
RG 11 10753 ns ns  

Fe 3+ NN N D  + 44262 46172 48006 
CN N D  + 46469 46582 55817 
N G  N D  ÷ 3869 3914 4236 
SG N D ÷ 42816 4601 i 48745 
R G  N D  + 30744 (PXPi(IHQS)2) 31864 33962 

30478 (PXPi(SSA)2) 

Error ~<-[-8%; nd ffi not  detected; nsffi not  selective; ND+ff i  on spiking Fe3+; peak drastically reduced and s tandard 
addition method fails; N N  ~ Nagwa nullah; C N = City nuUah; NG --- Nagwa Ghat;  SG = Shivala Ghat ;  RG --- Raj Ghat .  
l Upper  part  o f  strip (except Fe -~+, which was preconcentrated in the lower part). 

free from copper. Raj Ghat contains virtually 
no Zn 2+, Pb 2+ and Cd 2+. On moving from 
Raj Ghat to Nagwa Ghat, it is observed that 
the Zn z+ contents in the free ionic form are 
increasingly higher compared to other metal 
ions. Although the Cd 2+ ion content is negligi- 
ble in Nagwa nullah, it is substantial in Nagwa 
Ghat sediment. 

On comparison of the CRIP and CRISC 
methods, Table 5 showes that Cu 2+ and Cd 2+ 
are present in trace amounts only in the free 
(uncomplexed) form in all samples studied. 
Some of the bound Pb 2+ contents are also 
present in Nagwa nuUah, City nullah and Shiv- 
ale Ghat, along with the free species. 

3.4. Sediment pH (6-8) labile 

Insofar as the extractions of metal ions held 
by electrostatic forces (i.e. occupying ion-ex- 

change sites) are concerned, neutral salt solu- 
tions have been recommended [13]. For in- 
stance, 0.05 M CaCI2 has been considered as a 
suitable medium for the selective extraction of 
copper in direct analysis. 

A typical direct DPASV voltammogram in 
CACI2 medium is shown in Fig. 4(d), where the 
broadening of the Cu 2÷ peak is attributed to 
the presence of Cl- ions [9]. The low values of 
Cu 2÷ (Table 6) found by both the CRIP and 
CRISC techniques reveal that abundances of 
electrosticted Cu 2÷ are apparently less in all 
sediments, although the total Cu 2÷ content is 
estimated to be considerably large (Table 2). 
The much smaller Cu 2 + ion content in the 
sediments from the middle of river current is 
probably due to the severe deterioration of the 
ion-exchange structure of sediments by the 
changing kinetics of water flow in adjacent 
layers. Nevertheless, the chromatographic sepa- 
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Table 4 
'Low-pH labile' (reducing conditions) metal contents in NH.,OH • HCI/25% acetic acid extract of  sediment (~g g-~)  

Metal Sample Direct CRIP method" CRISC method 
method PXPi(1 HQS)2 

Silica ge l -  Silica ge l -  
PCED(SSA h C2EX(IHQS)2 

Cu 2+ NN 3 584 566 583 
CN 122 1137 1216 1205 
NG nd 8297 8420 8418 
SG 44 1531 1534 1534 
R G  1 348 351 344 

Cd -'+ NN I 8841 8865 nd 
CN 105 1203 1225 ns 
N G  nd 2298 2325 ns 
SG nd 1785 1801 ns 
RG nd 45 45 ns 

Pb 2+ NN 4 68 ns 82 
CN 47 392 ns 616 
NG 2 1267 ns 2118 
SG I 776 ns 944 
R G  I 89 ns 322 

Zn 2 + NN 22 2872 ns ns 
CN 102 8684 ns ns 
NG 1 14719 ns ns 
SG nd 2477 ns ns 
RG 3 541 ns ns 

Fe ~ + N N 34268 36366 38614 39505 
CN 28801 31011 31392 34987 
NG 3184 25871 26019 26486 
SG 7013 7781 7827 7946 
RG 24249 23723 (PXPi(I HQS)2) 29646 

24285 (PXPi(SSA h )  

Error ~< ±IPA,; nd = not detected, ns -- not selective; NN = Nagwa nullah; CN - City nullah; NG 
SG = Shivala Ghat; R G - - R a j  Ghat. 
a Upper part of  strip (except Fe ~÷ which was preconcentrated in the lower part of  the paper strip). 

= Nagwa Ghat; 

rations (CRIP and CRISC) gave enhanced 
Cu 2+, particularly in City nullah and Nagwa 
nullah sediments as compared with direct 
techniques, whereas in the middle river-sedi- 
ments Cu 2+ remained unaltered irrespective of 
the techniques employed (Table 6). The negli- 
gible value of  Cu 2+ obtained from direct anal- 
ysis may be taken as suggestive of  exclusive 
adsorption onto the complexed matrices 
in CaCI2 extract or drastic deterioration of 
the sediment network as suggested above, 
for any of  the samples studied. The 
almost equal value of  Cu 2+ from CRIP and 
CRISC strongly supports that all river sedi- 
ments studied have an exclusively free form of 
copper in trace levels in their respective CaCI 2 
extracts. 

3.5. A general survey of  the metal contents 
in sediment samples 

The chemical speciation procedure in the 
present instance is limited to only fractiona- 
tion of  metal contents of  sediments. In spite 
of  the ambiguous links between extraction cat- 
egory and 'biological availability', the selective 
chemical extraction by four major extractants 
covers almost all metal fractions present in 
sediment samples. If M, is taken as the total 
sum of all free (ionic) metals determined by 
the CRIP method and M2 is the total sum of 
labile ( ionic+ weakly complexed) metals de- 
termined by the CRISC method available in 
all four extracts, the weakly complexed frac- 
tion could be obtained as ( M 2 - M i ) .  The 
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Table 5 
'Weak acid (pH 5) labile' metal content in sodium acetate/acetic acid extract of sediment (lag g- t )  

Metal Sediment Direct CRIP method a CRISC method 
method PXPi(SSA)2 

Silica gel- 
PCED(SSA)2 

Silica gel- 
C2EX(IHQS)2 

Cu 2+ NN I 22 24 24 
CN 9 9 9 9 
NG I 1 5 5 
SG 44 53 59 57 
RG 4 4 5 5 

Cd 2+ NN nd nd 26 ns 
CN 11 1200 1314 ns 
NG nd 3122 3265 ns 
SG nd 4062 4104 ns 
RG nd - 87 ns 

Pb 2 + N N 1 100 ns 207 
CN 3 302 ns 395 
NG nd - ns 2 
SG 2 218 ns 404 
RG nd - ns 1 

Zn 2+ NN 21 3741 ns ns 
CN 102 1282 ns ns 
NG 18 1398 ns ns 
SG nd 605 ns ns 
RG nd - ns ns 

Error ~< 8%; nd = not detected; ns = not selective; NN = Nagwa nullah; CN = City nullah; NG = Nagwa Ghat; 
SG = Shivala Ghat; RG = Raj Ghat. 
a Upper part of the strip (except Cu 2+ which was preconcentrated in the lower part of the strip). 

s t rongly  complexed  (bound)  f rac t ion  is also 
es t imated  by  sub t rac t ion  o f  M2 f rom the to ta l  
meta l  con ten t s  ob t a ined  by the C R I P  m e t h o d  
f rom Tab le  2 ( to ta l  meta l  conten ts  ob t a ined  by  
the direct  m e t h o d  are  no t  accep tab le  owing  to 
r e a d s o r p t i o n  and  ma t r i x  compl ica t ions) .  Z n  2+ 

wds ob t a ined  only  in the ionic form by the 
C R I P  method ;  o the r  f rac t ions  cou ld  not  be 
es t imated.  The  results  ob t a ined  on the basis  o f  
the a b o v e - f o r m u l a t e d  spec ia t ion  ( f rac t iona t ion)  
scheme for meta l  con ten t s  o f  different  sedi- 
men t s  are  p o r t r a y e d  in Tab le  7. 

A decreas ing  t rend o f  'b io logica l ly  ava i lab le '  
meta l  con ten t s  (Cu 2+, Ca  2+, Pb  2+) (M2) is 
obse rved  on  mov ing  f rom N a g w a  G h a t  (up- 
s t ream)  to  Ra j  G h a t  (downs t r eam)  in sedi- 
ments .  This  can  only  h a p p e n  if  the was te -wate r  
f rom the ci ty chemical ly  in teracts  with river- 
wate r  to  release the  meta l  conten ts  o f  sedi- 
men t s  f rom solute  phase  to  so lu t ion  phase.  In  
o the r  words ,  c i ty-waste  d i sposa l  in to  the r iver  
t h rough  nul lah  in t roduces  sufficient che la to r /  
l igands  for  re t r ieval  o f  meta l s  f rom the sedi- 
men t -bed ,  and  subsequent ly  pushes  away  these 
meta l s  wi th  the f lowing wa te r  layers  causing a 

dras t ic  reduc t ion  in the meta l  conten ts  o f  the 
sediments.  

A n  ent i rely oppos i t e  t rend  o f  Fe  3 + contents ,  
i.e. an  increas ing t rend p roceed ing  f rom N a g w a  
G h a t  downwards ,  to  Ra j  Gha t ,  can be at-  
t r ibu ted  to the fo l lowing possibil i t ies:  large 
conten ts  o f  Fe  3+ being in t roduced  into the 
river via  N a g w a  nul lah  which slowly settle on  
the r iver  bed  as fer rous  hydrox ides  dur ing  the 
course  o f  its flow d o w n s t r e a m  (Raj  Ghat ) .  
F u r t h e r  subs tan t ia l  add i t i on  o f  Ci ty  nuUah en- 
hances  Fe  3+ as a free and  weakly  complexed  
fo rm to a grea ter  extent.  Also,  the  Fe  3+ ions 
released by  che la to r / i igand  tend  to resettle on  
the r iver  bed  as fe r rous  hydrox ide  layers dur ing  
the course  o f  the  d o w n s t r e a m  flow o f  the river. 

3.6. Evaluation o f  copper in water samples 

A m o d e s t  a t t e mp t  is made  to analyse  Ganges  
wate r  samples  in Varanas i ,  which were col- 
lected f rom two different  s ta t ions,  i.e. Ra j end ra  
P rasad  G h a t  ( R P G )  and  H a r i s c ha nd ra  G h a t  
( H C G ) .  The  complex ing  abi l i ty  o f  Cu  2+ has 
been de te rmined  for  different samples  by  the 
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Table  6 
'Sed iment  pH ( 6 - 8 )  labi le '  meta l  con ten t  in 0.05 M CaCI2 extract  o f  sed iments  (lag g -  ~) 

1407 

Meta l  Sediment  Direct  C R I P  m e t h o d  ~ C R I S C  m e t h o d  

m e t h o d  PXPi(SSA)2 
Silica gel- 
PCED(SSA)2 

Silica g e l -  

C2EX(IHQS)2  

Cu 2÷ NN 1 103 110 105 
C N  2 43 44 41 
N G  2 5 I I  11 

SG 1 1 9 1 
R G  5 5 I 8 

Cd 2 + N N I - 13 ns 
C N  40 - 75 ns 
N G  nd - 257 ns 
SG nd - 41 ns 
R G  nd nd 2 ns  

Pb 2+ N N  nd  - ns 40 

CN nd  - ns 8 
N G  nd - ns  1 

SG nd nd  ns nd 
R G  nd - ns  nd 

Zn 2+ N N  nd  nd ns ns  

C N  nd  304 ns  ns 
N G  nd nd  ns ns 
SG nd nd ns  ns  
R G  nd nd ns ns 

E r ro r  ~< 8%; nd = not  detected;  ns  -- not  selective; N N  -- N a g w a  nul lah ,  C N  = Ci ty  nul lah;  Ng  = N a g w a  Gha t ;  
SG = Shiva la  Gha t ;  R G  = Raj  Gha t .  

U p p e r  par t  o f  s t r ip  (except Cu 2+ which is p reconcen t ra ted  in the lower  par t  o f  the strip). 

method of ASV titrations [26]. A combination 
of chromatography and direct DPASV analysis 
led to the fractionation of copper; the other 
metals present as labile fractions could not be 
detected. In addition, the laboratory tap-water 
was also analysed. The problem of re-adsorp- 
tion was immaterial in water samples, in con- 
trast to the sediment analysis; therefore, the 
direct and simultaneous analysis yielded ASV 
labile metal fractions (ionic plus weakly com- 
plexed) of copper. To obtain the total Cu 2÷, 
10 ml water sample was digested in the voltam- 
metric cell with 2 ml of concentrated nitric acid 
without boiling, and eventually evaporated to 
dryness. The direct and simultaneous analysis 
of the residue was then carried out in 0.2 M 
ammonium citrate buffer (pH 3~ by DPASV. 

As is evident from Table 8, both the CRIP 
and direct DPASV methods gave similar re- 
sults for Rajendra Prasad nullah. Hence, it is 
obvious that this sample does not particularly 
contain weakly complexed species except the 
ionic form of free Cu 2 + ion. On the contrary, 
the mixing points of nullah and river at Rajen- 
dra Prasad and Harish Ghandra Ghat contain- 
ing the purely weakly complexed form of Cu 2+ 

ion, obtainable in the direct method of simulta- 
neous analysis as the CRIP method, fails to 
detect any free metal ions. The non-detectable 
ionic fraction of Cu 2+ ions in the CRIP 
method at the mixing points of nullah and river 
at these stations strongly reveals the presence 
of chelating matters like humic and fulvic acids 
or any other organic substances which comp!ex 
Cu 2+ ions very effectively. The middle streams 
of Rajendra Prasad Ghat and Harishchandra 
nullah were devoid of both ionic and weakly 
complexed forms of copper. Here, it could be 
surmised that the higher complexing ability of 
these samples may be the governing factor 
restricting 'ASV labile' fraction in direct and/or 
CRIP analysis. The tap-water sample had only 
the ionic form of Cu 2+ available for CRIP 
analysis, while the weakly labile form could not 
be detected through direct analysis. 

The very low values of total Cu 2+ contents 
are surprisingly unrealistic, and this could be 
only rationalized if one assumes that there is a 
strong possibility of the formation of inter- 
metallic compounds on the surface of SMDE, 
which might result in illusive and frivolous 
values. 
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Table 7 
Metal fractions in sediments (lag g-~)  

Metal Sample Ionic Labile (ionic Weakly complexed 
(M~) + weakly complexed) (M., - M I ) 

(M2) 

Strongly complexed 
complexed 
(Total - M_,) 

Cu a+ NN 1200 1435 235 
CN 2507 3012 509 
NG 16622 16770 148 
SG 2680 2988 308 
RG 1183 1193 l0 

Cd 2+ NN 10023 10152 129 
CN 3650 3879 229 
NG 6540 7277 737 
SG 9463 9795 372 
RG 44 133 89 

Pb 2+ NN 3703 4473 770 
CN 550 1562 1012 
NG 2401 3015 614 
SG 1591 2626 1035 
RG 149 759 610 

Fe 3+ NN 80628 84786 4158 
CN 75270 77974 2704 
NG 29739 29933 194 
SG 50597 53838 3421 
RG 55029 57158 2129 

4178 
4668 

nd 
4317 

10271 

6653 
2518 

21 
16349 

1276 

2668 
1230 
2601 

nd 
4373 

11244 
19787 
18175 
9182 

24359 

NN = Nagwa nullah; CN = City nullah; NG 
ionic fractions present in all extracts studied; 
extracts studied; error limit ~< 8%. 

Table 8 
Analysis of Cu -'+ in Ganges waters 

= Nagwa Ghat;  SG = Shivala Ghat; RG = Raj Ghat ;  M~ = total sum of 
M2 = total sum of labile (ionic + weakly complex) fractions present in all 

Sample pH BOD Cu 2+ complexing Direct CRIP method Total 
(ppm) ability method PXPi(SSA),, (lag I -  i) 

( x  10-8 M) (lagl - I  ) strip 
( p g l - ' )  

HCG nullah 6.8 120.1 20.0 nd nd 5 
HCG mixing pt. 8.05 1.28 2.3 6875 nd nd 
RPG nullah 6.5 172.1 2.0 24750 24750 I 
RPG mixing pt. 8.13 2.3 1.7 11000 nd 28 
RPG mid. stream 8.2 0.85 1,2 nd nd 64 
Tap water 7,1 - 1.7 nd 19626 15 

HCG = Harishchandra Ghat, RPG = Rajendra Prasad Ghat;  nd = not detected, error ~< +8%; temperature = 26 *C. 

4. Conclusion 

A major objective in this investigation was to 
evaluate the feasibility of a chelation-chro- 
matographic approach to the differentiation of 
ionic and labile metal fractions in river/water 
samples. It has been concluded that the direct 
and simultaneous analysis of metals in sedi- 
ment undoubtedly has drastic re-adsorption/ 
competitive effects from a complex matrix of 
sediment extract. The introduction of a filtering 

step before analysis is not advisable, as some 
fractions loosely bound with the suspension are 
likely to be lost. However, the application of 
the CRIP and CRISC methods to the selective 
retention of heavy metals has proven to be 
an advantageous step to remove the possible 
complications of re-adsorption, intermetallic 
formation, separation of exchanger from sedi- 
ment, competitive effect of multi-elemental 
matrix, and electrode perturbation, etc. The 
CRIP method measures only ionic (free) met- 
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als, whereas  the C R I S C  m e t h o d  gives an esti- 
m a t i o n  o f  the  labi le  ( ionic plus weakly  com-  
plexed) f rac t ion  o f  the metals .  Fur the r ,  the 
val id i ty  o f  the s t anda rd  add i t i on  me thod ,  
which has  been repor ted  to be unsuccessful  in 
direct  analysis ,  cou ld  be res tored  by chela-  
t i o n - ~ h r o m a t o g r a p h i c  analysis.  The  p H  effect 
o f  the base  ex t rac tan t s  on peak  height  is also 
e l iminated ,  since ana ly te  meta l  ions are  essen- 
t ia l ly i sola ted  p r io r  to analysis  and  m o n i t o r e d  
by  D P A S V  in the sui table  buffers at  opt i -  
mized  pH.  Fur the r ,  the p r o p o s e d  C R I P -  
D P A S V  technique  is found  to be very s imple 
and  an  efficient a l te rna t ive  to avo id  peak  
d i s to r t ion  and  i ron  interferences  in the 
direct  analys is  o f  heavy  meta l s  at  t race levels 
in water .  

A l t h o u g h  we canno t  fully account  for  the 
wide spec t rum o f  results  a t  different  in tervals  
o f  t ime (or  season)  in different  sect ions o f  the 
river,  the present  work ,  within a l imited 
f r amework ,  mer i ts  special  significance to es- 
tab l i sh  an ana ly t ica l  scheme for the classifica- 
t ion o f  var ious  types  o f  meta l  f ract ions  
present  in real  na tu ra l  samples .  
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Abstract 

A series of experiments was undertaken to measure the recovery efficiency of platinum, palladium and 
gold from silicate rocks using a sodium peroxide fusion followed by anion exchange separation of the 
analytes as chloro complexes. Results obtained by graphite furnace atomic absorption spectrometric analysis 
of standard solutions prepared in dilute HC1 or HCl-acidified sodium peroxide solution showed that 
recoveries were near quantitative. However, when standard solutions were added to an alkaline sodium 
peroxide solution, which was then acidified, low results were obtained for platinum and gold (46% and 76% 
respectively). Low and variable results were also obtained when standard solutions were added to a 
peridotite sample that had been dissolved by the state procedure, and in the analysis of the South African 
Bureau of Standards certified reference material, SARM 7. Various experiments were undertaken to 
investigate these low recoveries, but the reason proposed here is the formation of hydroxychloro compounds 
in alkaline solution which are not, on acidification with HC1, converted quantitatively to the chloro complex 
necessary for quantitative anion exchange separation. It is concluded that a sodium peroxide fusion followed 
by an anion-exchange separation does not appear to form the basis of a successful technique for the 
determination of platinum, palladium and gold in silicate rocks. 

Keywords: Anion exchange separation; Chloro complexes; Gold; Palladium; Platinum; Sodium peroxide 
fusion 

1. I n t r o d u c t i o n  

In the absence of  "definitive methods" for 
the determination of  the platinum group ele- 
ments (Pt, Pd, Rh, Ru, Os, Ir) in geological 
samples, there is continuing interest in the de- 
velopment of  new and more effective analytical 
procedures. These elements present a signifi- 
cant analytical challenge since the concentra- 
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' On leave from: Universidade Estadual de Campinas, ln- 
stituto de Geoci~ncias, Cidade Universit~iria, 'Zeferino 
Vaz', Campinas, SP, PO Box 6152, CEP 13081, Brazil. 

0039-9140/95/$09.50 o 1995 Elsevier Science B.V. All rights 
SSD! 0039-9140(95)0157%9 

tion in many geological samples is in the 
nanograms per gram or even the sub- 
nanograms per gram range. Even when using 
the most sensitive analytical techniques, it is 
necessary to separate the platinum group ele- 
ments (PGEs) from matrix elements and con- 
centrate them before analysis. 

One of the most widely used separation tech- 
niques is based on fire assay using nickel sul- 
phide [1,2], or for a more limited selection of  
elements, lead-based fluxes [3,4]. These precon- 
centration procedures are considered by the 
geological community to be some of  the most 
reliable and offer the advantage of  accepting 

reserved 
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relatively large sample masses (normally up to 
10-50 g). However, the fire assay procedure is 
not without some difficulties, notably the re- 
quirement to adjust flux composition according 
to sample matrix composition and the rela- 
tively large quantities of reagents required with 
the potential consequential increase in blank 
levels. Furthermore, some reports have sug- 
gested that the nickel sulphide fire assay proce- 
dure does not always yield quantitative 
recoveries of Au and the PGEs [5] and that 
without care, losses can also occur in the subse- 
quent dissolution of the nickel sulphide button 
prior to analysis [6]. 

For these reasons, there is considerable con- 
temporary interest in developing alternative an- 
alytical procedures which offer advantages over 
established techniques. Of the alternative pro- 
cedures, ion exchange separations offer consid- 
erable potential. In particular, Alimarin et al. 
[6a] have shown that high performance liquid 
chromatography is capable of separating the 
PGEs as 8-hydroxyquinolinates, and they rec- 
ommended their procedure for the analysis of 
"technological solutions, concentrates, alloys 
and catalysts". For the analysis of geological 
samples, our particular interest was in a review 
of published distribution coefficients [7], which 
indicated that conventional anion exchange 
resins have, in theory, several advantages. Not 
only are the PGEs and Au chloro complexes 
strongly adsorbed by anion exchange resins 
from dilute hydrochloric acid solutions, but 
few other elements that are found at significant 
concentrations in silicate rocks form anionic 
species under these conditions (Table 1). More 
specifically, according to Korkisch [7], only the 
f/311owing restricted range of elements is also 
adsorbed by anion exchange resins from 0.5 M 
HCI solutions: Ag, Cu(I), Re(VII), Tc(VII), 
Zn, Cd, Hg, TI(III), Sn, Pb, Sb(III), Bi, Te(IV). 
Chromium, which may be present at substan- 
tial concentrations in silicate rocks, is also 
strongly adsorbed as Cr(VI), but if it is reduced 
to Cr(III), no adsorption occurs. Consequently, 
solutions resulting from anion exchange sepa- 
ration are likely to be free of high dissolved salt 
contents as well as species that could cause 
interferences in high sensitivity techniques such 
as graphite furnace atomic absorption spec- 
trophotometry (GF-AAS) or inductively cou- 
pled plasma-mass spectrometry (ICP-MS). 

An anion exchange separation was used by 
Branch and Hutchinson [8] to preconcentrate 
Pt and Pd after an aqua regia attack of the 

sample, with determinations made by GF- 
AAS. Their results were near quantitative, but 
alternative work [9] has shown that aqua regia 
is not capable of dissolving the more refractory 
PGE minerals, so this procedure is not appro- 
priate for all silicate rock samples. An alterna- 
tive, and potentially more effective dissolution 
procedure is one based on a sodium peroxide 
fusion (or sinter) [10]. Such procedures have 
been used extensively and successfully in radio- 
chemical separations [11-14], particularly for 
the determination of the rare earth elements, 
but not so commonly with other analytical 
procedures. However, sodium peroxide fusion 
offers the advantage that sulphide and refrac- 
tory minerals are effectively attacked and the 
released PGEs are uniformly converted to a 
high oxidation state. An anion exchange sepa- 
ration procedure has then the potential to sepa- 
rate selectively the PGEs and Au from the 
large concentrations of flux and matrix ele- 
ments. To accommodate the relatively large 
volume of solution which results from dissolu- 
tion of the peroxide cake, the anion exchange 
can be carried out in batch rather than column 
mode, a procedure that has been shown to 
offer quantitative recoveries for species with 
high distribution coefficients such as the PGE 
and Au chloro complexes [8,15]. However, de- 
spite these favourable characteristics, a review 
of the scientific literature did not reveal any 
methods in which anion exchange chromatog- 
raphy had been used following a sodium perox- 
ide fusion of geological samples for the 
determination of the PGEs and Au at the 
nanograms per gram level - -  hence the justifi- 
cation for the present work. 

In this paper, the results of a preliminary 
investigation are presented into the develop- 
ment of a method for the determination of 
platinum, palladium and gold in ~ilicate rock 
samples based on sodium peroxide sample fu- 
sion, followed by anion exchange separation in 
the column or batch mode. Unexpected 
difficulties attributable to low recoveries of 
these analytes are described and discussed. 

Table I 
Approximate distribution coefficients of  Pt, Pd and Au in 
0.5 M hydrochloric acid solution onto strongly basic resin 
[7] 

Pt(IV) Pd(ll) Au(lll)  

i0 4 i0 -~ 10 6 
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2. Experimental 

2.1. Reagents 

Stock standard solutions of platinum and 
palladium were prepared by dissolving 
(NH4)2PdCI4 and (NH4)2PtCI6 (Johnson 
Matthey Chemicals Ltd.) in I M HC1. For 
gold, an atomic absorption solution (100 ~tg 
ml-1) (Aldrich) was used. Quartz-distilled HCI, 
subboiling distilled nitric acid and deionised 
water were used in the analytical procedures. 
All other chemicals were analytical reagent 
grade. PTFE apparatus and glassware were 
cleaned by soaking in aqua regia overnight and 
then by repeatedly soaking and rinsing with 
deionised water. Between fusions, the zirco- 
nium crucible was cleaned by soaking in hot 
concentrated HC1 and then rinsing with 
deionised water. 

~ crucible was removed from the furnace 
and allowed to cool for some minutes before 
being transferred to a beaker, to which 20 ml 
of cold water were added. The beaker was 
covered with a watch glass to allow the cake to 
dissolve. After completion of the reaction, the 
same procedure as described above was fol- 
lowed. Both the crucible and the lid were 
rinsed with small amounts of 6 M HCI, which 
were added to the main solution. 

In each case, the volume of solution was 
adjusted to approximately 150 ml. Hydrogen 
peroxide (1 ml) was then added and the solu- 
tion was boiled for some minutes to reduce 
chromium(Vl), which otherwise would be 
strongly retained by the anion exchange resin. 
The solution was cooled to room temperature 
and the pH was adjusted to 0.3. 

2.3. Anion exchange 

2.2. Sample dissolution 

Samples were digested by either sintering or 
fusing with sodium peroxide in zirconium 
crucibles, using the following procedure. About 
2 g of sodium peroxide were weighed into the 
crucible and 0.5 g of sample (which had been 
dried at 105 °C) was added. After thorough 
mixing, more sodium peroxide was added (0.5 g 
for sinter or 1 g for fusion) and mixed with the 
contents of the crucible. The crucible was then 
covered with a lid and placed in a cold furnace. 

For the sintering procedure, the temperature 
was raised to about 200 °C and maintained for 
15 min. The temperature was then raised to 
480 *C and held for about 90 min. The crucible 
was removed from the furnace and allowed to 
cool for 2 min before transferring to a 600 ml 
beaker, adding 60 mi of warm water and cover- 
ing with a watch glass. After the reaction had 
subsided, the crucible was rinsed with water, 
6 M HCI (2 mi) and then water again and these 
rinses were added to the sample solution. The 
precipitate was dissolved by adding 25 ml of 
6 M HCI, stirring the solution whilst the acid 
was added. 

For the fusion procedure, the temperature of 
the furnace was raised to 550 *C and main- 
tained for about 20 min. The crucible was 
swirled to ensure mixing and then placed back 
in the furnace, and the temperature was raised 
to 575 °C and maintained for a further 20 rain. 
The crucible was swirled again and the temper- 
ature was raised to 600 *C for 20 more min. 

A strongly basic anion exchange resin (Bio- 
Rad AGI-8X; 100-200 mesh) was used in this 
work. In the majority of the experiments a 
batch procedure was employed, but the clean- 
ing and conditioning of the resin was always 
undertaken in PTFE columns 0.5 cm in diame- 
ter with a 30 ml bulb and a polypropylene frit 
to retain the resin. Resin (1 g) was transferred 
to the column in the form of a slurry. The resin 
was cleaned and conditioned following the pro- 
cedure of Colodner et al. [16], using hot 12 M 
nitric acid (10 ml), followed by 8 M nitric acid 
(10ml), water (20ml), 6 M HCI (10ml) and 
finally 0.5 M HCi (20 ml). 

For a batch separation, the resin was added 
to the sample solution and stirred for 1 h using 
a magnetic stirrer. Experiments on the kinetics 
of absorption confirmed that this time was 
sufficient for the quantitative recovery of the 
elements of interest. After this time the resin 
slurry was quantitatively transferred to the 
column and washed with 0.5 M HCI (20ml) 
and water (20 ml). The column was eluted with 
hot (approximately 90 *C) 12 M HNO 3 (30 ml), 
added 1 ml at a time. The eluate was collected 
in a 40 ml PTFE beaker. The solution was 
evaporated down to a volume of approximately 
0.5 ml under an infrared lamp. It was then 
transferred to a 5 ml volumetric flask and the 
volume made up with 0.5 M HCI. The elements 
Pt, Pd and Au were determined using a 
Perkin-Elmer Zeeman 3030 graphite furnace 
atomic absorption spectrophotometer, employ- 
ing the conditions listed in Table 2. 
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Table 2 
Graphite furnace atomic absorption spectrophotometry operating parameters for the determination of Pt, Pd and Au [25] 

Operating Pt Pd Au 
parameters 

Wavelangth (rim) 265.6 247.6 242.8 

Furnace programme: 
Drying 1 Temperature (*C) 90 90 90 

Ramp time (s) 1 i 1 
Hold time (s) 9 9 9 
Temperature (*C) 130 130 130 
Ramp time (s) 10 10 10 
Hold time (s) 15 15 15 
Temperature (*C) 500 500 500 
Ramp time (s) 10 10 10 
Hold time (s) 15 10 15 
Temperature (*C) 1300 800 1000 
Ramp time (s) 10 10 10 
Hold time (s) 15 25 15 
Temperature (*C) 2650 2650 2000 
Ramp time (s) 0 0 0 
Hold time (s) 3 3 3 
Temperature (*C) 2650 2650 2650 
Ramp time (s) 1 i 1 
Hold time (s) 4 4 4 

Drying 2 

Char 

Ash 

Atomisation 

No gas flow 
Clean out 

In some experiments, the separation was un- 
dertaken by passing the solution through the 
column instead of  using a batch separation 
procedure. As well as separations involving 
dissolved silicate rock samples, experiments 
were also performed with standard elemental 
solutions, to evaluate the behaviour and recov- 
ery of  the P G E  chloro complexes. 

3. Results and discussion 

• Preliminary results on applying the proposed 
scheme to the analysis of  the certified reference 
material SARM-7 gave low and sometimes 
variable recoveries of  the elements of  interest 
when analysed values were compared with cer- 
tified values. To  evaluate the effectiveness of  
the anion exchange procedure, therefore, a se- 
ries o f  experiments was carried out using stan- 
dard solutions of  Pt, Pd and Au. The 
concentrations of  Pt, Pd and Au, and where 
appropriate,  sodium peroxide and hydrochloric 
acid, were selected to match those found in 
sample solutions prepared from SARM-7 by 
the procedure summansed above. The results 
of  these experiments showing the percentage 
recoveries of  the elements of  interest are listed 
in Table 3. The interesting and unexpected 
differences may be summarised as follows. 

3. I. Standard solution experiments  

When Pt, Pd and Au were added to a simple 
solution of  0.5 M HCI (experiment (a) in Table 
3) or to an acidified solution of  sodium perox- 
ide (experiment (b)), the recoveries of  Pt, Pd 
and Au after anion exchange were near quanti- 
tative (within experimental error), having mean 
values in the range 92-98%.  These results indi- 
cate that the anion exchange procedure sum- 
marised above is effective, as expected from the 
favourable distribution coefficients for chloro 
complexes of  PGEs.  The large excess of  sodium 
ions in acidified solutions does not appear  to 
interfere significantly with the batch separa- 
tion. 

However, when the standard solutions were 
added to an alkaline solution of  sodium perox- 
ide, which was then acidified with HCI, as 
would be required in the full procedure for 
silicate rocks summansed  above, recoveries 
were more variable, ranging from 46% (Pt) to 
76% (Au) to 96% (Pd) (experiment (c) in Table 
3). Thus, the palladium recovery was still near 
quantitative, but less than 50% of  the platinum 
was detected after anion exchange separation, 
and the gold recovery was also low and vari- 
able. 

These data suggested that on acidifying the 
alkaline solution, complete conversion of  the Pt 
and probably the Au species to anionic chloro 
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Table 3 
Results obtained for Pt, Pd and Au recoveries using an anion exchange resin 

1415 

Experiment ~ Recovery (%) b 

Pt Pd Au 

(a) Std. soln. in 0.5 M HCI (n = 6) 97 _+ 6 
(b) Std. soln. added to a acidified soln. of NaeO., (n = 5) 98 _+ 5 
(c) Std. soln. added to a Na202 soln. and then acidified (n =- 3) 46 _+ 6 
(d) Std. soln. added to a Na202 soln., acidified and chlorinated 83 
(e) Std. added to a peridotite sample and fusion 15 
(f) Peridotite fusion, dissolution, acidification, then std. addition 84 
(g) SARM-7 sintering or fusion (n-- 10) 34 4- 17 
(h) SARM-7, fusion chlorination 30 
(i) SARM-7, fusion in Ni crucible 33 
(j) SARM-7, fusion after HF treatment 38 
(k) SARM-7, HF, aqua regia attack (n = 2) 99 + 4 
(I) SARM-7, fusion, Te eoprecipitation 99 

98_+5 92+6 
96+9 96+7 
96+4 76+ 12 
96 55 
74 65 
75 80 
78-+9 84-+19 
78 68 
79 125 
64 86 
80-+2 98-+8 
91 107 

a When not stated, n = I. 
b +, One standard deviation. 

complexes was not occurring. A further ex- 
periment was, therefore, carried out in which 
chlorine gas was bubbled through the aci- 
dified sodium peroxide solution to promote  
the formation of  anionic chloro complexes 
(experiment (d) in Table 3). In these circum- 
stances, the recovery of  platinum was in- 
creased to 83% with the palladium recoveries 
remaining near quantitative, but the recovery 
of  Au was reduced to 55%, for reasons 
which are not clear. 

Two further experiments were undertaken 
in which standard solutions were added to a 
peridotite sample which had been dissolved 
following the procedure listed above. In the 
first case, the standard solution was added to 
the peridotite sample before fusion with per- 
oxide, dissolution to form an alkaline solu- 
tion, acidification and anion exchange 
separation (experiment (e) in Table 3). Fol- 
lowing the trend observed in experiment (c), 
low recoveries were observed for all elements 
as follows: Pt (15%), Pd (74%) and Au 
(65%). In the second experiment ((f) in Table 
3), the standard solution was added after 
acidification of  the solution derived by fusion 
of  the peridotite sample (i.e. just before an- 
ion exchange). Although near-quantitative re- 
coveries might be expected by analogy with 
experiment (b), in fact recoveries were 12- 
23% lower, as follows: Pt (84%), Pd (75%), 
Au (80%). This result indicated that the 
presence of  the peridotite sample or  some as- 
pect o f  the fusion procedure had interfered 
with the anion separation procedure. 

3.2. Experiments using certified reference 
material, S A R M  7 

A series of  experiments was then carried out 
using the certified reference material SARM-7 
(platinum ore) distributed by the South African 
Bureau of  Standards. This silicate sample has 
relatively high abundances of  Pt, Pd and Au 
(3.74~tgg - I ,  1.53 i~gg - I  and 0.31 i~gg -~, re- 
spectively) compared with "typical"  silicate 
rocks. However, it offers the advantage in test- 
ing the procedure that determinations made by 
GF-AAS are well above the detection limit of  
the technique and so results would not be 
affected seriously by poor  analytical precision. 

In the first series of  experiments, the sample 
was attacked using the sintering procedure. 
These data were compared with results using 
the full fusion procedure. No significant differ- 
ence was detected between the respective 
ranges of  measurements, and the average of  all 
10 determinations are listed as experiment (g) 
in Table 3. The measured recoveries were Pt 
(34%), Pd (78%) and Au (84%). 

To evaluate further these discrepancies, addi- 
tional experiments were undertaken as follows: 
fusion of  SARM-7 followed by chlorination of  
the acidified solution before anion exchange 
(experiment (h)); substitution of  nickel for zir- 
conium crucibles in the standard procedure in 
case the presence of  small amounts  of  Zr  dis- 
solved from the crucible interfered with the 
separation procedure (experiment (i)); and 
treatment of  SARM-7 with H F  prior to fusion 
to remove Si in case the presence of  silica 
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interfered with the separation (experiment (j)). 
Low recoveries were observed in all these ex- 
periments, with values ranging as follows: Pt 
(30-38%), Pd (64-79%) and Au (68%-125°). 

The final two experiments with SARM-7 
(experiments (k) and (l) in Table 3) employed 
an alternative sample dissolution or preconcen- 
tration procedure as follows. In experiment (k), 
SARM 7 was dissolved by an HF-aqua regia 
attack using a pressure bomb. The sample 
(1.0 g), HF (ll  ml) and aqua regia (4 ml) were 
mixed in a PTFE bomb and sealed with a 
PTFE gasket in a stainless steel jacket, which 
was left in an oven at 180 °C overnight. After 
evaporation of the resultant solution and con- 
version of the residue to chlorides, the solution 
was filtered, the pH of the filtrate adjusted to 
0.3 and the solution was passed through an 
anion-exchange column. Pt and Au recoveries 
were near quantitative (99% and 98% respec- 
tively, Pd being lower at 80%. In experiment 
(l), SARM-7 was attacked using the peroxide 
fusion procedure but a Te coprecipitation was 
carried out on the resultant solution using es- 
tablished procedures [14]. The Te precipitate 
was filtered using a Millipore type HA 0.45 mm 
filter disk which was then removed from the 
PTFE holder and the precipitate quantitatively 
washed into a PTFE beaker using concentrated 
nitric acid. The same was done with any pre- 
cipitate adhering to the holder. The solution 
was evaporated, and the residue dissolved in 
0.5 ml of aqua regia, and was transferred to a 
5 ml vessel, which was made up to volume with 
0.5 M HCI and the analytes determined by 
GF-AAS. Recoveries for Pt were again near- 
quantitative (99%) with high recoveries for Pd 
(91%) and Au (107%). 

3.3. PGE chemistry 

All these results show that the separation of 
the PGEs by anion-exchange as the chloro 
complexes is not as simple as might be ex- 
pected from the favourable distribution co- 
efficient data. However, some conclusions can 
be made from these experiments in relation to 
potential difficulties previously reported in the 
literature. 

3.3.1. Formation of hydroxy complexes 
The first problem concerns the formation of 

PGE and Au hydroxy and hydroxychloro spe- 
cies in the alkaline solution during dissolution 
of the sodium peroxide cake, species which 

may not easily be converted to chloro com- 
plexes on acidification with HCI. In a paper 
dealing with the speciation of gold(III) chloride 
complexes in aqueous systems, Peck et al. [17] 
showed that with increasing pH, measurements 
by UV-vis and Raman spectroscopy were con- 
sistent with the successive replacement of chlo- 
ride by hydroxide ligands with[AuCl(OH)3]- 
and [Au(OHh]- being formed at high pH. The 
results of Peck et al. also showed that these 
hydroxychloro complexes were more stable 
than predicted on the basis of theoretically 
estimated stability constants. Hartley [18] re- 
ported that hydroxy complexes of Pt(IV) are 
obtained when a chloroplatinum(IV) complex 
is treated with sodium hydroxide. If this effect 
influenced the procedure used in the present 
work, it would be expected that by bubbling 
chlorine for several minutes through the aci- 
dified solution obtained after dissolving the 
peroxide cake, the recovery of Pt would be 
increased. An increase in recovery was in fact 
observed when a standard solution was used 
(experiment (d)) but not with SARM-7 (experi- 
ment (h)), and no improvement was observed 
when the peroxide cake was dissolved directly 
in 6 M HCI instead of first leaching in water 
(the resultant silica precipitate had to be sepa- 
rated by filtration before anion exchange). 

Davidson and Jameson [19] measured the 
equilibrium constant of the reaction 

[PtCI6] 2- + H 2 0  = [PtCIs(H20)]- + CI- 

as 3.25 × 10 -2 at 50°C. From these data, it 
would then be expected that more than 900 of 
the platinum present in 0.5 M HCI solutions 
should be in the form of the hexachloro com- 
plex. This statement agrees with the results 
obtained from standard solutions added to 
HCI solutions or to already acidified solutions 
of sodium peroxide (experiments (a) and (b)). 
However, when Pt was added to the basic 
solution and then acidified (experiment (c)), the 
results are not satisfactory. Chugaev and 
Klopin [20] obtained ammonium dihydroxy- 
platinate from the reaction between diammo- 
nium tetrachloroplatinate and hydrogen 
peroxide in acidic medium. The same workers 
reported that in alkaline medium, the reactions 
are complex and that all chlorine atoms are 
substituted by OH- ligands. This substitution 
reaction cannot be reversed except by heating 
with HCi at 150 °C. These conditions could not 
be applied in the current scheme of analysis as 
SiO2 would dehydrate and precipitate. Colod- 
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ner et al. [16], using the anion-exchange proce- 
dure to preconcentrate Pt from seawater and 
sediments, reported recoveries above 80%, but 
obtained systematically lower results when 
their work was compared with other published 
data. They attributed this discrepancy to the 
fairly unreactive nature of Pt in sea water and 
the slow kinetics of Pt-ligand exchange reac- 
tions (as previously reported by Elding [21]), 
both of which could affect the spike equilibra- 
tion of their isotope dilution technique. 

Although this effect (the presence of PGE/ 
Au hydroxychloro complexes) appears to us to 
be the most likely cause of the discrepancies 
described here, other sources were evaluated. 

3.3.2. Interference from Zr 
Zirconium from the crucible oxidises to zir- 

conium dioxide during heating and it has been 
shown [22] that hydrated zirconium dioxide 
can be used to concentrate trace amounts of 
chlorocomplexes of the Pt group elements, an 
effect that could lead to low recoveries. How- 
ever, substitution of a nickel crucible did not 
significantly improve recoveries (experiment 
(i)). 

3.3.3. Coprecipitation with silica 
The presence of any silica in solution could 

interfere either by coprecipitating the noble 
metals and/or affecting the anion exchange 
procedure. However, when one sample was 
treated with HF, which was then removed to- 
gether with silica by evaporation with HNO3 
and HC1 (experiment (j)) and the residue fused 
(minus silica) with peroxide, the Pt recovery 
was only 38%. 

From all these results, it is inferred that in 
alkaline solution, platinum forms hydroxy- 
chlorocomplexes and that the substitution of 
chloro ligands for hydroxy ligands is not quan- 
titative when the solution is then acidified with 
HCI. Any alternative explanation involving the 
precipitation of significant amounts of Pt as an 
insoluble residue during dissolution of the 
sodium peroxide cake is not supported by re- 
sults presented here. The selectivity of the an- 
ion exchange resin is much higher towards the 
choro rather than the hydroxy complexes [23]. 
For this reason, if hydroxychloro complexes 
are present in solution, then the recovery 
efficiency is likely to be much lower and it is 
this that is inferred as the limiting factor from 
the Pt data reported in Table 3. Although 
direct measurements have not been carried out 
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to~confirrn this hypothesis, it is possible that 
future experiments involving the application of 
high-performance liquid chromatography (e.g. 
Alimarin et al. [6a]) might permit identification 
of the hydroxychloro Pt species present. 

Palladium and Au showed a more consistent 
behaviour in experiments using both standard 
solutions and the reference sample SARM-7. 
However, the results obtained for Pd for sam- 
ple SARM-7 are systematically low for all the 
procedures used (experiments (g)-(k)). This 
observation was not the case in the experiments 
using standard solutions where results were 
quantitative. One possibility, which could ex- 
plain incomplete recoveries of Pd, is that after 
dissolution of the sodium peroxide cake, Pd 
may be present as Pd(OH)2, a proportion of 
which may be reduced to metallic Pd by hydro- 
gen peroxide [18] in alkaline medium. How- 
ever, this explanation does not fit in with the 
low results obtained when an acid attack was 
used (experiment (k)) or with the quantitative 
results obtained in experiment (c). Neverthe- 
less, this possibility cannot be rejected com- 
pletely and it must be considered for Pt and Au 
as well, since the hydroxy species of these 
metals can also be reduced by hydrogen perox- 
ide in alkaline medium. 

Attempts were not made to determine the 
other Pt group elements for the following rea- 
sons: Os forms the volatile tetroxide in acidic 
medium and so would be lost from sample 
solutions. Ruthenium(IV) is strongly absorbed 
from 1 M HCI solutions, but in more dilute 
HC1 medium [24], it forms species like 
Ru(OH)2CI2 which is not retained by the resin. 
Rhodium(Ill) forms RhClf in 0.1-0.5 M HCI 
solutions and is not absorbed by anion ex- 
change resins, while Rh(IV) is very strongly 
absorbed, but oxidation of rhodium in solution 
to form the tetravalent state is not possible 
with common oxidising agents. Iridium is 
strongly adsorbed by the resin when oxidised 
and complexed as IrCl62-, but this species is 
easily reduced to the trivalent complex, which 
is not retained by the resin. 

4. Conclusions 

The results obtained in this work show that 
the solution chemistry of Pt, Pd and Au is 
more complicated than expected when investi- 
gating a method for determining these elements 
in silicate rocks by peroxide fusion, followed 

TAL 42:;0-f 
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by an anion ion exchange separation. Although 
both Pt and Pd chloro complexes have fa- 
vourable distribution coefficients towards an- 
ion exchange separation, and the separation 
procedure is potentially highly selective to- 
wards these elements (the dichromate ions of 
Cr being the only other species likely to inter- 
fere), the advantage of  these favourable charac- 
teristics cannot readily be taken in the analysis 
of silicate rocks. It is suggested that hydroxy- 
and/or hydroxychloro- Pt complexes formed 
in alkaline sodium peroxide solutions do not 
react quantitatively to form the equivalent 
chloro complexes when these solutions are aci- 
dified with HCI, even when a chlorination pro- 
eedure is used. Equivalent reactions may affect 
Pd and Au, although apparently to a lesser 
extent. Alternative procedures must be investi- 
gated in order to develop a successful analyti- 
cal technique, examples of which are given by 
Van Loon and Barefoot [26]. 
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Abstract 

A matrix modifier composed of nickel and zirconium, and a graphite tube treated with zirconium solution 
were proposed for the determination of boron in cobalt-based alloys by graphite furnace-atomic absorption 
spectrometry. The effects of this matrix modifier and the treated graphite tube were studied, and the 
combination of 60 lag of nickel and 20 lag of zirconium as matrix modifier, and a graphite tube soaked with 
10 g 1-~ of zirconium solution were found to give the highest analytical sensitivity. The interference effects 
of major components (cobalt) and eight minor components (chromium, nickel, tungsten, iron, tantalum, 
molybdenum, titanium, aluminium and manganese) were studied. Boron in four cobalt-based alloys was 
determined by graphite furnace-atomic absorption spectrometry employing the proposed matrix modifier 
and the treated graphite tube, without the preseparation of matrix. The relative standard deviation was 3.3% 
for 0.048% of boron. A characteristic mass was 500 pg. 

1. Introduction 

The addition of  appropriate amounts of  
some elements improves the performance of  
steels and alloys appreciably. A microamount 
of  boron increases the degree of  quenching and 
the strength and toughness of  steels and alloys. 
However, excess amounts of  boron may cause 
their performance to deteriorate. Therefore the 
exact determination of  boron in steels and al- 
loys is required for metallurgical applications. 

Cobalt-based alloys contain many compo- 
nents (chromium, nickel, tungsten, aluminium, 
tantalum, iron, manganese, silicon, carbon, 
etc.), as well as its main component (cobalt) 
and boron. Such a complex composition causes 
severe spectral and chemical interferences in 
the determination of  boron by atomic spec- 
troscopy. Although separation of  the matrix 
from the sample solution before the measure- 
ments are performed and overcome these inter- 
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ferences, this requires a tedious treatment, eas- 
ily resulting in either contamination or loss. 
Therefore it is preferable to determine boron in 
such alloys by direct measurements without the 
preseparation of  the matrix from the sample 
solution. 

Inductively coupled plasma-atomic emission 
spectrometry has been widely used for the de- 
termination of  microamounts of  boron [1 - 11], 
but this method is unsuitable for direct deter- 
minations because it necessitates preseparating 
the matrix from the sample solution in order to 
remove spectral interferences. 

Graphite furnace-atomic absorption spec- 
trometry, another sensitive method, also suffers 
severely from matrix interferences. Moreover, 
boron combines very easily with the carbon of  
the graphite tube, resulting in low analytical 
results and severe memory effects. Neverthe- 
less, the selective application of  a suitable ma- 
trix modifier and the pretreatment of  the 
graphite tube could resolve the above prob- 
lems. To date, some matrix modifiers such as 

reserved 
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Table 1 
Instrumental parameters and operating conditions 

Parameter/conditions Value 

Wavelength (nm) 249.7 
Slit width (nm) 0.7 
Lamp current (mA) 15 
Integration time (s) 6 
Mode Peak height 
Injected sample volume (~tl) 20 

Heating programme 

Parameter/conditions Step 

I 2 3 4 5 6 

Temperature (*C) 120 1200 
Ramp time (s) 10 10 
Hold time (s) 20 20 
Read time (s) - - 
Internal gas flow rate (ml min -~) 300 300 

2700 20 2650 20 
1 1 1 I 
3 3 3 3 

50 300 300 300 

calcium [12,13], strontium [14], magnesium 
[13,14], nickel [15] and some pretreatment 
methods for the graphite tube have already 
been proposed. 

In this work, a mixture of nickel and zirco- 
nium as a matrix modifier, and the coating of 
the graphite tube with zirconium solution are 
proposed, because zirconium was often used 
for coating the graphite tube to protect against 
the formation of carbide during the analyses of 
elements that easily form carbides, and nickel 
was one of the commonly used matrix 
modifiers. It was found that this combination 
of a mixed matrix modifier and a zirconium- 
coated graphite tube resulted in excellent per- 
formance, increasing the analytical sensitivity 
and suppressing the memory effect for the de- 
termination of boron. With the application of 
this mixed matrix modifier and a zirconium- 
coated graphite tube, satisfactory results for 
the determination of boron in cobalt-based al- 
loys by graphite furnace-atomic absorption 
spectrometry without the preseparation of the 
matrix were obtained. 

2. Experimental 

2.1. Apparatus 

A Perkin-Elmer model 5000 atomic absorp- 
tion spectrometer equipped with a model HGA 
500 graphite furnace, a Data Station 10 and a 
PR I00 printer was used. An Eppendorf mi- 

cropipette was used for injecting the sample 
solution into the graphite furnace. 

A pyrolytic graphite tube was soaked in a 
10 g 1-i solution of zirconium for 2 days, then 
dried at 120 °C for 2 h and stored in a desicca- 
tor. Such a tube can be used for 200-300 
firings. Alternatively, the pyrolytic graphite 
tube was placed in the graphite furnace, 20 lal 
of 10gl -~ zirconium solution were injected 
and one heat cycle of the heating programme 
was performed. This operation was repeated 
five times. The life of the tube treated using the 
latter method was shorter than that of the tube 
treated using the soaking method. 

Instrumental parameters and operating con- 
ditions were optimized by means of experi- 
ments, and are shown in Table 1. 

2.2. Reagents 

All chemicals used were of analytical grade, 
and distilled, deionized water was used 
throughout. 

A stock standard solution of boron 
(1000 mg l - t )  w a s  prepared by dissolving boric 
acid in water, and was stored in a polyethylene 
bottle. The working standard solution 
(10mgl -t) was prepared by dilution of the 
stock standard solution with 0.2% nitric acid 
solution. 

A 20 g 1- t solution of nickel was prepared by 
dissolving 9.90 g of Ni(NO3)2 • 2H20 in 100 ml 
of water. 
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A 20 g 1 -I  solution of  zirconium was pre- 
pared by dissolving 7.06 g of  ZrOCl 2 • 8H20 in 
100 ml of  water. 

A 20 g l-~ solution of  iron was prepared by 
dissolving 9.68 g of  FeC13 • 6H2 O and diluting 
to 100 ml with 0.2% nitric acid. 

A 10 g 1-~ solution of  chromium was pre- 
pared by dissolving 1.00g of  metallic 
chromium in a minimum volume of  concen- 
trated hydrochioric acid and diluting to 100 ml 
with water. 

A l0 g l - '  solution of  cobalt was prepared 
by dissolving 4.94 g of  Co(NO3)2" 6H20 and 
diluting to 100 ml with 0.2% nitric acid, 

A l0 g l - t  solution of  tungsten was prepared 
by dissolving 17.95g of  Na2WO4-2H20  in 
about 200 ml of  water, 100 ml of  10% NaOH 
solution were added, and the solution was di- 
luted to 1 l with water and stored in a 
polyethylene bottle. 

A 5 g 1 -~ solution of  aluminium was pre- 
pared by dissolving 0.50 g of  aluminium foil in 
10ml of  hydrochloric acid, adding several 
drops of  nitric acid, and diluting to 100 ml with 
water. 

A 5 g 1-i solution of  titanium was prepared 
by dissolving 1.61 g of  TiCI3 in 20ml of  hy- 
drochloric acid and diluting to 100 ml with 
water. 

A 2 g 1 -~ solution of  manganese was pre- 
pared by dissolving 2.00 g of  manganese metal 
in a minimum volume of  (1:1) HNO3 and 
diluting to 1 1 with 0.2% HNO3. 

A 2 g 1- ~ solution of  tantalum was prepared 
by dissolving 3.96 g of  TaCI5 in 1 1 of  water. 

A 1 g 1- ~ solution of  molybdenum was pre- 
pared by dissolving 1.00 g of  metallic molybde- 
num in 25 ml of  nitric acid and diluting to 1 1 
with water. 

To construct the calibration graphs, 0, 0.5, 1, 
1.5 and 2 ml of  a 5 mg 1- J working solution of  
boron were placed in 10 ml volumetric flasks, 
1.5ml of  a 2 0 g l  -~ solution of  nickel were 
added to each flask, and the solutions were 
diluted to the mark with water. The pH values 
of  the final solutions were 5-7.  

2.3. Procedure 

About 30 mg of  finely granulated sample was 
weighed exactly in a quartz beaker, 2.5-3.0 ml 
of  aqua regia were added, and the solution was 
allowed to stand for at least 1 h at room tem- 
perature. The beaker was then heated in a 
water bath at about 70 *C to decompose the 

sample completely until some carbon particles 
only remained in the sample solution. After 
cooling, the sample solution was transferred to 
a 20 ml graduated test tube with the minimum 
volume of  0.2% nitric acid solution. A yellow 
precipitate of  tungstic acid may stick on the 
beaker bottom, but this did not affect the 
analytical results. The sample solution was 
neutralized to pH 5 -7  carefully with concen- 
trated ammonia solution, and was diluted to 
the mark with water. After shaking, a 5 ml 
aliquot of  this solution was pipetted into a 
l0 ml graduated test tube containing 1.5 ml of  
a 20 g l-~ nickel solution, and the solution was 
diluted to the mark with water. After shaking 
well, a 20 lal aliquot of  this final sample solu- 
tion and 101al of  a 2 0 0 0 m g i - '  solution of  
zirconium were injected into the graphite fur- 
nace, and the peak height was measured. 

3. Results and discussion 

3.1. Neutralization o f  the sample solution to be 
measured 

After the decomposition, the sample solution 
must be carefully neutralized with ammonia 
solution to pH 5 - 7  to match the pH of  the 
standard solution used for preparing the cali- 
bration graph. At this time, a pink precipitate 
of  cobalt hydroxide may appear. The acidity of  
the injected sample solution affects the analyti- 
cal sensitivity considerably, i.e. the sensitivity 
decreases with increase of  acidity. 

3.2. Effect o f  coating the graphite tube 

The effect of  coating the pyrolytic graphite 
tube was studied for the determination of  
500 ~tg l - t  o f  boron with 60 lag of  nickel and 
20 ~tg of  zirconium as matrix modifier, using a 
zirconium-coated and an uncoated pyrolytic 
graphite tube. The results, shown in Table 2, 
indicated that coating with zirconium enhanced 
the sensitivity approximately two fold. 

Table 2 
Effect of coating the graphite tube on the sensitivity ~ 

Type of tube Absorbance, A 

Coated 0.090 
Uncoated 0.048 

" For 500 lag I - ~ boron, 60 lag of nickel/20 lag of zirconium 
modifier. 
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Table 3 
Effects of nickel, zirconium and nickel-zirconium as ma- 
trix modifiers on the sensitivity ~ 

Table 5 
Effect of different amounts of zirconium with a constant 
amount (60 lag) of nickel on sensitivity ~ 

Amount Amount Absorbance. 
of Ni of Zr A 
(lag) (~g) 

Factor Amount Absorbance, 
of Zr A 
(lag) 

0 0 0.015 I 
0 20 0.024 1.6 

60 0 0.036 2.4 
60 20 0.090 6 

For 500 lag I- ' of boron. 

0 0.036 
20 0.090 
40 0.000 

For 500 lag 1- ~ of boron. 

3.3. Effect o f  matrix modifier 

The bond strength of  Z r - C  
(134 + 6 kcal mol-~)  is larger than that of  B - C  
(107 ___ 7 kcal m o l -  ~) [16], so when boron and 
zirconium are atomized simultaneously, zirco- 
nium may combine predominantly with carbon 
in the graphite tube. This results in the retard- 
ing of  the combination of  boron with carbon. 
Hence it makes the sensitivity increase, and at 
the same time causes the memory effect to be 
suppressed. Nickel was known to be useful as a 
matrix modifier for many elements, 
and was found by us to be able to increase the 
ashing temperature for the analysis of  steels and 
alloys up to 1200 *C. This is undoubtedly useful 
for decreasing the matrix effect. 

The effect was studied of  a matrix modifier 
composed of  nickel and zirconium on the de- 
termination of  500 lag 1- ~ of  boron with a zir- 
conium-coated pyrolytic graphite tube. The 
results obtained are shown in Tables 3, 4 and 5. 

In Table 3 it is worth noticing that although 
both nickel and zirconium have some enhanc- 
ing effects on the analytical sensitivity, the 
combination of  these two elements shows a 
multiple enhancing effect, i.e. a matrix modifier 

Table 4 
Effect of different amounts of nickel with a constant 
amount (20 lag) of zirconium on the sensitivity ~ 

Amount Absorbance, 
of Ni A 
{lag) 

20 0,075 
60 0.090 

100 0.042 
200 0.043 

a For 500 lag I- ~ of boron. 

composed of  nickel and zirconium increases 
the analytical sensitivity six times, which is 
higher than the sum (4 times) of  the enhanc- 
ing factor of  nickel (2.4 times) and that of  
zirconium (1.6 times). 

In Tables 4 and 5 it is seen that nickel and 
zirconium both have an optimal quantity for 
achieving the best sensitivity, i.e. a larger or 
smaller quantity than the optimal one causes 
the sensitivity to decrease. Combinat ion of  
these elements leads to the same situation, 
i.e. the combination of  60 lag of  nickel and 
20 lag of zirconium gives the highest analyti- 
cal sensibility. Moreover,  the above experi- 
ments also show that the memory  effect 
decreases rapidly with increasing amount  of  
zirconium. 

3.4. Interferences of  coexisting elements 

The investigated cobalt-based alloys contain 
53-57% of  cobalt, 25% of  chromium, 10-14% 
of  nickel, 7 -7 .5% of  tungsten, 0.8% of  alu- 
minium, 0.15-0.35% of  zirconium, 0.25% of 
tantalum, 0.16% of  iron, 0.15% of  titanium, 
0.07% of  silicon, 0.03% of  manganese and 
0.48-0.8% of carbon, as well as 0.027-0.05% 
of  boron. 

The interference effects from the above ele- 
ments except nickel, zirconium, silicon and car- 
bon were studied with use of  a matrix modifier 
composed of  60 lag of  nickel and 20 lag of zirco- 
nium, and a zirconium-coated tube. The results 
are shown in Table 6. It is seen that among 
these coexisting elements, chromium shows the 
most  severe interference effects relatively, but 
the use of  a matrix modifier composed of 
nickel and zirconium and a zirconium-coated 
graphite tube could avoid the interferences 
from all coexisting elements including 
chromium, provided the amount  of  sample 
does not exceed 35 rag. 
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Table 6 
Permissible amounts of coexisting elements ~ 

Element Maximum content Maximum amount b Permissible amount 
in sample calculated obtained 
(%) (mg l -  ') (mg I - ') 

Co 57 427 1375 
Cr 25 187.5 225 
W 7.5 56.25 375 
Al 0.8 6 125 
Ta 0.25 ! .875 I l 0 
Fe 0.16 1.2 3000 
Ti 0.15 !.i25 200 
Mn 0.03 0.225 250 

" For 500 lag I -  ' of boron. 
b The amount contained in I0 ml of final sample solution prepared from a 30 mg sample. 

Table 7 
Determination of boron in cobalt-based alloys by use of 
nickel-zirconium as the matrix modifier and a zirconium- 
coated graphite tube 

Sample Certified Obtained Difference Permissible 
number value value (%) difference" 

(%) (%) (%) 

0.0472, 0.0463, 0.0493, 0.0507, 0.0487, 0.0508, 
0.0465, 0.0480 and 0.0489; with a mean of  
0.0480). 

A characteristic mass was 500 pg. 
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Abstract 

Macrolide antibiotics such as erythromycin, oleandomycin, spiromycin, and tylosin are found to react 
with Fe 3+ in the presence of an acetic acid-sulfuric acid mixture to form a colored product having a useful 
absorption band at 592 nm. Troleandomycin forms only a weakly colored product upon reaction. The molar 
absorptivity is about 29001mol -~ c m - '  for erythromycin and the detection limit is 5 lag ml-~. This 
colorimetric method permits the analysis of fermentation broths containing either erythromycin or tylosin 
without a separation step. 

1. Introduction 

Macrolide antibiotics, all composed of  either 
a 14-membered or a 16-membered oxygenated 
ring with several sugars attached, have proved 
to be effective antibacterial agents for many 
years. The structures of  five common macrolide 
antibiotics are shown in Fig. I. Erythromycin 
is certainly the most well-known compound of  
this class; however troleandomycin is also 
available as a pharmaceutical product and ty- 
losin is used widely by veterinarians [1]. 

At least six colorimetric methods have previ- 
ously been developed for several of  these 
macrolide antibiotics. Hydrolysis of  the sugar 
groups of  erythromycin [2] or oleandomycin [3] 
in concentrated sulfuric acid produced a yellow 
product measurable at 470 nm. This reaction 
has recently been extended to the other three 
macrolide antibiotics shown in Fig. l with a 
comparison of  linearity and detection limits [l]. 
Tetrazolium blue can react generally with re- 
ducing agents such as erythromycin to form a 
dark blue solution [4]. Complex formation with 

* Corresponding author. 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights 
SSDI 0039-9140(95)01587-6 

Bromcresol Purple has been applied to the 
colorimetric determination of  erythromycin [5]. 
A variety of  other dyes which undergo ion pair 
formation with erythromycin in chlorinated 
solvents can be utilized [6]. Erythromycin and 
tylosin have been determined at 842 nm using 
tetracyanoquinodimethane [7]. A coiorimetric 
method at 532 nm for oleandomycin using dia- 
zotized sulphanilic acid is known [8]. However, 
all of  these methods are nonspecific or require 
a nonaqueous solvent and would be difficult to 
use for the determination of  macrolide antibi- 
otics in aqueous complicated matrices such as 
fermentation broths without a prior separation 
step. The reaction of  cis-aconitic anhydride 
with a tertiary amine such as a macrolide an- 
tibiotic permits the formation of  a colored 
product detectable at 525 nm. Although this 
reaction has been applied to the determination 
of  tylosin in fermentation broths, extraction of  
the broth with sufficient isopropyl acetate to 
give a residue that could be reconstituted to 
attain a ! mM concentration level is required 
[9]. 

We report here a coiorimetric method for 
macrolide antibiotics which involves the 

reserved 
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Fig. 1. Structures of macrolide antibiotics. 

macrolide ring and not the sugar or tertiary 
nitrogen moiety. After dehydration of the 
macrolide antibiotic in concentrated acetic 
acid, the addition of Fe 3+ will generate a 
coloured product measurable at 592 nm. The 
determination of erythromycin or tylosin in 
fermentation broths is possible without sample 
pretreatment. 

2. Experimental 

2.1. Chemicals 

The macrolide antibiotics (Fig. 1) were pur- 
chased from Sigma Chemical Co. (St. Louis, 
MO, USA). The erythromycin ethylsuccinate 
and sulfisoxazole acetyl oral suspension was 
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obtained from Abbott Laboratories (North 
Chicago, IL, USA). There were two different 
fermentation broths used for this research. One 
was a dehydrated Antibiotic Medium 3 pur- 
chased from Difco Laboratories (Detroit, MI, 
USA) and the second, donated by Eli Lilly 
(Indianapolis, IN, USA) was a dehydrated fer- 
mentation broth used for tylosin production. 
The Difco product was composed of beef ex- 
tract, yeast extract, peptone, dextrose, sodium 
chloride, dipotassium phosphate, and 
monopotassium phosphate. The Eli Lilly sam- 
ple was made up of yellow corn meal, fish 
meal, corn gluten meal, sodium chloride, am- 
monium phosphate, calcium carbonate, crude 
soybean oil, and cane molasses. The ferric 
chloride was purchased from MCB Manufac- 
turing Chemists, Inc. (Cincinnati, OH, USA). 
The sulfuric acid and acetic acid were both 
purchased from Fisher Scientific (Cincinnati, 
OH, USA) and the triply distilled water ob- 
tained from a Barnstead Nanopure distillation 
unit (Sybron/Barnstead, Dubuque, IA, USA). 

2.2. Equipment 

The spectrophotometry was conducted either 
on a Varian (Humboldt, CA, USA) DMS 90 
UV-ViS spectrophotometer or a Hewlett-Pack- 
ard (Palo Alto, CA, USA) model 8452A diode- 
array instrument. The sample compartment 
was heated to 50°C using a Fisher Scientific 
(Cincinnati, OH, USA) model 900 isotemp re- 
frigerated circulator water bath. 

2.3. Procedure 

A 500 lag ml -j erythromycin stock solution 
prepared in glacial acetic acid was allowed to 
react at 45"C for at least 30 min (often 2h) 
before use. A ferric ion stock solution was 
prepared by weighing 0.080 g of ferric chloride, 
pipeting 2 ml concentrated sulfuric acid and 
2 ml of triply distilled water into the 100 ml 
volumetric flask, and diluting to the mark with 
concentrated glacial acetic acid. Ery- 
thromycin-ferric ion standards generally rang- 
ing from 10-250 ug ml- ~ were prepared by 
pipeting 5 ml of ferric ion stock solution and 
the appropriate amount of erythromycin stock 
solution before dilution to a 10 ml volume with 
glacial acetic acid. The fermentation broths 
were prepared by adding either 17.5 g of dehy- 
drated Antibiotic Medium 3 or the entire Eli 
Lilly sample to a 1000 ml volumetric flask and 

filling to the mark with triply distilled water. A 
5 ml aliquot of the spiked fermentation broth 
sample was placed in a 50 ml volumetric flask 
and filled to the mark with concentrated glacial 
acetic acid. The blank was prepared in exactly 
the same way as the sample except that the 
fermentation broth was not spiked with the 
macrolide antibiotic. All fermentation samples 
and blanks were heated in the 45°C water bath. 
The standards for this part were prepared ex- 
actly the same as for the sample except triply 
distilled water was used instead of the fermen- 
tation broth. The pharmaceutical sample was 
prepared by measuring out in a volumetric test 
tube 1 ml of the erythromycin ethylsuccinate- 
sulfisoxazole acetyl oral suspension and quanti- 
tatively transfering it to a 100 ml volumetric 
flask before filling to the mark with concen- 
trated glacial acetic acid. This was heated in 
the 45"C water bath. The above procedure for 
preparing the erythromycin-ferric ion stan- 
dards was carried out for all the samples. All 
standards, samples and blanks, after mixing 
with ferric ion, were allowed to react in the 
heated (50"C) curvette holder for 15 min before 
the absorbance measurement was taken. 

3. Results and discussion 

3.1. Proposed reaction mechanism 

Previously, it had been proposed [10] that 
the reaction of cholesterol in an acetic acid- 
sulfuric acid mixture with Fe 3 ÷ will lead to the 
formation of trienylic and tetraenylic cations 
detectable at about 480 nm and 560 nm, respec- 
tively (Fig. 2). The wavelength maxima are 
dependent on the sulfuric acid concentration in 
the Fe 3+ stock solution. It is also known [11] 
that erythromycin in the presence of concen- 
trated acetic acid can undergo dehydration, 
forming the 8,9-anhydroerythromycin-6,9- 
hemiketal (Fig. 3). The hydroxy group beta to 
the double bond in this hemiketal product is a 
remarkably similar key functional group to 
that in cholesterol. Using LC-MS, we con- 
firmed the formation of this hemiketal product 
as evidenced by the disappearance of the 
M+,MH ÷ ion peak pair at M/z = 734, 735 and 
the formation of the ion peak at M/z = 716. 
No peak for the diene carbonium ion was 
evident. A peak at M/z = 558 present in both 
the erythromycin and hemiketal spectra repre- 
sents the fragment ion of erythromycin minus a 
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Fig. 2. Proposed mechanism of the eholesterol-Fe 3÷ reac- 
tion (from Ref. [10]). 

sugar group. An absorption spectrum of the 
hemiketal product after reaction with 
Fe3+using the optimum conditions shows two 
strong peaks at 484 and 592 nm (Fig. 4). A 
spectrum of the cholesterol reaction run using 
an 80% acetic acid-20% sulfuric acid Fe 3+ 
solution showed three peaks with wavelength 

N(CH3)2 

H3'~ I~Cl-t 3,0...L.~m/~.~ 

./~-o43 ~,o,.,~% 
"sC~ b v , k .  ~ , ,_L~oN 

H3C 0(343 

HOAc 

N(C83) 2 

• 

Fig. 3. Acetic acid degradation of erythromycin A to form 
the hemiketal product. 
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maxima at 620, 453, and 412 nm. A spectrum 
of the hemiketal product run using the same 
80% acetic acid-20% sulfuric acid Fe 3+ solu- 
tion also showed three peaks with wavelength 
maxima of 596, 486, and 412 nm. A glucose 
stock solution gave no reaction with Fe 3+, 
providing furthur evidence that the likely 
source of the colored product was from the 
macrolide ring and not the sugar groups at- 
tached to the macrolide ring. Although LC-  
MS could not provide a clear mass spectrum 
for the formation of trienylic or tetraenylic 
cations for the Fe3+-erthyromycin reaction, 
we feel this is the likely type of colored 
product. 

3.2. Optimization of  colorimetric response 

A time study of the dehydration reaction in 
concentrated acetic acid at 45°C for all five 
compounds shown in Fig. 1 was carried out 
(Fig. 5). All the macrolide antibiotics except 
troleandomycin seemed to undergo significant 
dehydration to form a product that would 
react with Fe 3+ ion. Because troleandomycin 
has an ester group instead of the hydroxyl 
group as in oleandomycin, this difference in 
reactivity is not surprising. Both spiramycin 
and tylosin already have some conjugation in 
their structures which is apparently expanded 
after reaction with Fe 3+. The spectra of the 
Fe3+-antibiotic products for oleandomycin, 
spiromycin, and tylosin were similar to that of 
erythromycin. The following optimum heating 
times for the macrolide antibiotic stock solu- 
tions were 120 min for erythromycin, 90 min 
for oleanomycin, 60 min for spiromycin and 
0 min for tylosin. Although the optimum heat- 
ing times were quite varied, in general a reac- 
tion time of only 30 rain would be sufficient for 
good dehydration to the Fe 3 + reactive product. 

The effect of water in the erythromycin stock 
solution on the colorimetric reaction was stud- 
ied (Fig. 6). It appears that 20% water can 
lower the absorbance to zero; only 5% water in 
the acetic acid solution caused a 50% decrease 
in the absorbance of the Fe3+-hemiketal 
product. Therefore, it was decided that for best 
detectability the macrolide antibiotic stock so- 
lution in acetic acid should be a prepared if 
possible from a solid instead of an aqueous 
sample. 

The proper amount of sulfuric acid needed 
to be added to the ferric chloride stock solution 
prepared in glacial acetic acid to give maxi- 
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Fig. 4. Absorbance spectrum of the Fe3+-hemiketal reaction product of erythromycin (250 pg ml-t). 

mum absorbance was determined. Ferric chlo- 
ride solutions containing 1, 2 and 4 ml of  sul- 
furic acid were prepared and time studies 
were completed (Fig. 7). In comparison, the 
cholesterol-Fe 3+ reaction would not work 
using such low concentrations of  sulfuric acid. 
The absorbance profiles for the 2 and 4 ml 
solutions were almost exactly the same. There 
were some reproducibility problems; the in- 
consistency in the results were believed to be 
caused by the sulfuric acid absorbing water. 
To alleviate this problem, small amounts o f  
water were added to the ferric chloride stock 

solution (Table 1). Therefore, it was deter- 
mined that 2 ml of  water as well as 2 ml of  
sulfuric acid should be added to 100ml of  
ferric chloride solution to obtain the optimum 
absorbance and reproducibility. 

At room temperature, the Fe3+-anhydro  - 
hemiketal macrolide reaction rate is very 
slow; therefore, the solution was heated at 40, 
50 and 60°C (Fig. 8). At 50°C, the data ob- 
tained produced a reproducible plateau from 
approximately 10 to 30 min. Some loss in sig- 
nal was observed after 10rain using a 60°C 
reaction temperature. Therefore reaction con- 
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Fig. 5. Reaction of macrolide antibiotics with acetic acid 
at 45°C as a function of time. The reaction was followed at 
592 nm using Fe ~+ . 
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Fig. 6. Effect of water in the erythromyein stock solution 
on the absorbance. The reaction was followed at 592 nm 
using Fe "~÷. 
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Fig. 7, Optimization of  the molar  absorptivity as a func- 
tion of  sulfuric acid volume in the Fe 3+-acet ic  acid solu- 
tion. The reaction was followed at room temperature (RT) 
at 592 nm using Fe 3+. 

ditions of  15 min at 50°C were used for all 
analytical work. 

A detailed linearity and reproducibility study 
of this colorimetric reaction was completed 
(Table 2). It was determined that the detection 
limit was 5 ppm erythromycin at the 592 nm 
wavelength. At 10 ppm the average absorbance 
was 0.025 with a relative standard deviation 
(RSD) of  16%; at 100 ppm the average ab- 
sorbance was 0.369 with a RSD of  1.7%; at 
250ppm the average absorbance was 0.938 
with a RSD of  1%. The RSD of  the slope at 
592 nm was 1%. The detection limit was deter- 

mined to be 2.5 ppm of erythromycin at a 
wavelength of  484 nm; however, the linearity at 
484 nm was not as good as at the 592 nm. The 
RSD of the slope at 484 nm was 2.5%. 

3.3. Real sample analysis 

Because of  the better selectivity at 592 nm, 
all real samples were analyzed at this wave- 
length despite the sacrifice in sensitivity. The 
real life samples chosen to be tested were 
spiked fermentation broths and an ery- 
thromycin oral suspension (Table 3). The de- 
termination of  erythromycin in the oral 
suspension, a white sample matrix containing 
suspended solids, gave mixed results. It is be- 
lieved that the error fluctuation was due to the 
difficulty in measuring the 1 ml aliquot of  the 
oral suspension or the inhomogeneity of  the 
sample. More work is necessary to decide if 
pharmaceutical samples can be assayed in this 
way. The fermentation broths represented a 
more challenging matrix due to their dark 
brown color as well as suspended solids. The 
assay of  fermentation broths is commercially 
important in order to determine which mi- 
croorganisms are effective in producing antibi- 
otics in high yield. The expected range for 
macrolide antibiotics in fermentation broths is 
from about 1 to 10ppt  (mgml-~).  Therefore, 

Table I 
Effect of  water in the ferric ion solution on the absorbance of  the Fe a+ -e ry thromycin  product at 592 nm 

Amoun t  o f  water added Average Standard Relative s tandard 
to 100ml o f  ferric absorbance deviation deviation 
chloride solution (n = 3) 
(ml) 

5 0.317 0.00289 0.00912 
2 1.141 0.00785 0.00688 
I 0.741 0.0197 0.0265 
0.5 0.750 0.0497 0.0663 

Table 2 
Spectrophotometric linearity of  the erythromycin-ferr ic  ion complex 

Wavelength Data  Linear Least squares u 
(nm) points range 

(mgl  - t )  

Correlation 
coefficient 

592 29 5 -250  

484 16 2.5-250 

m = 3 . 9 x i 0  - ~ _ + 3 . 9 x l 0  - s  
b =  - 9 . 2  x 10 -~  + 5.1 x 10 --~ 
m =  5.92 x 10 -3  + 1.5 x 10 -4  
b = 2.90 x 10 -2  + I.g 4- 10 -2  

0.9997 

0.9979 

Equations Y = m x  + b.  
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e, f , an acetic acid-sulfuric acid mixture to form 
a~ R o o m  Temperature a colored product likely due to a tetra- 

• 40Oc enylic cation in the macrolide ring. The cry- g*: • 50Oc 
• 60oc thromycin molar absorptivities are about 

r . . . . . . . . . . . .  29001mol-Jcm-~ at 592nm and 44001 

Time t r a i n )  

Fig. 8. Optimization of the molar absorptivity as a func- 
tion of temperature for the Fe~+-hemiketal reaction. 

three samples of Difco broth were spiked 
with erythromycin from 0.8-5 ppt. The recov- 
eries at 2 and 5 ppt averaged 103% while that 
at 0.8 ppt was 94%. The lower recovery at 
0.8ppt may be because the actual ery- 
thromycin determined was at the low end of 
the linear range, 25 ~tg ml-~. The recovery of 
tylosin at 10 ppt from the Eli Lilly broth was 
good. The results from these spiked samples 
imply that this technique could easily and ac- 
curately determine the macrolide antibiotic 
concentration in actual incubating fermenta- 
tion broths. 

mol -~ cm -~ at 484 nm. This colorimetric re- 
action is general for similar macrolide antibi- 
otics except troleandomycin. Because this 
method requires two 15-30min heated reac- 
tion steps, automation by flow injection 
would likely be diffcult. Although dilution 
of aqueous samples in concentrated acetic 
acid is required, this simple inexpensive col- 
orimetric method can be used on fermenta- 
tion broth samples with an average recovery 
of 9 9 % .  
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Table 3 
Percent recovery of erythromycin and tylosin from various sample matrices 

Concentration of antibiotic Recovery 

Sample Added Found (%) 

Difco fermentation broth Erythromycin 
# 1 2.01 mg m l -  ~ 2.07 mg m l -  ' 
# 2  2.01 mg m l - '  2.19 mg m l - '  
# 3  5.01 mg m l - '  5.12 mg ml -~ 
# 4 5.01 mg ml - ' 4.96 mg m l -  ' 
# 5 810 lag m l -  i 720 lag m l -  i 
# 6 810 lag m l -  ' 820 lag m l -  
# 7  810 lag ml -s 760 lag ml - t  
# 8  810 lag ml - I  760 pg ml - I  

Eli Lily fermentation broth Tylosin 
# I 10.0 mg ml -~ 9.96 mg ml -~ 

Oral suspension Erythromycin 
# I 400 lag ml - ~ 424 pg m l -  i 
# 2  400 lag ml - I  417 lagml - I  
# 3 400 lag ml - i 329 lag m l -  i 
# 4 400 lag m l -  i 299 lag m l -  ' 

103 
108 
102 
99.0 
88.9 

101 
93.8 
93.8 

99.6 

106 
104 
82.3 
74.8 
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Abstract 

Potentiometric multiple addition of a sample containing a pure weak acid to a solution of supporting 
electrolyte has been previously shown [C. Macc.6 and A. Merkoci, Talanta, 41 (1994) 2033] to be formally 
suitable for the determination of the dissociation constant and concentration of the sample acid. Linear 
equations have been developed for the treatment of experimental data to yield, simultaneously or separately, 
the chemical parameters of the acid solution. These equations are now tested on real samples together with 
analogous equations for titrations, and the results are compared with those obtained with rigorous statistical 
methods. For the determination of the acidity constant with samples of known concentration, multiple 
samples addition is comparable with titration. When the sample concentration is unknown and must be 
determined simultaneously to the acidity constant, the results obtained by linearized multiple sample 
addition can be seriously affected by impurities present, even at low level, either in the sample or in the 
supporting solution. Linear equations accounting for the effects of basic or acidic impurities in the sample 
or in the supporting solution are developed. 

Sample addition is confirmed to be a useful complement to pH-metric titration for the determination of 
acidity constants of moderately weak acids by non-linear regression; linearization of data is a convenient 
technique for screening purposes and a powerful means of detecting and correcting some common pitfalls, 
interferences and contaminations, whose effects are enhanced in linearized sample addition. 

1. Introduction 

It has been shown [l] that the multiple sam- 
ple addition technique is suitable for character- 
ization of  weak acid in pure solution. The basic 
equation relating the experimental variables 
(added sample volume and hydronium ion con- 
centration) to the analytical parameters of  the 
sample solution, i.e. the acidity constant and 
the sample concentration, has been rearranged 
in different forms for the convenience of  appli- 
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Permanent address: Department of Analytical Chemistry, 

University of Tirana, Albania. 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V, All rights 
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cations. For  this purpose, pairs of  auxiliary 
variables have been defined, by which the ex- 
perimental data are transformed to fit linear 
equations. Thereby, both the analytical 
parameters of  the sample (Table l of  Ref. Ill, 
Eqs. (8) -03) ) ,  or one of  them if the other is 
known (Eqs. (6) and (2) of  Ref. [1]) can be 
calculated from the parameters of  a linear 
equation or of  the corresponding plot. The 
effect of  systematic and random errors of  mea- 
surement has been discussed, in order to evalu- 
ate the intrinsic performance of  the method in 
its different applications, with particular con- 
cern for the determination of the acidity con- 
stant [1]. 

eeserved 
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In this paper, the results of some of the 
experimental tests to which the method has 
been subjected for validation are reported and 
interpreted by considering the different causes 
of error that can occur in practice, particularly 
those of chemical origin. 

Solutes with acidic or basic properties other 
than the sample acid cause the hydronium ion 
concentration in the measured solution to be 
different from that of the pure sample acid at 
the given concentration. As a consequence, the 
plots of the auxiliary variables of the equations 
for pure acid (Eqs. (2), (6), (8)-(13) of Ref. [1]) 
are expected to deviate from the theoretical 
behaviour to some extent, causing errors in the 
analytical parameters thereby calculated. Inter- 
fering substances are here assumed to be 
present only at the level of impurities. Equa- 
tions suitable for forecasting the deviations due 
to impurities and, at least in principle, for 
evaluating the amount of impurities and to 
correct for their presence are developed in the 
Theory section. The theoretical deviations from 
linear behaviour caused by impurities are ex- 
amined in the Discussion section. 

The experimental results of linearized sample 
addition are compared with those of titration 
and are also checked by a least-squares treat- 
ment of the original variables. 

2. Experimental 

2.1. Apparatus 

The measured solution, contained in a jack- 
eted cell, was flushed with purified nitrogen 
and stirred with a PTFE-coated magnetic bar 
and a magnetic stirrer. Motor-driven microbu- 
rettes (MicroBUR 2030 Crison, Barcelona) 
equipped with 1, 2.5 or 10 ml Hamilton sy- 
tinges (0.4, 1 and 4 lal resolution, respectively; 
standard deviation better than resolution) were 
used for the additions of standard, sample and 
titrant solutions. The additions were managed 
with a potentiometric titrator MicroTT 2050 
Crison. The e.m.f, of a combination glass elec- 
trode with encapsulated Ag/AgC1 reference 
electrode in 3 M KC1 and sleeve junction (In- 
gold type 405.60.88.E) was measured with 
0.1 mV resolution (instrumental standard 
deviation better than resoluton) during the 
additions. For each part of an experiment, 
a data file was created by the titrator on 
a PC. 

2.2. Reagents 

Analytical or higher grade reagents (e.g. re- 
crystallized NaCI or Merck Suprapur KC1, as 
the supporting electrolyte) were dissolved in 
freshly prepared ultrapure water (MilliQ-Plus 
grade). HCI solutions for electrode calibration 
were prepared from primary standard acid ob- 
tained by azeotropic distillation of an analyti- 
cal reagent grade product. 

2.3. Procedure 

A typical experiment began with electrode 
calibration by multiple addition (5 x 8.0 p.l+ 
24 x 40.0 Izl) of 0.1 M primary standard hy- 
drochloric acid to 25 ml of 0.1 M supporting 
electrolyte (sodium of potassium chloride or 
nitrate). The smaller initial additions allowed 
the presence of basic impurities in the support- 
ing solution to be detected (see Calculations 
section). Calibration was completed by titra- 
tion through multiple constant addition 
(20 x 100.0 p.i) of 0.1 M sodium hydroxide. Af- 
ter careful washing, the cell was again filled 
with supporting electrolyte and multiple addi- 
tion (typically, 20 additions of 50 or 125 I11) of 
the sample acid at suitable concentration (1- 
0.003 M) was performed; thereafter, the acid 
was titrated by multiple constant addition of 
sodium hydroxide. After three to five complete 
experiments of sample addition and titration, 
a second calibration by strong acid addition 
and titration with sodium hydroxide was per- 
formed. 

2.2. Calculations 

Calibration by multiple (hydrochloric) acid 
addition at practically constant ionic strength 
allowed the hydronium ion concentration [H ÷] 
to be measured in the pH range of interest. The 
data of hydrochloric acid multiple addition 
were beforehand linearized by least-squares 
fitting with the Gran function [2] using the 
theoretical electrode slope (Nernst factor); a 
statistically significant, although small, positive 
value of volume at the intercept was taken as 
an indication of the presence of basic impurity 
in the supporting electrolyte solution. The 
same data, after correction for impurity, were 
used for calculation of the electrode calibration 
parameters. 

The sample addition data were linearized 
using the linear functions introduced in Ref. [1] 
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and in the following Theory section. The data 
of the subsequent titration were used to obtain 
reference values of the sample analytical 
parameters, as described in the Results section. 
All the experimental data were also treated 
with the generalized (non-linear) least-squares 
program based on a modification of the pit- 
mapping method [3]. 

3. Theory 

Impurities can be present either in the origi- 
nal sample or in the supporting solution (wa- 
ter + supporting electrolyte) to which the 
sample is added. In the first case, the concen- 
tration ratio (interfering substance)/(analyte) in 
the measured solution is constant throughout 
each experiment; in the second case, this ratio 
decreases with the progress of addition. Impu- 
rities whose presence is hardly avoidable are 
volatile substances easily dissolved or absorbed 
by chemicals from the laboratory atmosphere, 
such as the acid carbon dioxide or the base 
ammonia. Reasonably, under the conditions of 
measurement, all the bases present at the impu- 
rity level behave as strong bases. Indeed, a 
weak base originally present in the sample as a 
very small fraction of the acid reacts com- 
pletely with it, notwithstanding the dilution 
undergone by both reactants in the measured 
solution. When present in the supporting solu- 
tion, weak bases can be assumed to react com- 
pletely if their concentration ratio to the acid 
added with the sample is small after the first 
addition. The interference by weak acids 
present at the level of impurities is moderate, 
particularly for acids weaker than the analyte. 
Therefore, only strongly basic impurities and, 
to a lesser detail, strongly acid contaminants 
will be considered in the following. 

3.1. Basic impurities in the sample 

A sample containing a weak acid contami- 
nated by a strong base can be treated as being 
composed either of the acid with a strong base 
or of the acid with its salt. The second assump- 
tion yields slightly simpler equations which, 
moreover, are more suitable for comparison 
between the experimental results of multiple 
addition and of titration. Therefore, it is as- 
sumed here that the sample contains the weak 
acid HA at concentration C and the conjugated 
weak base, i.e. the salt NaA, at concentration 

Ci. The presence of the base modifies the mass 
balances from which the basic equation relat- 
ing the measured variable (the hydronium ion 
concentration [H+]) with the controlled vari- 
able (the added volume V) is obtained (see Eq. 
(2) of Ref. [l]). The relevant mass balances 
express the total amount of the solute system 
(acid + salt) after each sample addition: 

(C + C~)V= (V  ° + V)([HA] + [A-]) (1) 

the amount of counter-ion of the salt: 

C , V =  ( V  ° + V)[Na +1 (2) 

and the electroneutrality condition: 

[H + ] + [Na +] = [OH-] + [A-] (3) 

Substitution for the equilibrium concentrations 
in Eq. (1) using Eqs. (2) and (3) together with 
the expression of the acid dissociation con- 
stant, Ka = [H+][A-]/[HA], and the expression 
for Kw yields 

C V =  ( V  ° + V)([H +] - Kw/[H+])(I + [H +]/K~) 

+ 6",. V[H +l/K. 

= H(1 + [H+]/K~) + C, V[H+]/K, (4) 

where [1] 

H =  (V ° + V)([H +] - Kw/[H+]) (5) 

(in acidic solution, H ~ (V ° + V)[H +]). 
Eq. (4) must be compared with the 'rigorous 

Gran function' F for the determination of C by 
addition of pure weak acid sample (see Eqs. (2) 
and (4) of Ref. [1]): 

F =  H(I + [H+I/K,) = C V  (6) 

The function F can be calculated from the 
experimental data when the acidity constant is 
known; the concentration of acid in the sam- 
ple, C, is obtained as the slope of the linear 
plot F against V [1]. However, when 6",. has a 
non-zero value, the value of F calculated as 
above corresponds to 

F =  c g -  C,V[H+ ]/Ka (7) 

instead of CV; therefore, deviation of the plot 
of F against V from linearity and of its (mean) 
slope from C must be expected. 

Eq. (4) can be rearranged to give the equa- 
tion 

H(1 + [H + I /K.) /V = C- -  C,[H + I/K. (8) 

which is transformed into a linear equation, 
Y =  a + bX, by introducing the auxiliary vari- 
ables X=  [H+]/K. and Y= F / V =  n ( l  + [H+]/ 
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Table 1 
Linear equations for the determination o f  the acidity constant  K~ and of  the content  of  basic impurities Ci of  a weak 
monoprotic  acid by multiple sample addition (H, Eq. 5) 

X Y Ci K S Equation Y = a + bX 

C V - H  H H C V - H  
V[ H+ ] ~ - a  b - -  = - C, + K. ~ (9) V V[H+I 
V C V - H  b I C V - H  1 C~ V 

. . . . .  + - - - -  (10) 
H H[H +] a a H[H +] K. K S H  

H[H + ] V[H + ] V[H+] H[H+] - b  a - -  =- K S - C , - -  (11) 
C V -  H C V -  H C V -  H C V -  H 

Ka)/V, which can be calculated from the exper- 
imental data, and the values of the known 
parameters V °, Ka and Kw. Accordingly, C can 
be obtained together with 6",- from the parame- 
ters of the transformed Eq. (8) from the inter- 
cept Y ( X  = 0) and from the slope, respectively, 
by least-squares or graphical interpolation. 
However, it must be expected that the results 
are strongly affected by the imprecision of [H +] 
and by the inaccuracy of K~ [1]. 

The determination of K~ using a sample with 
known C is a more suitable application of the 
sample addition method [1]. For this purpose, 
Eq. (4) is rearranged to give Eqs. (9)-(11) of 
Table 1; K~ is obtained together with 6",- by 
calculating the parameters of a linear equation 
using any pair of auxiliary variables X and Y 
defined in the Table. 

Other possible cases can be solved, at least in 
principle, with different linear transformations 
of Eq. (4). When both C and Ci are known, 
according to 

[H+](H + C~V) = K ~ ( C V -  H)  (12) 

the acidity constant can be obtained from the 
slope of a straight line with the auxiliary vari- 
ables X = C V - H  and Y=[H+] (H+CiV) .  
When only C~ is known, equations of forms 
corresponding to those of the Eqs. (8)-(13) of 
Ref. [1] are obtained. For brevity, only the 
Hofstee-type [1,4,5] equation (Eq. 13), giving C 
as the intercept and K~ as the negative recipro- 
cal of the slope, is reported here: 

H / V =  C -  [H+](H+ C~V)/VK~ (13) 

Eqs. (12) and (13) (and the other analogous 
equations) are of little interest for the present 
purpose; however, they could be useful for 
the determination of the acidity constant by 
multiple addition of a buffer with known com- 
position or with known content of base, respec- 
tively. 

When both C and K, are unknown and 
evidence is found of a finite but unknown 
concentration of basic impurity in the sample, 
for the determination of all the three parame- 
ters C, C; and Ka it is necessary to resort to a 
numerical optimization method, employing ei- 
ther Eq. (4) or directly the system of simulta- 
neous equations used for its derivation. 

In practice, impurities of the sample undergo 
a large dilution in the measured solution and, 
therefore, are possibly of lesser concern than 
impurities present in the supporting solution, 
at least when their original concentration level 
is similar. 

3.2. Basic impurities in the supporting solution 

Basic impurities present in the supporting 
solution before the beginning of additions are 
most probably weak bases, such as ammonia 
dissolved in the water from the atmosphere or 
carbonate originating from the supporting elec- 
trolyte. It is reasonably assumed that the initial 
concentration, C:, of any basic impurity in the 
measured solution is small enough for it to 
behave like a strong base and react quantita- 
tively with the sample weak acid, this being 
present in excess after the first addition. By 
substituting the equilibrium concentration in 
the relevant mass balance of the sample acid: 

CV = ( V* + V)([HA] + [A-l) (14) 

and using the mass balance of the contaminant, 
for instance ammonia, 

Cj V* = (V* + V)([NH3] + [NH~-]) 

,~(V* + V)[NH~] (15) 

the electroneutrality condition, 

[H +1 + [NH +] = [OH-] + [A-] (16) 
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Table 2 
Linear equations for the determination of  the acidity constant K, and of  the concentration C of  weak monoprotic acid 
by multiple addition to a solution of  strong base at known concentration Cj (H, Eq. 5) 

Named after [I] X Y C K~ Equation Y = a + b X  

Hofstee ( n +  Cj V*)[H +] H +  CjV* 1 H +  CjV* • a - -  (21) 
v v b V K,,V 

V I a V 1 1 
Lineweaver [H +] - ~ --_ _-7=-__ (22) 
and Burk H + C i V *  a H + C j V *  C + C K =  [H+] 

1 V 1 b V 1 I 
Scott - - -  ~ (23) 

[H + ] b a 

(H+ Ci V*)[H + ] 
C 

(H+ CjV*)[H+] (H+ ~V*)[H +1 CK. C[H+I 

and the expressions for K. and Kw, Eq. (17) is 
obtained: 

C V =  ( V  ° + V)([H +1 - Kw/[H+])(1 + [H+I/K.) 

+ Cj V°(1 + [H+I/K.) 

= ( H +  Cj V°)(1 + [H+]/K~) (17) 

The Gran function F for weak acid addition, 
Eq. (6), calculated from the experimental data 
is thereafter affected by the presence of a base 
with a non-zero value of Cj, corresponding in 
this instance to 

F =  C V - -  C/V°(l + [H+]/K.) (18) 

instead of CV. However, according to 

H(1 + [H+]/K.) /V= C -  Cj V°(1 + [H+]/K,)/V 

(19) 

obtained by rearrangement of Eq. (17), both C 
and Cj can be obtained, when K. is known, by 
linearizing the experimental data with the use 
of the auxiliary variables X = , . F / V = H ( I +  
[H+I/K.)/V and Y= (1 + [H+I/K.)/V. The 
least-squares intercept Y ( X =  O) of the trans- 
formed linear equation Y =  a + b X  yields the 
sample concentration C, while the slope factor, 
on division by V ° (the initial volume of sup- 
porting solution), yields the original concentra- 
tion of basic contaminant. It must be expected, 
however, that the results are very sensitive to 
the inaccuracy of K. [1]. 

Unfortunately, it is impossible to linearize 
Eq. (19) in the more interesting case when C is 
known and K, and Cj are unknown, i.e. for the 
determination of the acidity constant by addi- 
tion of sample at known concentration in the 
presence of unknown background basic impuri- 
ties. A solution of this problem (as in the case 
when C is also unknown) can only be sought by 
treatment of the experimental data of sample 
addition with a numerical optimization method. 

If both C and Cj are known, the acidity 
constant can be obtained from the slope of 
the plot of Y = ( C y V * + H ) [ H  +] against X =  
( C V -  C" V ° + H),  according to 

(C"V  ° + H)[H +] = K ~ ( C V -  Cj V ° - H)  (20) 

If only Cj is known, it is possible to deter- 
mine C together with K~ by means of the linear 
Eqs. (21)-(23) in Table 2. The relationships 
between the quantities C and K, and the 
parameters a and b of Eqs. (21), (22) and (23) 
are the same as for Eqs. (8), (10) and (12), of 
Ref. [1], respectively (the correspondence is 
made clear by putting Ci= 0); equations re- 
lated to Eqs. (9), (11) and (13) of Ref. [1] can 
be obtained by interchanging the auxiliary vari- 
ables (for convenience, each one of these new 
equations could be termed according to the 
name [4-7] assigned to the corresponding 
equation of Ref. [1]). 

It is interesting to note that, as a conse- 
quence of the approximation made by assum- 
ing a quantitative reaction of the weak base 
(see Eq. 15), Eqs. (17)-(23) are the same as the 
titration of a strong base at concentration Cj 
with weak acid at concentration C. However, 
the use of Eqs. (17)-(23) with titration data is 
out of the scope of the present work. 

3.3. Strongly acidic impurities 

For completeness, the effect of the presence 
of strong acids either in the sample or in the 
supporting solution is also shortly considered. 

A strong acid contamination in the sample 
solution can arise, for instance, from the syn- 
thesis or purification of the substance investi- 
gated. By combining the mass balance of the 
contaminant, for instance hydrochloric acid, 
present in the added sample solution at concen- 
tration Ch: 
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Ch V = ( V ° + V)[CI-] (24) 

with the mass balance (Eq. 14), the electroneu- 
trality condition: 

[H +] = [OH-] + [A-] + [C1-] (25) 

and the expressions of the equilibrium con- 
stants, the following equations are obtained: 

CV= ( H -  C,, V)(l + [H+]/K,) (26) 

as the Gran-type equation for the determina- 
tion of C at known K. and Q,; 

H(I +[H+IK~)/V= C+ (7/,(1 +[H+I/K,) (27) 

for the determination of C and Ch at known 
Ka; and 

( n -  CnV)/V= C - [ H + ] ( H  - C,,V)/VKa (28) 

as the Hofstee-type equation for the simulta- 
neous determination of K, and C at known C, 
(even in this instance, five more equations can 
be formulated for the same purpose). Lin- 
earization is not possible when only C is 
known. 

The salts of analytical purity employed as 
the supporting electrolyte are more frequently 
contaminated by traces of strong acids than 
commonly believed (however, a prolonged 
heating of sodium or potassium chloride at 
120"C has been found to be effective for a 
practically complete elimination of hydrochlo- 
ric acid traces). By combining the mass balance 
of the contaminant, for instance hydrochloric 
acid, at concentration Ck in the initial solution: 

C, V* = ( V* + V)[CI-] (29) 

with the mass balance (Eq. 14), the electroneu- 
trality condition (Eq. 25) and the expressions 
of the equilibrium constants, the following 
equations are obtained: 

CV-. (H-- C, V°)(l + [H+]/K,) (30) 

as the Gran-type equation for the determina- 
tion of C at known K~ and C,; 

H(I + [H + I/K.)/V = C + C, V°(l + [H + ]/K.)/V 

(31) 

for the determination of C and C, at known 
K.; and 

(H-- C, Vo)/v= C -  [ H + ] ( H -  C, V°)/VK~ 

(32) 

as the Hofstee-type equation for the simulta- 
neous determination of K~ and C at known C, 

(as before, five other equations can be formu- 
lated for the same purpose). Linearization is 
not possible when only C is known. 

The above equations, particularly those in- 
cluding the contaminant concentration as one 
of the parameters to be determined, are reason- 
ably suspected to be strongly affected by the 
uncertainty in the measured variable. In the 
present work, they have been used only to 
evaluate the reliability of the results obtainable 
with the equations [I] valid for pure solutions, 
and to investigate qualitatively the causes of 
the experimental deviations from the antici- 
pated linear behaviour. 

4. Discussion 

Linear methods of data treatment are spe- 
cially suited for obtaining preliminary data of 
acidity constants and for general use in labora- 
tories that are not particularly equipped to deal 
with sophisticated experimental apparatus and 
computer programming. Therefore, the present 
experimental work was more aimed at testing 
the robustness of the proposed method when 
subjected to the disturbances most commonly 
encountered in practice, than confirming with 
ideally behaving model systems the theoretical 
expectations of the equations proposed. 

Preliminarily, the way in which the different 
causes of deviation affect the results of the 
linear equations has been investigated by deter- 
mining the extent of their theoretical effect. For 
brevity, discussion is restricted here to those 
deviations of chemical origin that, by compari- 
son with experimental results, seemed the most 
important ones in practice. The attention is 
focused on the linear equation for determina- 
tion of the acidity constant by addition of pure 
acid at known concentration: 

H[H +1 = K~(CV- H) (33) 

(Eq. (6) of Ref. [1]), on the linear equations for 
the simultaneous determination of K~ and C 
(Eqs. (8)-(13) of Ref. [1]), taking as an exam- 
ple the Hofstee-type function: 

H C H[H+] (34) 
g K~V 

and on some of the equations that take into 
account the presence of an impurity in the 
supporting solution. 
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4.1. The effect of basic impurities in the 
supporting solution 

For the evaluation of the effect of basic 
contaminants present in the supporting solu- 
tion on the results obained using the linear 
equations for pure solutions, the auxiliary vari- 
ables of the various linear equations have been 
calculated using theoretical values [8] of hydro- 
nium ion concentration, [H+], for series of 
additions at different values of the parameters 
Ka, C and C/. These synthetic data were inter- 
polated by linear least-squares fitting to recal- 
culate the desired parameters of the sample 
acid. 

According to the results thus obtained, the 
determination of Ka using Eq. (33) is only 
moderately impaired by the presence of basic 
impurities in the supporting solution, if the 
ratio of the concentration of acid made up in 
the measured solution: 

CUA = CV/(V ° + V) (35) 

tO the concentration of contaminant base, C/, 
is large enough. As a rough indication, the 
ratio CHA/C/ must be larger than 10 after the 
first sample addition; however, the weaker the 
sample acid, the more adverse the effect of a 
given concentration of contaminant and the 
larger the ratio CmJCj. Therefore, basic impu- 
rities can limit the application of Eq. (33) 
towards small acidity constants. It must be 
remembered that, in contrast, the condition 
CH:,/K, > 1 required [1] for minimizing the 
effect of systematic and random e.m.f, mea- 
surement errors on the results of Eq. (33) is 
more easily satisfed with weaker acids. Both 
these contrasting requirements mfist be consid- 
ered in planning the experimental use of Eq. 
(33) for determination of Ka. 

Plots of Eq. (33) are shown in Fig. 1 for 
three synthetic experiments, differing only by 
the impurity level. These plots show that the 
presence of basic impurities in the supporting 
solution may cause barely appreciable devia- 
tions from linearity, even when it causes errors 
in K, (indeed, simulated experiments give ap- 
parently curved plots only at CNA/Cj< 10). 
Therefore, apparent linearity does not give safe 
evidence of the acceptability of experimental K, 
values. A significant negative value of the inter- 
cept Y(X = 0) (see Fig. 1) has been found to be 
a more suitable indicator of unacceptably large 
(negative) errors in K. due to basic contami- 
nants in the supporting solution. (However, a 

negative volume error of the first addition, due, 
for instance, to an air bubble in the tip of the 
dispensing capillary, which can be significant if 
the added volume aliquots are very small, can 
have a similar effect [1] on the intercept, with- 
out altering the slope with respect to the theo- 
retical value.) 

The same synthetic data as above have been 
used to calculate the auxiliary variables Y = H~ 
V and X =  H[H+]/V of the Hofstee-type func- 
tion, Eq. (34). Data from a few simulated 
experiments are plotted in Figs. 2 and 3; for 
easier comparison, auxiliary variables have 
been normalized to the form Y'= 1 + X' by 
putting Y'= Y/C and X ' =  XCK,. It is seen 
that simultaneous determination of Ka and C is 
very badly affected by basic impurities in the 
supporting solution, even at a low contamina- 
tion level. The error in Ka is positive (in con- 
trast with the negative error caused by basic 
contaminants when Eq. (33) is used); the error 
in C is negative, and relatively smaller. Accept- 
able errors are obtained only with stronger 
acids at higher CHA/C/ ratios. Even with these 
equations, the deviations due to basic impuri- 
ties in the supporting solution are in the same 
direction as those due to constant negative 
error in the added volume (see Fig. 8 of Ref. 
[11). 

It has been shown [I] that the effect of 
random errors of [H +] measurement on the 

YxlO 9 

1.0 

o 8  

0.6 

0.20.4 / " "  

0.0 0.0 012 0.4 O.e 0.8 1.0 
X x l 0  ~ 

Fig. I. Plot of  Eq. (33) with synthetic data including the 
effect o f  basic impurities in the supporting electrolyte solu- 
tion. Auxiliary variables X =  C V -  H, Y =  H[H+I (H, see 
Eq. 5) calculated for I0 additions of  weak acid sample with 
p K . = 5 ,  C z0 .01  M, V ° =  100ml, V = i m l ,  i =  I - I 0 .  © 

, concentration of  basic impurities Cj = 0; [] - - - ,  
C/=l.Ox IO-rM; V "", C/=5.0xlO-rM. 
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Fig. 2. Plot of Hofstee-typc function, Eq. (34), with nor- 
realized auxiliary variables X ' =  X/CK= and Y' = Y/C cal- 
culated from synthetic values of [H +] for multiple addition 
of an acid with pK= = 3 over different CHA/K a ranges in the 
presence of basic contaminant in the supporting solution at 
initial concentration Cj. V ° = 100 ml, V=  i ml, i = 1 - 10. 
O, C=0.00I  M, CHA/K=~-O.I--I; ~7, C=0.01 M, CHA/ 
K=ml -10 .  , Cj----0; , C j = l . 0 x l 0 - 6 ;  " ' '  
C j=5.0 x 10 -6. X' increases and Y' decreases with the 
progress of sample addition. 

precision of values of K~ and C obtained with 
Eq. (34) and the other equations of Ref. [1] 
(Table 1) depends strongly on the ratio CHA/K, 
of the actual weak acid concentration in the 
measured solution, CHA = CV/(V ° + V), to the 
acidity constant. For optimal precision, each 
experiment should cover at least a decade of 

CHA/K, ratios, for instance 0.1-1, 1-10, or, 
less preferably, 10-102; the effect of measure- 
ment errors is amplified both at smaller and 
larger ratios. When Ka is small, attainment of 
this optimal concentration range requires a 
small acid concentration; as a consequence, the 
concentration of impurities in the supporting 
solution becomes important. This makes Eq. 
(34) and similar equations practically unsuit- 
able for the simultaneous determination of 
acidity constant and sample concentration of 
acids with a pK~ larger than 4 or 5, unless 
special precautions are taken against the up- 
take of base by the measured solution. 

A better insight can be gained by inspection 
of Table 3, in which representative results ob- 
tained with Eqs. (33) and (34) (including Figs. 
1-3) are summarized. For each simulated ex- 
periment, the parameters (column 1-6) were 
arranged so as to operate over one decade of 
values of the CnA/K, ratio (column 4) within 
or near to the optimal range [1]. The values in 
columns 7-10 are calculated by linear least- 
squares fitting; the standard deviations due to 
variations from linearity are seen to be, in 
many instances, sufficiently small to be con- 
cealed in practice by random measurement er- 
rors. The normalization of the intercept 
Y(X=O) of Eq. (33) as the ratio to Ym,x 
calculated for the last addition (column 7) al- 
lows direct comparison between different ex- 
periments. 

4.2. Other types of impurities 

1.0 

0.8 

0.6 

0.4 

0.2 

0.0 

"0, 0"0. 

o.o oi= oi, oJ. 1.0 

X w 

Fig. 3. Plot of  Eq. (34) for an acid with p K = = 4 .  O,  
C = 0.1 M; CHA/K= ~ 10-102; other symbols  and parame- 
ters as in Fig. 2. 

Basic impurities in the sample cause the plots 
to deviate towards the same side as do basic 
impurities in the supporting solution. However, 
the deviation increases with addition by effect 
of the increase in contaminant concentration in 
the measured solution, proportional to the in- 
creasing acid concentration, so affecting the 
calculated parameters with errors in the oppo- 
site direction to those for bases in the support- 
ing electrolyte. This effect is shown in Fig. 4 (to 
be compared with Fig. 3) for the Hofstee-type 
function, Eq. (34), where the deviation causes a 
negative error in Ka and a positive error in C. 

Strong acid impurities, either in the sample 
or in the supporting solution, cause deviations 
qualitatively symmetrical with those due to 
strong basic contaminants, as shown in Fig. 4 
(where, in order to make deviations clearly 
detectable, the assumed level of contaminants 
in the sample is much higher than reasonably 
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Tab le  3 i 
Effect o f  basic  impur i t i es  a t  concen t ra t ion  C i in the suppor t ing  so lu t ion  oia the values  of  K,  and  C de te rmined  in s imula ted  

exper iments  (concen t ra t ions  in mol  I - t )  

Parameters 

pK~ c cHA cHA/K. ' ci  x I0 6 cna  
' c ,  

Results 

Eq. (33) Eq. (34) 

-- Y ( X =  O) (K. 4- o)..k: (C 4- aL.l¢ (K,, 4- o'),:,,~ 

Y,.,,,. (K~,) .... Ct r,,,, (K,,) .... 

3.00 0.1 10 -5 -10  - :  1-10 I 10"a-104 
5 2 x 10-'-2 x 10 .4 

0.01 10 -4 -10  -~ 0.1-1 1 10-'-I03 
5 20 - 200 

4.00 0.1 10-'~- 10 - :  10-100 I 10"a- 1 ~  
5 2 x  1 0 2 - 2 x l 0 3  

0.01 10 -4 -10  -~ 1-10 I 10:-103 
5 20 - 200 

0.001 10 -5 -10  -4 0.1-1 I 10-102 

5 2 - 2 0  

5.00 0.1 10--4-10 -2 103-102 1 10"~- 104 
5 2 x  1 0 2 - 2 x  103 

0.01 10 -4 -10  -3 10-100 I 1 0 : - I 0  "~ 
5 20-200 

0.001 1 0 - ~ - I 0  -4 1-10 I 10-102 

5 2 - 2 0  

0.000 1.000 + 0.000 0.997 + 0.000 1.003 + 0.000 

0.001 0.999 + 0.000 0.986 __. 0.001 1.018 __. 0.001 

0.003 0.999 + 0.000 0.989 + 0.001 1.029 + 0.004 
0.016 0.994 + 0.001 0.947 4- 0.006 I. 16 + 0.02 

0.006 0.999 + 0.000 0.985 + 0.000 1.016 + 0.001 

0.002 0.996 4- 0.000 0.931 4- 0.001 1.077 4- 0.001 
0.002 0.997 4- 0.000 0.972 4- 0.001 1.036 4- 0.002 
0.012 0.986+0.001 0.8734-0.007 1.194-0.01 
0.032 0.987 + 0.001 0.90 + 0.01 1.37 + 0.06 

0.16 0.933 4- 0.006 Strong Strong 
curvature curvature 

0.001 0.9984-0.000 0.895+0.001 I . I I84-0 .001 
0.005 0.989 4-0.001 0.632 4-0.007 1.588 +0.001 
0.004 0.9934-0.000 0.871 4-0.003 1.167+0.003 
0.021 0.963 4- 0 .002  Strong Strong 

curvature curvature 
0.024 0.973 + 0.002 0.77 + 0.03 1.40 4- 0.03 
0.12 0.86 + 0.01 Strong Strong 

curvature curvature 

expected in practice). In the case of strong acid 
impurities in the sample, it is easy to under- 
stand why deviations caused by contaminants 
in the sample increase with the progress of 
addition; indeed, the dissociation degree of the 
sample weak acid decreases with increasing 
concentration and, therefore, the ratio between 
strong and weak acid being constant, the rela- 
tive contribution of the contaminant to the 
measured [H ÷] becomes more and more impor- 
tant. The opposite decrease in the deviations 
caused by contaminants in the supporting solu- 
tion, whose concentration remains practically 
constant with the progress of addition, is quite 
trivial. 

5. Results 

Many series of experiments were performed 
with sample acids of different strength and 
concentration. Only a limited selection, most 
suitable for emphasizing the performance 
differences and the advantages or pitfalls of the 
various applications of the linearized sample 
addition method, is reported here. 

Most experiments of sample addition were 
followed by titration of the final solution with 
strong base. Thereby, the mean values of sam- 
ple concentration determined by titration were 
taken as the reference values. Titration data 
were also used to calculate the acidity constant. 
The sample concentration was first determined 
from the equivalence volume of the titration, 
obtained by linearization of the part of the 
titration preceding the equivalence point with 
the appropriate Gran function [2,4]: 

G =  Vt × 10 e/s (36) 

where V t is the added titrant volume, E is the 
measured electromotive force, and S is the 
electrode slope factor (the theoretical Nernst 
value was taken, being generally within the 
uncertainty of the experimental slope). Only 
titration points lying in the theoretical linearity 
range of the approximate Gran function [9,10] 
were considered. Using this value of C, the 
value of the acidity constant was calculated as 
the least-squares slope of the auxiliary variable 
Y= WIH +] against X =  (CV.~-  Ws), according 
to the equation 

W[H +] = K.(CVs - W) (37) 
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where W is given by 

W =  Cb V + ( V° + V~ + Vt)([H+]- Kw/[n+]) 

(38) 

Vs is the total sample volume added stepwise 
before titration, Cb is the concentration of the 
titrant base, and the other symbols have the 
customary meanings (see Theory section; Eq. 
(37) is easily obtained by rearrangement of the 
basic equation [4] for the titration of a weak 
acid with a strong base). 

The values of the chemical parameters C and 
K, determined by titration were also used when 
the equation employed for treatment of experi- 
mental multiple samples addition data required 
one of them to be known. 

It was deemed interesting to compare the 
performance of linearized titration [4] and of 
linearized multiple sample addition for the 
simultaneous determination of the weak acid 
concentration and of its acidity constant. For 
this purpose, the titration data were treated 
using the three types of relevant linear equa- 
tions (Hofstee, Lineweav~r-Burk and Scott) [4] 
corresponding to those used for multiple addi- 
tion. 

The auxiliary variables of practically all of 
the linearized equations are not independent of 
each other, as they contain both the experiment 
variables. As a consequence, the linearized 
equations do not fulfil important requirements 
for treatment by simple least-squares fitting. 
However, this treatment was chosen to pre- 
serve a moderate level of sophistication (in- 
deed, if a rigorous statistical evaluation of 
results is required, we presume that a treatment 
of direct experimental variables with one of the 
existing generalized least-squares computer 
programs is to be chosen, rather than treat- 
ment of transformed variables with any of the 
modified linear least-squares programs pro- 
posed for similar purposes). When the uncer- 
tainty of the measured variable [H +] was found 
to affect the auxiliary variable defined as the X 
of a transformed equation to a greater extent 
than the corresponding Y [1], the auxiliary 
variables were inverted [1,4] in the least-squares 
treatment of data. 

Generally, when K, was calculated with Eqs. 
(33) and (37), respectively, at a given sample 
concentration, the results of multiple sample 
addition were found to be in very good agree- 
ment with the results of titration, and both 
were in satisfactory agreement with literature 
data. 

For the simultaneous determination of K~ 
and C, linearized titrations generally yielded 
good results. On the contrary, the results ob- 
tained from sample addition data with Eq. (34) 
and the other equations of Table l, Ref. [l], 
were generally poorer. The deviations found in 
each series of experiments had a systematic 
component definitely depending on the batch 
of supporting electrolyte used. Most fre- 
quently, the direction of deviations was in 
agreement with the presence of a base in the 
supporting solution. When this kind of devia- 
tion occurred, the presence of a base in the 
supporting electrolyte was also suggested by 
the trend of data of the electrode calibration, 
performed by multiple strong acid addition to 
an identical portion of supporting electrolyte 
solution (see Experimental section); indeed, 
Gran linearization [2] yielded a positive inter- 
cept with abscissa (that is, a positive equiva- 
lence volume, corresponding to the titration 
of a base), although most freqently at the 
limits of statistical significance. When the sup- 
porting electrolyte was directly dissolved (at 
0.1 moll -~) in the measuring vessel, the con- 
centration level of contaminant base was never 
much higher than 10 -6  M, corresponding to a 
reasonable contamination level of l0 -5 mol of 
base per 1 mol of electrolyte salt; larger 
amounts, indicating a stronger contamination 
by absorption of volatile bases from the atmo- 
sphere, were found when a batch of supporting 
solution prepared a long time beforehand was 
repeatedly used. In some instances, however, 
deviations occurred in the opposite direction, 
leading to a suspected contamination of the 
supporting electrolyte by traces of (strong) 
acid. 

Moreover, the deviations found showed a 
dependence on both the strength and the con- 
centration of the sample acid, i.e. on the ratio 
CriA/Ka, in qualitative agreement with the the- 
oretical expectations [l]. 

The results of a series of experiments repre- 
sentative of the adverse effects of impurities on 
measurements of two acids of different 
strength, formic acid and acetic acid, are sum- 
marized in Table 4. 2.5 ml of approximately 
0.3M formic acid (literature value pK,=  
3.55 +_ 0.01 at 25"C and 0.1 M ionic strength) 
[ll] were added stepwise (in 20 aliquots) to 
0.1 M potassium chloride, and were subse- 
quently titrated with standard sodium hydrox- 
ide (0.1 M, in order to produce negligible 
variation of ionic strength). Using the value of 
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Table 4 
Results of calculation of K, and C from titrations and multiple sample additions of formic acid and acetic acid at 24.9°C 
(concentrations in tool 1- ~: uncertainties as standard deviations) 

Method Quantity Formic acid, K~ x 104 Acetic acid, K~ x 10 s 
calculated 

Titration Sample addition Titration 
(n = 3) (n = 4)  (n ---- 5) 

Sample addition 
(n = 5) 

Gran C 0.2952 + 0.007 n.c. 0.3015 
Eqs. (37), (33) K, 3.018 +0.017 3.016+0.017 2.836 
Hofstee C 0.2935 + 0.0010 0.267 _+ 0.009 0.3000 

K. 3.018 + 0.013 3.33 + 0.20 2.836 
Lineweaver-Burk C 0.2912 + 0.0010 0.268 + 0.013 0.2972 

K, 3.058 + 0.016 3.36 + 0.20 2.877 
Scott C 0.2951 +0.0007 0.270+0.014 0.3018 

K, 2.962 + 0.009 3.32 + 0.21 2.792 
GLS ~ K u 2.976 + 0.027 2.984 __ 0.008 2.799 
GLS b C 0.2945 + 0.0011 0.2930 + 0.0007 0.3012 

K" 2.977 :[: 0.081 2.889 + 0.005 2.791 

_+ 0.0006 n.c. 
+ 0 .019  2.846+0.025 
+ 0.0008 0.222 + 0.035 
+ 0.019 3.98 + 0.72 
+0.0023 0.215+0.034 
+ 0.046 4.13 + 0.73 
+ 0.0002 0.223 + 0.035 
+ 0.013 3.97 + 0.71 
+ 0.018 2.809 + 0.032 
+ 0.0001 0.301 i + 0.0002 
+0.021 2.717+0.080 

GLS = generalized least squares. 
" O n e  adjustable parameter. 
b Two adjustable parameters. 

the  sample  concen t r a t i on  o b t a i n e d  f rom G r a n  
t i t ra t ion ,  p K , = 3 . 5 2 0 + 0 . 0 0 2  was o b t a i n e d  
f rom the t i t r a t ion  d a t a  wi th  Eq. (37) and  
p K a - - 3 . 5 2 1  + 0.003 f rom the sample add i t i on  
d a t a  wi th  Eq. (33), wi th  excellent  ag reement  
between the two sets. 
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Fig. 4. Plot of Hofstee-type function, Eq. (34), with nor- 
malized auxiliary variables X ' s  X/CK, and Y'= Y/C 
calculated from synthetic values of [H +] for multiple addi- 
tion of an acid with pK~ J 4 over different CH^/£~ ranges 
in the presence of contaminant in the samples. 
V°~ 100ml, V=imi,  i -  i-10. - - ,  Cj-O. Basic impu- 
rity (conjugated base) at 1% concentration ratio: O, 
Cz0.001M, CH^/Ka~O.I-I; V, C-0 .01M,  CN^/ 
Ka~ 1-10; f"l C,-0.1 M, Ct4A/Ka~ 10-102. Strong acid 
impurity at I% concentration ratio represented by full 
symbols; other parameters as above. 

The  results  o f  the  s imul t aneous  de te rmina -  
t ion o f  K,  and  C f rom the l inear ized t i t r a t ion  
d a t a  are  also good ,  a l though  they show some 
dependence  upon  the l inear  equa t ion  used. In 
cont ras t ,  the co r r e spond ing  exper imenta l  p lo ts  
o f  the sample  add i t i on  d a t a  (see Eq. (34) and  
Tab le  1 o f  Ref.  [1]) dev ia te  f rom the theore t ica l  
p lo ts  ca lcu la ted  with the above  values o f  
the  chemical  pa r a me te r s  in the  d i rec t ion  corre-  
spond ing  to the presence o f  a base  in the 
suppor t ing  electrolyte ,  in qua l i ta t ive  accor-  
dance  with  Figs.  2 and  3. As  a consequence,  
the  ca lcu la ted  value o f  the  ac idi ty  cons t an t  is 
affected by  a posi t ive  e r ro r  and  tha t  o f  the 
sample  c onc e n t r a ton  by  a negat ive  error .  In  
spite o f  the apprec iab le  shift ing, any  dev ia t ion  
f rom l ineari ty,  being small  in the exper imenta l  
concen t ra t ion  range  (see Discuss ion  section),  is 
prac t ica l ly  m a s k e d  by  the d ispers ion  o f  the 
po in ts  (a l though small) .  

As  expected (see Discuss ion  section,  Figs.  2 
and  3), la rger  shifts in the  exper imenta l  p lo ts  
and ,  therefore,  la rger  e r rors  in the  s imul ta -  
neous  de t e rmina t i on  o f  K a and  C, were found  
with the  weaker  acet ic  acid  in the same concen-  
t r a t ion  range  ( p K a - - 4 . 5 0  + 0.03 at  25°C) [11] 
with suppor t i ng  e lect rolyte  t aken  f rom the 
same batch.  Larger  dev ia t ions  also occur red  
with more  di lute  so lu t ions  o f  the same acids. In  
cont ras t ,  the  de t e rmina t ion  o f  the  ac idi ty  con-  
s tan t  with Eq. (33) using an  independen t ly  
de te rmined  value o f  sample  concen t ra t ion  
yie lded g o o d  results  over  a much  larger  range  
o f  exper imenta l  condi t ions .  
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The results of linearized titration and sample 
addition were also evaluated by comparison 
with generalized least-squares treatment of the 
original experimental variables. The results ob- 
tained with the data from the same experiments 
are shown in Table 4. Data treatment with 
the acidity constant as the only adjustable 
parameter shows very good agreement with 
linearization for both titration and sample ad- 
dition. When both acidity constant and sample 
concentration are adjusted, generalized least- 
squares results of titration and of sample addi- 
tion agree very well each other, and with 
those obtained from titration by linear equa- 
tions. When the concentration of impurities in 
the supporting solution is also taken as an 
adjustable parameter, the value of sample 
concentration does not change and that 
of the acidity constant only changes a little; 
however, for several experiments, an unreason- 
ably high concentration of basic impurities 
was calculated, apparently due to high correla- 
tion between this quantity and the acidity 
constant. 

6. Conclusions 

The theoretical investigation of the effect of 
basic and acid impurities and the experimental 
results have confirmed that multiple sample 
addition of weak acid is very suitable for the 
determination of the acidity constant by 
multiple sample addition, particularly when a 
standard solution is used, i.e. when the sample 
concentration is accurately known. The accu- 
racy and precision of Ka are comparable with 
those attained by titration. Multiple sample 
addition is then a convenient substitute for 
titration, removing the problems inherent in 
the use of a strong base as the titrant (for 
instance, the massive absorption of carbon 
dioxide by the titrant solution). More gener- 
ally, multiple sample addition can offer a valid 
complement to titration, particularly when a 
very limited amount of the substance to be 
investigated is available; indeed, potentiometric 
measurements during the stepwise addition of 
the sample to be subsequently titrated, in ac- 
cordance with the procedure herein followed, 
make it possible to double the number of ex- 
perimental data using the same amount of 
sample (the effect is much more significant than 
that of intensifying the titration points). For 
simultaneous determination of acidity constant 

and sample concentration by multiple sample 
addition, a more scrupulous control of contam- 
inants is necessary, with additional limitations 
on the strength and concentration of the acid. 

Rigorous mathematical solution requires ap- 
plication of non-linear regression. Linearized 
multiple addition, besides not being a statisti- 
cally sound method of data treatment, is more 
affected than non-linear regression (to a greater 
extent than linearized titrations) by pitfalls, 
interferences and contaminations common in 
pH-metric measurements. However, by addi- 
tion of standard solution, good or acceptable 
values of the acidity constant are easily ob- 
tained. In contrast, the adverse effects are par- 
ticularly enhanced when the acidity constant 
and sample concentration are simultaneously 
determined. In this instance, data linearization 
is only suitable for a rough preliminary evalua- 
tion of the desired quantities. 

Notwithstanding the above limitations, lin- 
earized multiple sample addition has a place in 
analytical research. According to our experi- 
ence, a great benefit can be gained from the 
preliminary use of this method just because of 
such amplified deviations from the linear mod- 
els. A comparison of the shape of deviations of 
the linearly transformed data with the be- 
haviour anticipated by the theoretical treat- 
ment (which, for this reason, is rather detailed 
in this and in the previous paper [1]) is fre- 
quently highly diagnostic of the nature of the 
contaminants and, in general, of the pitfalls of 
the analytical environment; it also helps to 
detect and to eliminate, correct or counteract 
some important sources of error, perhaps to 
greater effect than the distribution of residuals 
in non-linear regression. 
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Abstract 

A novel glassy carbon electrode design, permitting medium exchange in batch mode without loss of 
electrode potential control, has been used for the study of copper(I) and copper(II) species formed during 
constant current stripping oxidation of copper in chloride media. It was found that copper(II) species 
dominated at chloride concentrations .below about 1 mM and that soluble copper(I) species dominated at 
chloride concentrations above about 100 mM. In the concentration range 1-100 mM, soluble copper(I) and 
copper(II) species are formed as well as solid copper(I) chloride, the latter giving rise to a split peak as it 
is further oxidised to copper(II). The experimental results agreed satisfactorily with computer calculated 
equilibria data using the HALTAFALL program. The medium exchange procedure has, furthermore, been 
used for the determination of copper(II) in seawater reference samples, 7.5 M ammonium acetate/2.5 M 
acetic acid being used as stripping medium. The detection limit, after 15 min of electrolysis, was found to be 
6 ng l -~ (0.10 nM) and the relative precision 6-10%. 

1. Introduction 

Although copper is one of  the elements most 
frequently studied electroanalytically, the strip- 
ping analysis for copper(ll)  is far from straight- 
forward in practical work. Batley [1] has 
summarised five main problems in the study of  
copper(II) in natural waters using stripping 
analysis as (i) the ability of  copper(II) to bind 
strongly to organic and inorganic ligands, (ii) its 
existence in two oxidation states, (iii) the occur- 
rence of  the copper stripping peak at potentials 
at which many organic species are adsorbed 
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onto mercury electrodes, (iv) the low solubility 
of  copper in mercury and (v) the irreversibility 
of  the copper reduction. Nelson [2,3] and Nel- 
son and Mantoura [4-6] have extensively stud- 
ied the reduction of  copper in natural waters 
containing, in addition to chloride, other com- 
plexing agents, e.g. glycine, as well as surfac- 
tants such as gelatine. Recently, Boussemart et 
al. [7], in a study involving chromatographic 
fractions of  commercial humic substances, ex- 
plained the split peaks, frequently observed 
during oxidative stripping of  copper, by the 
oxidation of  organic copper(I) species adsorbed 
onto the mercury electrode surface. 

In all the studies referred to above, the 
electrochemical reduction (electrolysis) of  

reserved 
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copper(II) and the subsequent electrochemical 
oxidation (stripping) was performed in the same 
solution. This means that effects from various 
complexing agents and surfactants on the re- 
duction process could not be distinguished from 
the effects of these substances on the oxidation 
process. For this reason, the interpretation of 
the results is complicated and sometimes specu- 
lative. The introduction of a novel "three-in- 
one" electrode design, permitting medium 
exchange under a controlled electrode potential 
in batch mode [8], considerably simplifies the 
separate study of the reduction and the oxida- 
tion reactions. In addition, the electrode design 
makes it possible to perform stripping in a 
medium of optimum composition, with respect 
to e.g. selectivity, linear range and sensitivity, 
irrespective of sample composition. 

In this article, the novel electrode design has 
been used to study the effect of the chloride 
concentration on the reduction of copper(II) 
and the subsequent rapid oxidation of copper. 
Stripping potentiometry has been chosen for 
the experiments, since this is the electroanalyti- 
cal stripping technique best suited to the study 
of rapid electrode reactions. The experimental 
results have been interpreted using computer 
calculations based on known thermodynamical 
data. Further, a method for the determination 
of copper(II) in the ngl -t range, involving 
medium exchange, is presented as well as re- 
sults from the analysis of reference seawater 
samples. 

2. Experimental 

2.1. Instrumentation, software and electrodes 

All experiments were performed using a 
stripping potentiometry analyser (Tracelab TM, 
PSU 22) in combination with a sample changer 
(SAC 80), both controlled by the TAP2 Trace 
Talk Method Builder and Commander through 
a personal computer. The software and all 
equipment, except the computer, were pro- 
duced by Radiometer Analytical S.A., Lyon, 
France. 

Two different commercial three-in-one elec- 
trodes (gCC 540, Radiometer Analytical S.A., 
Lyon), based on the principles described by 
Jagner et al. [8], were used for the measure- 
ments. The Ag/AgCI reference and counter 
electrodes inside the electrodes were immersed 
in 3 M hydrochloric acid, which also provided 

the electrical connection to the outside 3 mm 
diameter glassy carbon disk working electrode 
through a ceramic plug. When lifted out of a 
solution, a droplet always remained under the 
electrode, i.e. under the glassy carbon disk and 
the ceramic plug surrounding it. In this way the 
electrical conductance between the three elec- 
trodes, and thus the working electrode poten- 
tial, could be preserved when the sample 
changer moved the electrode from one solution 
to the next. Unless otherwise stated, all poten- 
tials given below are vs. Ag/AgCI (3 M HCI). 

2.2. Transformation of experimental potential 
values to the standard hydrogen electrode 
potential scale 

In order to be able to compare the experi- 
mentally determined electrode potentials, Ecxp, 
obtained from the Ag/AgCI (3 M HCI) refer- 
ence electrode with the standard hydrogen 
electrode potential, EsHE, used in the thermo- 
dynamic calculations, the experimental values 
must be transformed to the latter potential 
scale. This was achieved by measuring the po- 
tential difference between the Ag/AgCI (3 M 
HCI) electrode and a saturated calomel elec- 
trode, SCE, in 0.001, 0.01, 0.1, and 1 M hy- 
drochloric acid, i.e. in the media used in the 
computer calculations. Measurement was also 
made in 3 M hydrochloric acid in which the 
liquid junction potential in the Ag/AgCI (3 M 
HCI) is equal to zero. A potential value of 
0.248 V was used for SCE vs. SHE and the 
liquid junction potentials of the calomel elec- 
trode, at different acid concentrations, were 
taken from Linnet [9]. The electrical resistance 
in the ceramic plug separating the Ag/AgCI 
(3 M HCI) electrode from the sample solution 
was found to be approximately 0.7 kf~, i.e. the 
iR potential drop due to the stripping current 
of 10 ~tA was equal to 7 mV and this value was 
corrected for in the transformation between the 
two potential scales. 

2.3. Chemical and cleaning of sample vessels 

All chemicals were of analytical grade except 
the hydrochloric acid which was freshly dis- 
tilled. Millipore water was used for the prepa- 
ration of all solutions which were handled in a 
laminar flow cabinet except during analysis. 
Prior to use, the 45 ml volume polyethylene 
sample vessels were soaked in 4 M hydrochlo- 
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ric acid for at least one week and then carefully 4 rn in  a t  a potential of - 2 . 0 0  V. The second 
rinsed with Millipore water, electrode never gave rise to any ghost peaks. 

2.4. Solutions and seawater reference samples 2.6. Electroanalytical procedure 

The mercury plating solution was prepared 
by adding concentrated hydrochloric acid and 
a stock solution of  20g 1- '  of  mercury(II), 
prepared by dissolving high purity liquid mer- 
cury in concentrated nitric acid and subsequent 
dilution with 1 M hydrochloric acid, to Mil- 
lipore water to yield total concentrations equal 
to 0 .10M and 2 0 0 m g l - ' ,  respectively. The 
blank solution referred to below contained 
0.025 M hydrochloric acid, 5 lag 1- ~ of  lead(II) 
and 10 mg 1- ~ of  mercury(II). The calibration 
sample used for the determination of  cop- 
per(II) in seawater was prepared by adding 
1 lag 1- '  o f  copper(II) to the blank solution. 
The stripping solution used for the determina- 
tion of  copper(II) in seawater was prepared by 
mixing acetic acid and ammonia to give an 
ammonium acetate concentration equal to 
7.5 M and an acetic acid concentration equal 
to 2.5 M (pH = 5, v/= 0.01 Pa s at 25°C). 

The reference seawater samples were obtained 
from the National Research Council of  Canada, 
apart from the preliminary European Commis- 
sion Reference Sample BCR 505. The samples 
had been acidified to pH = 1.6 with nitric acid 
on sampling, and 10 mg 1-~ of  mercury(II) and 
5 lag 1 -~ of  lead(II) (internal standard) were 
added to the samples prior to analysis. All 
certified lead(II) values were below 50 ng 1 -~, 
i.e. negligible in comparison with the lead(II) 
concentration added as internal standard. 

2.5. Electrode pretreatment 

Prior to first use, the electrodes were pol- 
ished with diamond paste with a diameter of  
1 ~m and then carefully rinsed ultrasonically in 
50% v/v e thanol -water  containing 0.10 M hy- 
drochloric acid. Once polished, the electrodes 
were never repolished. The inner electrode so- 
lution of  3 M hydrochloric acid was changed 
monthly. On storage in 0.1 M hydrochloric 
acid, the glassy carbon electrode surface of  one 
of  the two electrodes used slowly deteriorated, 
and this gave rise to ghost stripping peaks close 
to that of  copper. This interference, which was 
of  minor concern when the copper(II) concen- 
tration exceeded 1 lag 1-~, was eliminated by a 
daily electrochemical cleaning procedure in- 
volving electrolysis in the plating solution for 

All electroanalytical measurements were 
composed of  three steps: deposition of  a fresh 
mercury film in the mercury plating solution, 
electrolysis in the samples and, finally, oxida- 
tion of  the element(s) in the stripping solutions. 
The electrode was automatically moved from 
one solution to the next by the sample changer. 
Prior to each experiment, the electrode was 
rinsed with Millipore water and ethanol and 
finally cleaned with a tissue whereby the used 
mercury film was removed. All solution vol- 
umes were 20 ml. 

In all experiments, a fresh mercury film was 
obtained by electrolysis for 30 s at a potential 
of  - 1.00 V in the mercury plating solution, the 
rotation rate of  the propeller stirrer being 
1500 rpm. The potential was then increased to 
- 0 . 0 5  V for 1 s in order to oxidise copper 
emanating from possible trace impurities of  
copper(II) in the plating solution. After that, 
the potential was decreased to - 0 . 1 5  V, the 
stirrer stopped, and the electrode transferred to 
the sample solution. Deposition of  copper was 
performed for 5 -15min ,  depending on the 
copper(II) concentration in the sample, at a 
potential of - 0 . 8 0 V  and a stirring rate of  
1500 rpm. During deposition, the electrolysis 
potential was decreased to - 2 . 0 0  V for 0.2 s at 
intervals of  30 s in order to remove trace or- 
ganic impurities which might have adsorbed 
onto the electrode surface [10]. Subsequent to 
copper deposition, the stirrer was stopped and 
the electrode was transferred to the stripping 
solution at a controlled potential of  - 0 . 8 0  V. 
After 30 s at this potential, with a stirring rate 
of  1500 rpm, the stirrer was stopped and 5 s 
later the electrode was lifted out of  the strip- 
ping solution. Another 10 s later stripping was 
initiated, under quiescent conditions in the 
stripping solution drop hanging under the elec- 
trode employing oxidative currents in the range 
1-12  oA. Finally, the electrode was again im- 
mersed in the stripping solution and stirring at 
1500 rpm was started in order to remove cop- 
per(II) ions close to the electrode surface. After 
this, the measurement cycle in the stripping 
medium described above was repeated, the first 
stripping curve registered being denoted as the 
analytical stripping curve, and the second as 
the background stripping curve. 

TAL 4Z: ]O-H 
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Table I 
Stability and solubility constants used in computer calculations 

Metal ion Ligand Species formed Logarithm of equilibrium Ref. 
constant 

Cu + CI - CuCI 2.70 [ 14] 
Cu + CI - CuCI~- 5.48 [ 15] 
Cu + CI- CuCI~- 4.81 [15] 
Cu + C1- Cu 2C1~- 10.32 [15] 
Cu + CI - CuCI(s) - 6.70 [ 15] 
Cu ÷ e- Cu(s) -8.99 [16] 
Cu + - e -  Cu 2+ -2.63 [16] 

3. Computational 

3. I. Software and equilibrium constants 

All calculations were performed with the 
HALTAFALL program [11] using a Turbo Pascal 
version modified for use by personal computers 
and running under Microsoft DOS [12]. The 
stability, solubility and redox constants used in 
the calculations are specified in Table 1 accord- 
ing to the nomenclature used in Ref. [13]. In 
spite of  the fact that the ionic strength varied 
greatly between the different media investi- 
gated, the same constants were used for all 
calculations, i.e. no activity factor corrections 
were made. Owing to the considerable contro- 
versy [14,15,17- 20] among different authors on 
the stability and solubility constants in the 
copper(I) chloride system in aqueous solution, 
corrections of  the constants in Table 1, due to 
different ionic strengths, were not considered 
meaningful. 

3.2. Electron activity and total concentrations 

The aim of  the computer calculations was to 
simulate the chemical reactions taking place at 
the interface between an electrode surface and 
solutions containing different chloride concen- 
trations, as the electrode potential was made 
increasingly oxidative and copper consequently 
oxidised to different copper(I) and copper(II) 
species. In the calculations, four different chlo- 
ride concentrations, 0.001, 0.01, 0.10 and 
1.0 M, were investigated, and the electrode po- 
tential was varied between -0 .200  and 0.500 V 
vs. SHE in steps of 0.020 V. The electron activ- 
ity, {e-} values used in the computer calcula- 
tions [12,13] were obtained from the E vs. SHE 
values as 

{e- } = e x p ( -  EF/RT)  (1) 

where R, T and F have their usual meanings. 
All computer calculations were carried out with 
a relative accuracy equal to 10-6% of  the total 
concentrations [12,13]. 

The total concentration of  oxidised copper 
species at the electrode surface, C,-= 0, during 
constant current oxidation of  copper was ap- 
proximated according to Buffe [21] as 

Cx .  o = C~.  ~ + (~/O)iox/nFA (2) 

where iox denotes the stripping current, 6 is the 
diffusion layer thickness during stripping, 
C,. = ~ is the stripping medium concentration of  
analyte, D is the diffusion coefficient of the 
oxidised copper species, n is the number of  
electrons involved in the oxidation, and A is 
the electrode surface area. In the experiments 
described below, the applied oxidative current 
was equal to 10 txA and the chemical contribu- 
tion (see below) to the oxidation equal to ap- 
proximately 3 lxA. By comparing the diffusion 
current obtained during stirring with that ob- 
tained under quiescent conditions in the hang- 
ing stripping medium drop and by assuming a 

value equal to 30 ~tm under stirring condi- 
tions, the diffusion layer thickness in the hang- 
ing drop was estimated to be 460 lam. Using a 
D value of  10 -5 cm 2 s-~ and an n value equal 
to unity, the surface concentration of  copper 
was estimated to be 8.8 mM at the 3 mm di- 
ameter disk electrode, C, = ~ being, of course, 
equal to zero after medium exchange. This 
concentration was used in all computer simula- 
tions below. 

4. Results 

4. I. Effect o f  chloride concentration on the 
reduction rate o f  copper(lI) 

The effect of  chloride ion concentration on 
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the reduction of copper(II) was investigated by 
electrolysis for 5 min in samples containing 
5 pgl  -I of copper(II) and lead(II), and hy- 
drochloric acid at concentrations varying be- 
tween 0.001 and 1.00M. Stripping was 
performed in 7.5 M ammonium acetate-2.5 M 
acetic acid with an oxidative current of 1 pA. 
The dependence of the copper and lead signals 
on the chloride concentration is shown in Fig. 
1. From this, it is obvious that the rate of 
copper(II) reduction is independent of the chlo- 
ride concentration, which is also found, as 
expected, for lead(II). In addition, it can be 
seen that the reproducibility of  the copper sig- 
nal (RSD = 4.8%; n = 13) is lower than that for 
lead (RSD = 3.6%; n--13).  The relative stan- 
dard deviation of the ratio between the two 
signals, 4.9%, indicates a modest co-variation 
between the two signals (Fig. 1). 

4.2. Effect of chloride concentration on the 
oxidation of copper 

On electrochemical oxidation of copper, ei- 
ther copper(I) or copper(II) species are formed 
initially. In order to elucidate the effect of  the 
chloride concentration on the oxidation state, 
electrolysis was performed for 5 min in samples 
containing 50 lag 1-l of copper(II) and lead(II) 
prior to stripping in solutions containing 
0.0005, 0.001, 0.002, 0.005, 0.01, 0.10, 1.00 and 
3.00 M hydrochloric acid. Perchloric acid, at a 
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Fig. 1. Dependence of  copper and lead stripping signals on 
sample chloride concentration. Electrolysis for 5 rain in 
samples containing 5 lag I-a of  copper(li)  and lead(ll), and 
chloride concentrations varying between 0.001 and !.00 M. 
• = Pb, ~ = Cu, O = Cu/Pb (right-hand scale). 

total concentration of 0.025 M, was used as an 
inert electrolyte. Six different stripping cur- 
rents, 2, 4, 6, 8, 10 and 12 pA, were used at 
each chloride concentration. The experiment 
was also performed using 7.5 M ammonium 
acetate-2.5 M acetic acid as stripping medium. 
During constant current oxidation of elements, 
electrons are removed by two sources [22]: one 
is the applied oxidative current, iox, and the 
other is the flow of  oxidants, present in the 
stripping solution, to the electrode surface. In 
non-deaerated solutions, dissolved oxygen is 
normally the main oxidant to be considered. 
The chemical contribution to the oxidation of 
an element can be expressed as a chemical 
current, ichem. By plotting the inverse of the 
stripping signal, ts-t, vs. the applied oxidative 
currents, a linear relationship is obtained from 
which the chemical current, at each chloride 
concentration and for each element studied, 
can be obtained as the negative intercept on the 
current axis when ts-~ is extrapolated to zero 
[22]. 

The total charge, QM, used for the oxidation 
of  an element, M, can thus be calculated as 

QM = t~(ichem + iox) (3) 

Assuming that lead is oxidised to lead(II), irre- 
spective of chloride concentration, and, by 
plotting R = Qc,/Qeb vs. the chloride concen- 
tration in the stripping medium normalised 
with the value for this ratio, obtained at a 
chloride concentration equal to 0.5 mM, it was 
found that copper(II) species dominated at 
chloride concentrations below approximately 
0.002 M (Fig. 2). Copper(I) species were found 
to dominate at chloride concentrations above 
approximately 0.05 M, the normalised value 
for R being equal to 0.50 within experimental 
errors. At intermediate chloride concentrations, 
both copper(II) and copper(I) species were 
formed (Fig. 2). It was also found that only 
copper(I) species were formed in 7.5 M ammo- 
nium acetate-2.5 M acetic acid medium. Ow- 
ing to the high viscosity of this medium, the 
copper(I) species formed diffused very slowly 
away from the electrode surface and, as the 
electrode potential was made increasingly oxi- 
dative, a second stripping peak, due to the 
oxidation of copper(I) to copper(II), was some- 
times observed, particularly at copper(ll) con- 
centrations above 5 ~tg 1- ~. 

Species formed during oxidation of copper 
were further investigated by comparison with 
computer calculations as shown in Figs. 3(a)- 
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Fig. 2. Dependence of copper oxidation state on stripping 
medium chloride concentration. Electrolysis for 5 •in in 
samples containing 50 pgl -I of copper(ll) and lead(ll), 
and subsequent oxidation in 0.0005, 0.001, 0.002, 0.005, 
0.01, 0.10, 1.00 and 3.00 M hydrochloric acid. The total 
charge needed for the oxidation of copper, Qc,, was 
divided by the total charge needed for the oxidation of 
lead, QPb, and normalised with the value for this ratio at a 
hydrochloric acid concentration of 0.0005 M. 

3(d). In these, calculated molar fractions, X, 
have been plotted against electrode potentials, 
on the SHE potential scale, for four different 
hydrochloric acid concentrations, 0.001, 0.01, 
0.1 and 1 M (Figs. 3(a)-3(d), respectively). Ex- 
perimental stripping curves, obtained after elec- 
trolysis for 5 min in a solution containing 
0.025 M hydrochloric acid, 50 I~g 1-1 copper(II) 
and 10 mg 1-I mercury(II) prior to stripping in 
0.001, 0.01, 0.10 and 1.0 M hydrochloric acid 
containing 0.025 M perchloric acid with an oxi- 
dative current equal to 10 taA, are also shown, 
on the SHE potential scale, in Figs. 3(a)-3(d). 
Experimental curves (3) show the background 
strips, curves (2) the analytical strips and 
curves (1) the background corrected strips. 

The calculated molar fraction diagrams in 
Fig. 3(a) indicate that only copper(II) species 
are formed during copper oxidation in 0.001 M 
hydrochloric acid. This is also shown by the 
experimental stripping curves, the experimental 
stripping peak potential being close to the cal- 
culated potential. At a chloride concentration 
equal to 0.01 M, the computer calculations 
(Fig. 3(b)) indicate that copper(II) is formed 
simultaneously with solid copper(I) chloride. 
On increasing oxidative potentials, the latter 
compound is oxidised to copper(II) giving rise 
to the split stripping peak in the experimental 

stripping curves in Fig. 3(b). On increasing the 
chloride concentration to 0.10M, only cop- 
per(I) species are formed according to the cal- 
culated molar fraction diagrams in Fig. 3(c). 
This is also indicated by the disappearance of  
the split peak in the experimental curves. The 
computer calculations show that both soluble 
and insoluble copper(I) species are formed in 
0.10 M chloride. They also show that not all 
the solid copper(I) chloride had been oxidised 
to copper(II) at the oxidation potential at 
which the experimental oxidation was stopped 
in order to avoid mercury oxidation (0.30 V vs. 
SHE). The remaining solid copper(I) chloride, 
adhering to the electrode surface, is reduced to 
copper as the electrode potential is made nega- 
tive, prior to the registration of  the background 
strip, and gives rise to a stripping peak in the 
background strip as seen in Fig. 3(c). Finally, 
the molar fraction diagram in Fig. 3(d) indi- 
cates that at a chloride concentration equal to 
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Fig. 3. Computer calculated molar fraction diagrams for 
the electrochemical oxidation of copper in (a) 0.001 (b) 
0.01 (c) 0.10 and (d) 1.00 M hydrochloric acid. Comparison 
with experimental results obtained after electrolysis for 
5 min in samples containing 50 I~g 1-~ of copper(ll) and 
subsequent stripping in (a) 0.001 (b) O.01 (c) 0.10 and (d) 
1.00 M hydrochloric acid. (I) Background corrected strip- 
ping curves, (2) analytical curves and (3) background 
CUrVeS. 
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Fig. 4. Stripping potentiometry curves obtained in the 
determination of copper(ll) in four different reference sea- 
water samples to which 5 ~tg I- t  of lead(ll) had been added 
as internal standard. Electrolysis for 5 min (NASS-4, 
15 min) was carried out prior to stripping in 7.5 M ammo- 
nium acetate-2.5 M acetic acid (see Table 2). 

1.00M, only soluble copper(I) species are 
formed, CuCI~- being the predominant one. 

4.3. Determination of  copper(ll) in seawater 
reference samples 

The three-in-one electrode design used in this 
investigation makes it possible to choose the 
stripping medium composition independent of 
the sample composition. A stripping medium 
to be used for the determination of copper(II) 
in the ngl -~ range must, of course, be ex- 
tremely pure with respect to copper(II). Fur- 
ther, the stripping medium should, preferably, 
be a concentrated electrolyte so that the dis- 
solved oxygen concentration is low and the 
viscosity high, both properties decreasing the 
chemical oxidation rate [23]. The ammonium 
acetate-acetic acid medium used in this investi- 
gation fulfils these requirements. 

Fig. 4 shows the background corrected strip- 
ping curves, obtained after electrolysis for 
5 min (15 min for NASS-4) in four different 
seawater reference samples, with a certified cop- 
per(II) concentration ranging between 0.23 and 
1.7 lag 1 -m, and subsequent stripping in ammo- 
nium acetate-acetic acid solution with a con- 
stant current equal to 1 pA. Prior to analysis, 
5~tgl -~ of lead(II) had been added to the 
samples as internal standard. The copper(II) 
concentrations in the reference samples were 
evaluated subsequent to calibration in a sample 

containing 1 lag 1-~ of copper(II) and 5 ~tg I- 
lead(li) in 0.025 M hydrochloric acid. The re- 
sults, evaluated with and without internal stan- 
dard, are shown in Table 2. The reference value 
given for BCR 505 in Table 2 was obtained 
employing the solvent extraction/graphite fur- 
nace method described by Danielsson et al. [24]. 

As can be seen from Table 2, the results 
obtained by the proposed method agree satis- 
factorily with the certified values for the seawa- 
ter reference samples. The value obtained for 
the deep ocean sample NASS-4 is, for un- 
known reasons, significantly below the certified 
range. As is also seen from Table 2, the relative 
standard deviation of the proposed method is 
in the range 6-10%, both with and without 
internal standard. 

4.4. Detection limit, sensitivity and linear range 

The detection limit of the proposed method 
was studied by adding known copper(II) con- 
centrations to the blank solution. Fig. 5 shows 
the background corrected stripping curves ob- 
tained after the addition of 0, 10, 20, 40, 60, 80 
and 100 ngl-~ of copper(II) and electrolysis 
for 15 min prior to stripping in the ammonium 
acetate-acetic acid medium with a constant 
current of 1 ~tA. Also shown in Fig. 5 is the 
calibration plot, the correlation coefficient be- 
ing equal to 0.9958, the intercept on the con- 
centration axis equal to -0.90 ng l-~ and the 
slope 0.35 ms I ng- ~. 

The minimum detectable signal when using a 
90kHz potentiometric stripping analyser is 
normally 0.2-0.3 ms, corresponding to approx- 
imately 20-30 real time measurements. Since, 
however, the copper stripping peak is close to 
the commencement of mercury oxidation, the 
background is higher than it is for e.g. lead and 
cadmium [25], which makes the background 
correction difficult. A detection limit of 2 ms, 
corresponding to a copper(II) concentration of 
approximately 6 ng 1 -I (0.10 nM) after 15 min 
of electrolysis, is thus a more realistic value for 
the detection limit (see Fig. 5). 

The linear range was investigated by 
analysing blank solutions to which 0, l, 2, 3, 4 
and 5 lag l-~ of copper(II) had been added, the 
time for electrolysis being 15 min and the strip- 
ping current l ~tA. The correlation coefficient 
of the calibration plot was 0.9999 (n = 6), the 
intercept on the concentration axis -0.025 lag 
l-~ and the sensitivity 0.28 ms I ng-~. The last 
number indicates that the sensitivity decreases 
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Table 2 
Copper(ll) determination in seawater reference samples. The reference value for BCR 505 was obtained according to the 
method of Danielsson et al. [24] 

Reference Electrolysis Certified 
sample time range 

(min) (lag I-  ~) 

[Cu]to,,d + tr (lag I - 'Xn  : 6) 

With internal standard Without internal standard 

SLEW-I 5 1.67-1.85 1.66 + 0.10 1.55 _+ 0.09 
BCR 505 5 (1.65) 1.63 _+ 0.07 1.59 + 0.06 
CASS-2 5 0.636-0.7t4 0.682 + 0.062 0.652 + 0.062 
NASS-4 15 0.217-0.239 0.186 + 0.009 0.176 _+ 0.010 

slightly as the sample concentration of the ana- 
lyte is increased, as is frequently the case in 
electroanalytical stripping techniques. 

5. Discussion and conclusions 

The experimental results and the computer 
calculations clearly show that the reactions tak- 
ing place on the electrochemical stripping oxi- 
dation of copper are highly dependent on the 
chloride concentration in the oxidation 
medium. Copper(II) species only dominate at 
chloride concentrations below about 1 raM, i.e. 
at concentrations considerably lower than in 
most real samples. In the concentration range 
1-lO0 raM, both copper(I) and copper(II) spe- 
cies are formed. The interpretation of the strip- 
ping data in this concentration range is further 
complicated by the fact that copper(I) species 
initially formed, and remaining in the vicinity 
of the electrode surface, can be further oxidised 
giving rise to an overlapping peak. Since, fur- 

3S 

,o 25  

1 s V "1 cu concentrstlon, ngn 

~" 20 

, ," : : : l 

.o ' .4  ' .o'.2 ' o'.o 
V vs AI~AsCI (3 M HCI) 

Fig. 5. Stripping potentiometry curves (left) and calibra- 
tion plot (right) obtained after 15 rain of electrolysis in 
samples containing (from the bottom) 0, 10, 20, 40, 60, 80 
and 100ngl -~ of copper(ll) and subsequent stripping in 
7.5 M ammonium acetate-2.5 M acetic acid. 

thermore, the fraction of copper(I) species oxi- 
dised to copper(II) is highly dependent on the 
hydrodynamic conditions at the electrode sur- 
face, the second stripping peak is frequently 
very irreproducible. A further complication is 
that solid copper(I) chloride can be formed. 
This adheres to the electrode surface and is 
only partly oxidised to soluble copper(II) spe- 
cies. It is, however, easily reduced on an elec- 
trode surface. Consequently, if the same 
mercury film is used for consecutive analysis, 
as is frequently the case, copper(I) chloride will 
be carried from one sample to the next yielding 
an overly high copper stripping signal in this 
sample. Medium exchange, as used here, is 
obviously one way of circumventing the prob- 
lem arising from varying chloride concentra- 
tions in real samples. If this possibility is not 
available, an alternative way of solving the 
problem would be the addition of excess chlo- 
ride, e.g. 1 M hydrochloric acid, to each sample 
prior to analysis. In this way, formation of 
solid copper(l) chloride is prevented and, more- 
over, hydrochloric acid is normally free from 
copper(II) impurities. 

A medium exchange procedure, similar to 
that described in this article, has previously 
been applied to the determination of cad- 
mium(II) and lead(II) in seawater [25]. In this 
investigation a detection limit equal to 
0.2 ngl -t  was obtained for eadmium(lI) by 
exploiting a multiple stripping procedure. On a 
molar scale, this is approximately 50 times 
lower than that obtained for copper(II) in this 
investigation. The main reason for this is that 
multiple stripping cannot be used for the deter- 
mination of copper owing to the high back- 
ground close to the commencement of mercury 
oxidation, which makes the re-reduction 
efficiency very low [25]. Another reason for the 
difference in detection limit is, of course, that 
oxidation of copper in the stripping medium 
involves only one electron while lead and cad- 
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mium are always oxidised to their divalent 
oxidation states. 

Although not demonstrated here, the pro- 
posed medium exchange procedure would, un- 
doubtedly, be suitable for the study of 
copper(II) speciation and copper(II) complex- 
ing capacity [26-30] in natural waters. Specific 
advantages would be that mercury(II) ions do 
not have to be used, the addition of which to 
the natural water might alter the equilibria. 
Further, oxidation of copper would always 
take place under uniform conditions making 
the interpretation of the results considerably 
simpler. From a practical point of view, the 
investigations could, moreover, be made fully 
automatic taking advantage of the sample 
changer and flexible software of the stripping 
analyser. 
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Abstract 

Carbaryl and its hydrolysis product, l-naphthol, are determined simultaneously, and in a mixture of other 
pesticides, by reversed-phase high-performance liquid chromatography (HPLC). Fluorometric detection 
affords a higher degree of selectivity than absorbance detection, while providing detection limits of 
1.0 ng ml-~ and 1.4 mg ml-~ for l-naphthol and carbaryl, respectively. The described method requires no 
enrichment of samples and includes a simple hydrolysis step. Additionally, enhancement of fluorescence 
detection signal intensity is explored through HPLC solvent composition effects as well as through 
formation of cyclodextrin inclusion complexes. The method described in this report is a selective and fast 
alternative to the currently accepted U.S. Environmental Protection Agency (EPA) method of detection 
carbaryl in ground water. 

1. Introduction 

Carbaryl (Ct2HIINO2), a member of the car- 
bamate class of nitrogen-containing organic 
pesticides, is a broad spectrum pesticide, and is 
extensively used owing to its effectiveness and 
relatively low acute mammalian toxicology 
(560mgkg -I)  [1]. Carbaryl is an inhibitor of 
acetylcholinesterase and is degraded very 
rapidly compared to other classes of  pesticides, 
such as the organophosphorus esters [2]. Un- 
fortunately, the primary metabolite of  carbaryl, 
l-naphthol, is as toxic to many marine inverte- 
brates as the parent pesticide. Owing to the 
widespread use of  carbaryl, as well as the toxi- 
city of  its hydrolysis product, a rapid, selective, 
economical and sensitive method is needed to 
monitor both compounds in enviromental wa- 
ter samples. 

* Corresponding author. Fax: (704) 251-6002. 
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The carbamate class of pesticides is character- 
ized by susceptibility to thermal degradation, 
which complicates determination by gas chro- 
matography or any other method involving 
temperatures significantly above ambient [3]. 
Therefore, methods used to determine carbaryl 
content implement primarily high-performance 
liquid chromatography (HPLC) with either UV/ 
vis absorbance or fluorescence detection, owing 
to the non-thermal properties of  this method 
[4-6]. Derivatization, followed by fluorometric 
measurement, is another useful means of  detec- 
tion [7]. Carbaryl can also be hydrolyzed and 
reacted with diazotized sulfanillic acid, and the 
carbaryl content subsequently determined with 
a spectrophotometer [8]. Enviromental Protec- 
tion Agency (EPA) Method 531.1 prescribes 
hydrolysis of carbaryl and then derivatization, 
followed by fluorometric detection. The reten- 
tion time of  carbaryl for the EPA method is 
approximately 20.29 min and the estimated de- 
tection limit is 2.0 ng ml -  '. 

reserved 
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Although both carbaryl and l-naphthol (as 
the l-naphtholate ion) fluoresce, 1-naphtholate 
is more sensitive to fluorescence detection over 
the experimental range of 1.0-103ngml -~. 
Given the greater relative fluroescence intensity 
of 1-naphtholate than that observed for car- 
baryl, a reversed-phase HPLC method was de- 
vised to detect 1-naphthol as the hydrolysis 
product of carbaryl. Detection of carbaryl by 
this coupled assay provides a lower detection 
limit for the pesticide, because l-naphthol can 
be determined in lower quantities than can 
carbaryl by direct analysis. 

Cyclodextrin inclusion complexes and varia- 
tions in HPLC solvent composition were also 
studied with regards to their effect upon the 
fluorescence spectra of carbaryl and 1-naph- 
thol. The modifications in the mobile-phase 
matrix could be implemented to improve the 
detection limits of carbaryl or 1-naphthol in 
solution where fluorometric detection is em- 
ployed. 

Carbaryl, as well as its hydrolysis product 
1-naphthol, forms inclusion complexes with 
certain cyclodextrins (CDs). CDs are cyclic 
oligosaccharides composed of six or more glu- 
copyranose units bonded via 1-4 ether link- 
ages [9]. The inclusion complex is characterized 
by a guest molecule physically moving into the 
hydrophobic inner cavity of the CD. The pesti- 
cide/CD complex is dependent upon the spatial 
qualities of the pesticide relative to those of the 
internal cavity of the CD ring, as well as the 
polarity of the pesticide. Three native varieties 
of CDs are available: alpha (~), beta (fl) and 
gamma (7), with internal cavity diameters of 
0.57, 0.78 and 0.98 nm respectively. Complexa- 
tion alters physical and chemical properties of 
the guest molecule, such as availability of sub- 
stituents for reactions and interaction with the 
stationary phase in HPLC. 

Cyclodextrin complexation has been shown 
to increase luminescence efficiency with certain 
compounds versus that observed in a bulk 
solution of water. The factors responsible for 
this increase in luminescence efficiency are: (1) 
shielding of the analyte molecule from quench- 
ing due to water molecules or water-borne 
quenchers, (2) decrease in oxygen quenching, 
and (3) the analyte experiencing a less polar 
and more rigid local microenviroment [10]. Far 
fewer compounds fluoresce than absorb 
strongly, so fluorescence is a more selective 
method of detection than absorbance. If the 
fluorophor exhibits increased emission intensity 

due to CD complexation, it can be determined 
at a lower detection limit. 

The described HPLC procedure to detect 
1-naphthol as the hydrolysis product of car- 
baryl is fast, highly selective, sensitive, accu- 
rate, economical and little sample preparation 
is required. Other benefits are few possible 
interferents and the lack of necessity for a 
complex derivatization procedure. This proce- 
dure is effective for the simultaneous determi- 
nation of carbaryl and l-naphthol, and could 
prove environmentally useful in the monitoring 
of agricultural drainage as well as water sup- 
plies. Economy is another asset over EPA 
Method 531.1, as no post-column reaction 
equipment is required. Also, CD inclusion 
studies provide information which may be used 
to improve the fluorometric analysis of car- 
baryl or its hydrolysis product. 

2. Experimental 

2.1. Reagents 

All reagents were used without further purifi- 
cation, with the exception of l-naphthol. Wa- 
ter, methanol and acetonitrile were HPLC 
grade and purchased from Mallinkrodt. The 
NaOH was 99% pure from Fisher and the HCI 
was obtained from EM Science. A borax/ 
NaOH buffer was prepared with pH w. 10 from 
99% pure reagents from Fisher. 

The carbaryl was 99 + % pure from Reagents, 
Inc. and the l-naphthol was Sigma Grade 3 
obtained from Aldrich. Recrystallization of l- 
naphthol was performed in chloroform. Stock 
solutions were prepared for carbaryl and 1- 
naphthol by dissolving an appropriate quantity 
of the compound in HPLC-grade methanol to 
give a final concentration of 0.2 ng ml-~. The 
carbaryl and 1-naphthol were stored with re- 
frigeration and prepared every two weeks. Se- 
rial dilutions were made from these stock 
solutions in order to obtain experimental con- 
centrations. Methanolic NaOH (5%) was pre- 
pared with HPLC-grade water, HPLC-grade 
methanol and 99% pure Fisher NaOH pellets. 

CDs and CD derivatives were provided by 
Amaizo and also purchased from Aldrich. All 
CDs were used without further purification; 
however, a method of purification has recently 
been developed should impurities in the CD 
present a problem [11]. 



2.2. Apparatus 
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Steady-state fluorescence measurements were 
taken using a Spex Industries Model 1680 
Fluorometer with accompanying fluroescence 
management software, also by Spex. 

A Bronson 3200 Sonic Bath was used for 
preparation of experimental solutions to expe- 
dite dissolution. 

HPLC experiments were performed on a Bio 
Rad series 800 HRLC system. The solvent de- 
livery system was Bio Rad model 2700 and the 
fluroescence detector was Fluor LC model 304 
by Linear. An automated sampling system was 
employed. The HPLC reversed-phase column 
was a Zorbax Cs. 

2.3. Procedure 

All fluorometric determinations were per- 
formed at ambient temperature. Excitation 
wavelengths used were 282 nm and 330 nm for 
carbaryl and 1-naphthol, respectively. Maxi- 
mum emission occurs around 333 nm for car- 
baryl and 472 nm for 1-naphthol, which is 
actually the 1-naphtholate ion and not the 
molecular form in this method. Incident radia- 
tion and emission bandwidths were both 5 nm 
for steady-state fluorometric determinations, 
and 5 nm for the HPLC detector. The integra- 
tion time constant was 0.5 s with a wavelength 
resolution of 1 nm. Each experiment was per- 
formed three times to ensure reproducibility. 
All solutions were sonicated for 30 rain and 
allowed to cool to room temperature before 
fluorometric determination of HPLC analysis 
of the sample. A water bath was not employed, 
as no experimental variation was noted with 
minor fluctuations in column temperature. 

All experimental solutions were prepared by 
dilution of the stock methanol solution con- 
taining the 1-naphthol or earbaryl in an appro- 
priate volume of the aqueous experimental 
solution for steady-state fluorometric analysis, 
or methanol for HPLC analysis of the sample. 
A borax/NaOH buffer with a pH of ,~ 10 was 
prepared with HPLC-grade water and used as 
the aqueous portion for each experimental so- 
lution requiring water, unless otherwise spe- 
cified. 

Preliminary experiments involved the deter- 
mination of relative fluorescence intensities for 
carbaryl versus l-naphthol. Relative sensitivi- 
ties were then calculated for both compounds 
over a range of 1.0-2.0 x 103 ngml -I. 

1459 

Solvent composition was varied in order to 
optimize the mobile-phase composition, 
providing maximum fluorescence enhancement. 
The mobile phase was a standard aqueous/or- 
ganic composition. Methanol and acetonitrile 
were compared as organic components of the 
mobile phase. 

Once fluorescence enhancement data had 
been acquired, the method for hydrolyzing car- 
baryl to 1-naphthol was developed. The rate of 
hydrolysis of carbaryl is a function of pH and 
solvent used [12]. The method of hydrolysis 
used in this report is similar to one defined in 
previous literature regarding the kinetic deter- 
mination of carbaryl and its hydrolysis 
product, l-naphthol [1]. An appropriate quan- 
tity of the stock methanolic solution of car- 
baryl, to provide the desired final 
concentration, was spiked into a 10 ml volu- 
metric flask. One ml of 5% methanolic 2 M 
sodium hydroxide was then added, and the 
mixture allowed to stand in the dark for 15 min 
to allow complete hydrolysis. One ml of 2 M 
hydrochloric acid was then added to neutralize 
the base and terminate the hydrolysis reaction. 
The final step was dilution to the mark with 
methanol for HPLC experiments, or the appro- 
priate buffer or solution for steady-state 
fluorescence measurements. 

The optimized experimental conditions for 
the described procedure are as follows. A mo- 
bile-phase matrix of 45:55 acetonitrile/water 
was utilized. The fluorescence detector was ad- 
justed to 2ex=330nm and 2em=472nm, 
which are the relative maxima of the l-naph- 
tholate anion. A buffer of pH 10 was used as 
the aqueous portion of the mobile phase, as 
fluorescence of 1-naphtholate is considerably 
greater than that of the molecular form and 
significantly larger than cation fluorescence. It 
should be noted that the described procedure 
actually only detects the 1-naphtholate ion. 
Although the molecular form does fluoresce, 
the observed emission wavelength is around 
345 rim. To avoid confusion over which ionic/ 
molecular form of this compound is being as- 
sayed, the molecular form is not measured and 
any appearance of 1-naphthol in the discussion 
should be considered to refer to the anionic 
form. 

Although the final procedure does not in- 
clude a CD-modified mobile phase, additional 
observations regarding this topic are included 
owing to possible application in future meth- 
ods. Adequate details involving CD-modified 
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Fig. 1. Relative fluorescence intensity of l-naphtholate (b), which is greater than that of an equimolar quantity of 
carbaryl (a) in aqueous solution. 

mobile-phase compositions are provided to 
incorporate such improvements into this or 
similar procedures, where fluorescence en- 
hancement and/or retention time decreases 
would be beneficial. 

The final experiments prove the selectivity of 
this method for determining the concentration 
of carbaryl via its hydrolysis product in a 
mixture of four other commonly used pesti- 
cides and herbicides which could act as possible 
interferents. Additionally, carbaryl and 1-naph- 
thol were simultaneously assayed in a mixture 
of the two, without other pesticides present. 
For the simultaneous determination of carbaryl 
and 1-naphthol, each analyte was present at 
similar concentrations. 

The four pesticides combined with carbaryl 
were: azinphos-methyl, methomyl, chlorimuron 
ethyl and aldicarb. These pesticides (possible 
interferents) were spiked into the sample in 
identical (ngml- ' )  concentrations to that of 
the carbaryl. These experiments indicate the 
value of this method for the determination of 
carbaryl in a mixture of other pesticides, or in 
a solution with 1-naphtho initially present be- 
fore hydrolysis. 

3. Results and discussion 

Results of the relative fluorescence emission 
intensity studies indicate that 1-naphtholate 
displays greater relative intensity than an 

equimolar concentration of carbaryl (see Fig. 
1). The relative fluorescence intensity of 
4.97 + 10 -6 molar 1-naphthoi (as the 1-naph- 
tholate ion) was a factor of 1.33 greater than 
4.97 + 10 -~ molar carbaryl. 

Likewise, carbaryl had a lower relative sensi- 
tivity than 1-naphthol, where relative sensitiv- 
ity is a measure of signal change versus change 
in concentration. Given that 1-naphthol is 
more sensitive to fluorescence detection and is 
also characterized by greater relative fluores- 
cence intensity, it is beneficial to perform trace- 
analysis of carbaryl via the determination of its 
hydrolysis product. 

Fluorescence emission of l-naphthoi is also a 
function of the pH of the solution. The HPLC 
mobile phase was buffered at a pH of approxi- 
mately 10.0, which was observed to be the pH 
of greatest luminescent efficiency for 1-naph- 
thol. The hydrolysis of carbaryl takes place 
instantaneously in 2 M NaOH, which allowed 
for quick sample preparation. EPA Method 
531.1 uses a post-column hydrolysis chamber 
as well as a derivitization reaction chamber. 
This requires additional reagent preparation 
and apparatus set-up, which is absent in the 
method presented here. 

Control of pH was an important factor ow- 
ing to the fact that high hydronium ion concen- 
trations are known to quench fluorescence for 
1-naphthol [13]. l-Naphthol can experience 
efficient excited state ionization in solution. 
Since the anionic form is the one actually de- 
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termined by this method, the buffered mobile 
phase keeps the pH at an optimum level for 
ionization to occur, producing the highly 
fluorescent anion. It is possible to have both 
the molecular and anionic forms present in 
some binary aqueous-organic solvents. At low 
pH values, molecular 1-naphthol and ionic 1- 
naphtholate are converted to the 1-naphtholo- 
nium ion, which does not fluoresce. The use of 
a buffer should compensate for any pH 
changes due to volumetric errors that may 
occur when hydrolyzing carbaryl with sodium 
hydroxide and then adding an equimolar con- 
centration of hydrochloric acid. A small pH 
variance in the experimental solutions used for 
HPLC determinations is not important, since 
the mobile phase is buffered and an isocratic 
solvent composition is used in this method. 

The experimental yield of hydrolysis for the 
method described in the procedure section was 
confirmed to be 100% as follows. A solution of 
carbaryl was hydrolyzed as described above 
and the intensity of the fluorescence spectrum 
was compared to that of a known equimolar 
solution of 1-naphthol. Within experimental 
error, the results were identical in terms of 
fluorescence intensities for both the hydrolyzed 
sample and the prepared sample. 

Once fluorescence data had been acquired in 
aqueous solution, different solvent composi- 
tions were studied fluorometrically in conjunc- 
tion with carbaryl and l-naphthol, in an 
attempt to develop an optimum mobile-phase 
composition which would provide maximum 
fluorescence enhancement. Methanol/water and 
acetonitrile/water solutions were investigated in 
order to maximize their effect on the fluores- 
cence emission of 1-naphthol and carbaryl. 

Solvent effects were an important factor in 
optimizing emission intensity. Methanol is not 
a suitable organic solvent for l-naphthol owing 
to fluorescence quenching. A trend was noted 
in which increasingly concentrated methanol 
solutions quenched the observed fluorescence 
in proportion to the percentage of methanol by 
volume. 

Acetonitrile was determined to be the most 
desirable organic solvent for use in the HPLC 
mobile phase. A concentration of 55% water 
and 45% acetonitrile, without CD, enhanced 
the relative fluorescence of 1-naphthol by a 
factor of 1.86 above that observed in an 
aqueous solution (see Table 1). The retention 
time for the hydrolyzed carbaryl on the Cs 
column with a mobile phase of 55% water, 45% 

aeetonitrile and pH 10 was approximately 
3.3 min, which allows for rapid analysis. The 
Rt for carbaryl was 5.2 min. 

A calibration graph for 1-naphthol, and an 
estimate of the detection limit and the relative 
sensitivity over the range of 1.0-103ngml - '  
was obtained experimentally by the use of 
HPLC. A line or fit to the calibration data with 
a correlation coefficient (R value) of 0.997 was 
obtained. The calibration curve was linear over 
the experimental range of 1.0-103 ngml -~ for 
l-naphthol, allowing reasonably accurate ex- 
trapolation of data to determine experimental 
1-naphthol concentrations. 

Having verified the accuracy of l-naphthoi 
detection af low concentrations, a method was 
developed for the simultaneous determination 
of carbaryl and 1-naphthol by HPLC. Carbaryl 
and 1-naphthol can be assayed simultaneously 
be determining the l-naphthol present before 
and after the sample has been hydrolyzed. The 
difference in l-naphthoi concentrations can be 
correlated with the molar quantity of carbaryl 
initially present. A series of experiments were 
designed to explore this possibility. 

The selectivity available by this method 
should be noted. EPA Method 531.1 tests for 
approximately 10 of the N-methylcarbamoyl- 
oximes and N-methycarbamates. The presented 
method only tests for carbaryl and its primary 
metabolite, 1-naphthol. However, possibilities 
of peak overlap and interference are elimi- 
nated, as no compounds aside from the two 
analytes are detected in this procedure. This 
quality could prove an asset in a situation 
where only carbaryl and/or 1-naphthol are as- 
sayed. 

Compared to EPA Method 531.1, with a 
carbaryl Rt of over 20 min, the given procedure 
is much more conducive for rapid analysis as 
the actual analysis time is greatly reduced. 
Multiple sample assays should be less time-con- 
suming as a result. Additionally, gradient elu- 

Table I 
Simultaneous determination of carbaryl and its primary 
metabolite in the same sample via hydrolysis ~ 

Carbaryl I-Naphthol Carbaryl 1 -Naphthol 
spiked spiked determined determined 

0.020 ppm 0.015 ppm 0.018 ppm 0.014 ppm 

" HPLC mobile phase: 55% water, 45% aeetonitrile, pH 10. 
,~c~ = 330 nm, 2cm = 472 nm. (S) = standard deviation of 
three replicate samples. (S) carbaryl=0.000071. (S) I- 
naphthol ,= 0.0047. 
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Table 2 
Determination of carbaryl in a mixture of other pesticides 
via hydrolysis (carbaryl + aldicarb, azinphos-methyl, chlor- 
imuron ethyl and methomyl)" 

Carbaryl O t h e r s  Carbaryl (S) carbaryl 
spiked spiked determined 

0.020 ppm 0.020 ppm 0.017 ppm 0.007 
0.112 ppm 0.100 ppm 0.106 ppm 0.003 
0.700 ppm 0.700 ppm 0.690 ppm 0.007 

HPLC mobile phase: 55% water, 45% acetonitrile, pH 10. 
'~c~ = 330 nm, ';'cm = 472 nm. (S) = standard deviation of 
three replicate samples. 

tion techniques are not utilized, which trans- 
lates to fewer equipment requirements. A single 
eluent suffices here, because essentially one 
compound is being assayed and separations are 
rendered unnecessary owing to the selective 
nature of  this scheme. 

Table 1 provides results for the simultaneous 
determination of  carbaryl and 1-naphthol in 
the same solution, which were the only com- 
pounds present. This experiment involved the 
determination of  l-naphthol initially present 
followed by a hydrolysis step. After hydrolysis, 
the l-naphthol was determined again and the 
difference in 1-naphthol concentrations repre- 
sented the molar quantity of  carbaryl initially 
present. Standard deviations were within ac- 
cepted ranges given the concentrations of  the 
analytes. 

Table 2 represents data from a series of  
experiments designed to determine carbaryl at 
varying concentrations in the presence of other 
pesticides and herbicides, which could possibly 
be found along with carbaryl in environmental 
samples. For  each solution, the four additional 
compounds were present at approximately the 
same concentration as carbaryl. None of the 
additional pesticides were detected in this 
scheme and there was no interferents in the 
detection of  the hydrolysis product of  carbaryl. 
Sample solutions were prepared in methanol 
with carbaryl and a combination of  four other 
pesticides and herbicides (see Table 2). Each 
experiment was repeated three times and the 
standard deviations (S) estimated. The experi- 
ments involving hydrolysis of  a mixture of  
pesticides, including carbaryl, gave highly re- 
producible results. 

Experiments were also performed with vary- 
ing mobile-phase media to possibly improve 
upon the coupled assay described in this re- 
port. When a suitable organic mobile-phase 

component had been identified, the effects of  
native CDs as well as f l -CD derivatives were 
investigated fluorometrically to determine if the 
fluorescence intensity of  1-naphthol could be 
further increased. The derivatized CDs ex- 
amined were: hydroxypropyl-fl-CD, hydroxy- 
ethyl-/I-CD, heptakis (tri-o-methyi)-fl-CD and 
heptakis(2,6-di-o-methyl)-fl-CD. Previous liter- 
ature suggests the possible advantages of  these 
derivatives over the native CDs [9]. The solu- 
bilities of  the CD derivatives are usually much 
greater in water-based solutions than those of  
the native CDs. 

Table 3 summarizes a series of  experiments 
designed to determine the effects of  various 
solvent compositions and CD inclusions on the 
fluorescence emission intensities of  1-naphthol 
and carbaryl. 

The greatest fluorescence enhancement for 
carbaryl occurred in a 50/50 aqueous/methanol 
solution with fl-CD. Steady-state fluorescence 
enhancement was increased by a factor of  1.77 
above that observed for native carbaryl in a 
bulk aqueous solution. The CD derivative, hy- 
droxypropyl-fl-CD, had the greatest fluores- 
cence enhancement factor for 1-naphthol in a 
pure aqueous solution. 

Native p -CD  had a greater enhancement 
factor for l-naphthoi than heptakis(2,6-di-o- 
methyl)-/?-CD, heptakis(tri-o-CD and hydroxy- 
ethyl-fl-CD. Urea-solubilized fl-CD solutions 
were also tried with limited success. Although 
native fl-CD is only soluble to approximately 
14 mM in water, it performed significantly bet- 

Table 3 
Solvent and cyclodextrin effects on fluorescence intensity of 
I-naphthol 

0.72 ppm I-naphthol + Fluorescence 
enhancement 
factor 

water 1.00 
methanol 0.58 
aq. 2 mM p-CD 1.55 
aq. 6 mM ~-CD 1.57 
aq. 10 mM p-CD 1.60 
aq. 14 mM p-CD 1.50 
aq. 8.5 M urea/0.2 M p-CD 1.22 
aq. 0.2 M hydroxypropyl B-CD 1.94 
aq. 0.2 M heptakis(D-o-M)-fl-CD 0.80 
aq. 0.2 M heptakis('l'-o-M)-fl-CD 0.80 
aq. 0.2 M hydr0xyethyl-fl-CD 1.56 
aq. 2 mM :¢-CD 1.05 
aq. 2 mM 7-CD 1.05 
55% water/45% acctontrile 1.86 
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ter than the two other commonly used native 
CDs, i.e. alpha (~) and gamma (~). Both ~-CD 
and 7-CD enhanced the fluorescence of  l- 
naphthol by factors of  1.05, while f l -CD gave 
an enhancement factor of  1.60 for l-naphthol 
in aqueous solution. 

CD complexes coupled with mobile-phase 
solvent conditions provided greater emission 
intensity than the solvent effect alone, for both 
carbaryl and 1-naphthol. CDs should be con- 
sidered as a component  of  the mobile phase for 
future fluorometric analysis of  carbaryl and 
1-naphthol. 

The CD-modified acetonitrile/water mobile 
phase did not enhance the fluorescence inten- 
sity of  1-naphthol over that of  the same mobile 
phase without the presence of  the CD. The 
relative emission intensity was independent of  
the presence of  CD. The relative emission in- 
tensity was independent of  the presence of  CD. 
However, when the CD was present, a 10% 
decrease in retention time for 1-naphthol was 
observed. The pesticide/CD complex might not 
be expected to occur in a acetonitrile mobile 
phase owing to competit ion from the ace- 
tontrile to occupy the hydrophobic cavity of  
the CD. Although 1-naphthol fluorescence in- 
tensity is unaltered in the C D / a c e t o n i t r i l e / w a -  

ter matrix, the shortened retention time would 
indicate increased interaction with the mobile 
phase when CD is present. Whether a complex 
is actually forming or some other mechanism 
exists to decrease the retention time will be 
explored in the future. 

This HPLC method exhibited sensitivity, 
speed and high selectivity with good precision. 
The greatest potential for an interferent would 
be another  compound which hydrolyzes to l- 
naphthol,  which is unlikely. The limits of  detec- 
tion were 1 .0ngml -~  and 1 . 4 n g m l - t  for 
1-naphthol and carbaryl, respectively. These 
detection limits are comparable to those of  
other methods [14-16]. The detection limit ob- 
tained here for carbaryl is certainly comparable 
to that of  the EPA method, which is 2 ng m l -  t. 
No complex derivatizations were necessary as 
in other commonly used procedures [17,18], 
which makes this method an attractive alterna- 

tive ~o determine carbaryl or its metabolite in a 
variety of  water sources. 
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Abstract  

Flow-injection analysis for the determination of hydrazine derivatives based on their nucleophilic 
substitution reaction with 4-chloro-5,7-dinitrobenzofurazan in aqueous medium, and spectrophotometric 
detection has been described. The calibration graphs were linear in the range from 0.15 to 4.0 lag ml -~ of 
hydrazine derivatives, with sampling rates of up to 28-32 samples h -~. Interferences from amino com- 
pounds, benzoic acids, aliphatic amines and ammonia have been evaluated. The procedure has been applied 
to the determination of hydrazine derivatives in serum, urine, apressin drugs and artificial mixtures. 

I. Introduction 

Hydrazine derivatives (hydrazides and N- 
substituted hydrazines) are very important 
groups of organic compounds, having various 
applications in analytical chemistry [1]. Many 
of these substances are physiologically active 
and are used as a remedy against tuberculosis, 
leprosy, mental disorder and hypotension. Var- 
ious analytical techniques have been applied 
for their determination in biological fluids, 
drugs and other substances. Among the assay 
procedures listed in official compendia [2], titri- 
metric methods for the determination of pure 
drugs are most widely used. Other methods 
described in the literature are based on high- 
performance liquid chromatography [3-5], gas 
chromatography [6], fluorimetry [7], colorime- 
try and specrophotometry [8-10]. In these 
cases, the preliminary derivatization of the 
compounds under determination by various 
reagents (4-dimethylaminobenzaldehyde, 2,4- 
pentadione, 3-salicyclic aldehyde, 4-trinitroben- 

* Corresponding author. 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights 
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zenesulfonic acid and others) is needed. How- 
ever, these reactions are rather slow and often 
demand high temperatures [11]. That is why 
their applications in a flow-injection analysis 
(FIA) system for the determination of  hy- 
drazine derivatives is undesirable. Besides, the 
spectral characteristics of the reaction products 
formed from the substituted hydrazines and 
other amino compounds (alkylamines, amino 
acids, etc.) are similar. Therefore, the utiliza- 
tion of these reactions in the FIA of com- 
pounds of complicated composition with 
spectrophotometric detection is restricted. At 
the same time, there is a necessary to use FIA 
for the determination of substituted hydrazines 
in various substances. 

The application of 4-chloro-S,7-dinitroben- 
zofurazan (DNBF) in selective spectrophoto- 
metric determinations of hydrazine, hydrazides 
acids and arylamines in complicated mixtures 
containing alkylamines, phenols, amino acids 
and other organic and inorganic substances has 
been described in previous papers [12-15]. It 
was stated that DNBF exhibited high reactivity 
in modification reactions with amino com- 
pounds. The colored products have high molar 

reserved 
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510 am. 

n~tlm~ 5, 

Fig. 1. Manifold used for the determination of hydrazine 
derivatives. 

absorptivity. The application of DNBF in FIA 
determinations of the substituted hydrazines in 
pure forms of drugs, tablets and biological 
matrix is of great interest. 

2. Experimental 

water, a 10 -3 M stock solution of isoniazide 
was prepared by dissolution in a mixture of 
water and dimethylsulfoxide (70:30, v/v). 
Working solutions were prepared from this 
stock solution by dilution with water or water- 
dimethylsulfoxide (70:30, v/v). Freshly pre- 
pared solutions were used. 

An acetate buffer solution (analytical grade, 
pH 5.5) was used for determination of hy- 
drazine derivatives in biological samples. 

Liophilized human albumin and standard 
amino acid solutions were of analytical grade. 

The solution of trichloracetic acid (analytical 
grade) was prepared by dissolving 30 g of this 
chemical in 100 ml of water. 

2.1. Apparatus 

The Carl Zeiss Jena M-40 (Germany) and 
LOMO SF-26 (Russia) spectrophotometers 
with 10 mm pathlength glass cells were applied 
for spectral recording and absorbance measure- 
ments, and a Pracitronic MV-87S pH-meter 
was used for pH measurements, The home- 
made flow-injection system (see Fig. 1) con- 
sisted of a Zalimp 304 peristaltic pump 
(Poland), Mikrotechna six-way injection valve 
and SPECOL-210 (Carl Zeiss Jena) spec- 
trophotometer, with a 5 mm pathlength glass 
microcell as a detector. The connecting tubes 
were 0.6 mm bore PTFE, and end fittings and 
connectors (Microtechna) were applied. The 
output of the detector was monitored by a Carl 
Zeiss lena K-100 chart recorder. 

Sendimentation of proteins from biological 
liquids was performed using a centrifuge K-23 
(Janetzki)., 

2.2. Reagents 

All inorganic chemicals were of analytical- 
reagent grade and were used without further 
purification. Doubly-distilled water was used 
throughout. 

DNBF was prepared as previously described 
[14]. A 0.02 M solution of DNBF was prepared 
by dissolution in pure acetonitrile. 

10-3 M stock solutions of isonicotinic (isoni- 
azide, INH), diphenylphosphjnylacetic (phos- 
phabenzide, DPPAH), salicylic (SH) and 
benzoic (BH) hydrazides, and 1-hydrazinoph- 
thalazine hydrochloride (apressin, hydralazine, 
HPH) were made from commercial compounds 
by dissolution in water. Since the DNBF 
derivative of INH is only slightly soluble in 

2.3 Procedure 

Fig. 1 shows the manifolds used for the 
determination of hydrazine derivatives by FIA 
and the experimental conditions. The 0.02 M 
reagent solution of DNBF was injected directly 
into a carrier solution of the hydrazine deriva- 
tives (concentration range 0.15-4.0~tgml -I) 
and the peak height at 510 nm was measured. 
For the determination of HPH in apressin 
drug, 20 tablets were weighed and powdered. 
An accurately weighed amount of powder 
equivalent to 10 mg of the drug was transferred 
into a 100 ml standard flask and diluted to the 
mark with distilled water. The mixture was 
shaken vigorously and filtered through dry pa- 
per, discarding the first portion of filtrate. A 
5 ml portion was then diluted with the distilled 
water to obtain a final solution containing I lag 
of the drug per ml. 

For the determination of  chemicals in a com- 
plex biological matrix (plasma, urine and albu- 
min) the proteins were eliminated by addition 
of 1 ml of solution of trichloroacetic acid to 
4 ml of a sample followed by centrifugation at 
6000 r.p.m. 

The supernatant was neutralized by addition 
o f  0.5ml of pH 5.5 buffer solution. When 
analyzing plasma and urine, blank samples were 
prepared by precipitation and centrifugation as 
above, and the supernatant was destroyed by 
addition of 0.1 mi of 30% hydrogen peroxide 
solution. The amount of DPPAH in blood and 
urine was calculated by extrapolaction. 

3. Results and discussion 

Hydrazine derivatives react rapidly in organic 
and mixed solutions with DNBF, form- 
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Fig. 2. Absorption spectra of DNBF derivatives 
(2 × 10-5 tool I - t )  of" (A) INH; (B) DPPAH; (C) HPH in 
dimethylsulfoxide. (D) Reagent blank. 

ing intensively colored red products of nucle- 
ophilic substitution: 

OzN 

R ~ C(O) ~ N H ~  NH z + Cl J - ~ . - - -  NOz,.--,,. 

N N 
\o / O,N, 

R ~ C(O)~ N H ~  NH - ~ N O 2  

N N 
N o /  

These products were isolated [15], and found 
to have a maximum absorption at 500-515 nm 
(see Fig. 2). The molar absorptivity of these 
compounds is 2.2 x 104-3.9 x 104 1 tool -~ 
cm -~ in watcr-dimethylsulfoxide (90:10, v/v). 
Absorbance measurements were performed in 
the 500-520 nm range where the reagent blank 
had negligible absorbancc against the pure sol- 
vent. Quantitative determination showed the 
reaction to be completed immediately after the 
reagent was mixed with the compounds at tem- 
peratures of 15-30 °C, owing to high DNBF 
reactivity. The reaction products were stable 
for several days. In accordance with the high 
reactivity of DNBF in water and aqueous or- 
ganic mixtures, it is hydrolyzed forming on 
inactive hydroxy derivative (4-hydroxy-5,7- 
dinitrobenzofurazan). The reaction is rapidly 
completed even in the presence of a small 
amount of water in non-aqueous solvents (such 
as alcohols, dimethylsuifoxide and dimethylfor- 
mamide). However, solutions of DNBF arc 
stable in acetonitrile even in the presence of 
high amounts of water (up to 5%, v/v). For this 
reason, acetonitrile was used as a solvent for 
preparing DNBF solutions. At the same time, 

completion of the raction between DNBF and 
the substituted hydrazines in aqueous-organic 
mixtures is not influenced by the water content, 
because of differences in nucleophilic properties 
of analytes and solvent. Therefore, an acetoni- 
trile solution of the reagent is preferable in the 
converted variant of FIA for which the reagent 
is injected into the analyte stream. Our ap- 
proach is guided by the restricted solubility of 
the determined substraces and the products of 
their reactions with DNBF in acetonitrile. 
Moreover, this restricted solubility can lead to 
a change in the baseline with time in the FIA 
system. 

The optimum pH was found by use of uni- 
versal buffer solutions in the pH range 2-8. 
Absorbance measurements of the products and 
the reagent blank showed that the color system 
was not influenced by pH in the range 4-7. 

The Beer's law plots were linear over the 
whole concentration range of 2 x 10 -6-  
10 -4 tool 1 -m for all hydrazine derivatives un- 
der the conditions described for acetonitrile, 
dimethylsulfoxide, methanol, ethanol and their 
water mixtures. Since the absorbance for the 
blank at 510 nm was negligible and the reac- 
tion was fast, the formation of derivatives with 
DNBF was suitable for the routine determina- 
tion of substituted hydrazines. 

The flow-rate of the carrier was varied be- 
tween 0.8 and 2.Smlmin -m. A value of 
1.2 ml rain -~ was chosen as a good compro- 
mise between residence time and sampling fre- 
quency. 

A reactor length (L) of less than 90 cm had 
no influence on peak height, and L = 90 cm 
and an inner diameter of 0.6 mm were chosen 
as a compromise between maximum peak 
height and sampling frequency. The optimum 
volume of injected DNBF solutions was found 
to be ll0ttl. 

The influence of DNBF concentrations on 
the peak heights was studied in the range 
5 x 10-3-4 x I0 -2 M. The highest peaks wcrc 
obtained with I × 10-2M DNBF, and the 
peak height was unaffected by higher concen- 
trations. 

Analytical characteristics of FIA are summa- 
rized in Table I. With the manifold described, 
peak height without correction for the blank 
vs. concentration of hydrazine derivatives in 
the sample was linear in the range 0.15- 
4.0 ~tg ml, a small intercept being on the ordi- 
nate. During the determination of hydrazine 
derivatives in serum and urine, the peak 
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Table I 
Analytical characteristics o f  FIA methods  for hydrazine derivatives 

Chemical"  Calibration Linear range Correlation 
equation (pg ml -~)  coefficient 
(lag ml - i ) 

Sampling 
frequency 
(h -l) 

INH H (mm) = 73.7 [INH] - 0.7 0.15-2.5 0.9986 
DPPAH H (ram) = 28.5 [DPPAH] - 0.7 0.25-3.5 0.9993 
SH H (ram) = 35.6 [SH] - 0.8 0 .35-4.0 0.9992 
BH H (ram) = 41.2 [BH] + 0.5 0 .2-2.5  0.9987 
HPH H (ram) = 58.2 [HPH] - 0.8 0.15-2.5 0.9991 

32 
28 
28 
30 
30 

" I N H  =~ isonicotinic hydrazide; DPPAH = diphenylphosphinylacetic hydrazide; SH -- salicylic hydrazide; BH = benzoic 
hydrazide; HPH = I-hydrazinophthalazine hydrochloride. 

heights were corrected with respect to the pre- 
treatment of biological solutions (see Section 
2.3). If blank samples are not used, the biolog- 
ical matrix components cause an error of 6% in 
DPPAH determination at a concentration of 
1 ~tg ml-* in urine and plasma. 

A systematic study of potential interferences 
in the proposed method was carried out. 
Amino acids, ammonia, and methyl- and 
dimethylamine also react with 4-chloro-S,7- 
dinitrobenzofurazan, yielding yellow DNBF 
derivatives [16]. The absorption spectra of the 
products obtained under these conditions and 
used for hydrazine derivative determination 
have bands with maximum absorption between 
430 and 450 rim. The low absorbance of these 

products at 510nm leads to an increase in 
hydrazine derivative signal and to positive er- 
rors in the determination when their concentra- 
tion exceeds the concentration of hydrazine 25 
times (see Table 2). The high content of ben- 
zoic and salicylic acids, and inorganic salts 
does not influence the peak height. To investi- 
gate the application of FIA, the hydrazine 
derivative content in apressin drug, serum, 
urine and in model samples was determined 
using recovery tests. The results are summa- 
rized in Table 3. The accuracy of HPH deter- 
mination in drugs was estimated by 
comparison with data obtained by an official 
compendia method, based on iodine titration 
[2]. 

Table 2 
Interferences of  other compounds  in the determination o f  hydrazine derivatives (n = 7, P -~ 0.95) 

Hydrazine Species Hydrazine 
derivative derivative 
(added 1 lag m l -  ') Compounds  Amoun t  added found (~tg m l -  t )" 

(rag ml - i ) 

Sr b 

BH Benzoic acid 0.122 1.02 + 0.03 0.04 
Sodium chloride 5.9 
Potassium chloride 8.5 
Sodium phosphate  13.1 

BH Methylamine 0.093 1.03 ± 0.04 0.05 

BH Ammoni a  0.051 1.02 ± 0.03 0.04 

INH Standard amino 
acid 6.11 1.04 _+ 0.04 0.05 

DPPAH Standard amino 
acid 6.11 !.04 + 0.04 0.05 

SH Salicylic acid 0. ! 1.03 ± 0.04 0.05 
Methylamine 0.05 
Dimethyla'mine 0.05 
Ammon i a  0.02 

"Mean ± confidence limit. 
b Standard deviation. 
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Table 3 
Determination of hydrazine derivatives in a biological matrix and in commercial preparations (n = 5, P -- 0.95) 

1469 

Sample Chemical Added b Found b 
(~tg ml-~ or mg per tablet) (ttg ml or mg per tablet) 

Serum DPPAH I.I 0 0.98 _+ 0.06 
Urine DPPAH 2.19 2.1 + 0.1 
Appressin HPH 10.1 + 0.2 a 9.8 + 0.2 
tablets 

Ref. [2]. 
b Mean + confidence limit. 

4. Conclusion 

Hydrazine derivatives can be determined as 
pharmaceuticals in a biological matrix in the 
presence of various biogenic amines using spec- 
tral characteristics of their derivatives with 
DNBF. Since the entire analytical cycle can be 
accomplished within 2 min, the FIA approach 
seems to be of interest and relevance. We also 
believe that our technique has significant po- 
tential for the assay of pharmaceutical hy- 
drazine derivatives in serum samples. 
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Abstract 

This paper reports the concentration of some dissolved organic phosphorus insecticides in water by 
open-cell polyurethane foam. The results of preliminary screening tests on the retention of the tested 
insecticides (Diazinon, Malathion and Chloropyrifos) by polyester foams indicated that a very high percent 
removal of the insecticides was obtained. The retention rate was fast and reaches equilibrium in a few 
minutes. The various parameters affecting the preconcentration of the tested insecticides by unloaded foam, 
e.g. pH, extraction media, shaking time, salt effect, flow rate, temperature and sample volumes have been 
optimized via the static mode of separation. The unloaded foams were employed in columns for the 
retention and recovery of the tested species. The sorption efficiency and the recovery of the tested 
compounds by the unloaded foam column were found to be up to 95.5%. The equivalent to a theoretical 
plate by the unloaded foam was found in the range 1.12-1.32 +0.2 mm. The sorption mechanism of the 
tested species by the foam is discussed. The separation of some of the tested species in a mixture was 
achieved. The foam membrane offers unique advantages over conventional bulk-type granular sorbents and 
solvent extraction in offering high flow rates, rapid, versatile, effective separation and preconcentration of 
different species from aqueous samples. The foam provides the advantages of being, insoluble, easily 
separable and non-polluting, as well as inexpensive. 

1. Introduction 

The classes of  compounds  responsible for the 
pollution of  potable water resources include 
polyaromatic  hydrocarbons,  detergents, phe- 
nols, polychlorinated biphenyis and pesticides 
[1]. The pesticides are not toxic agents and are 
widely and regularly applied over large areas 
accessible to the public [2]. The compounds  can 
enter water systems from various sources, e.g. 
run-off from agricultural land, direct entry f rom 
crop spraying, industrials and sewage effluent, 
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cattle spraying, dust and rainfall [3,4]. These 
species are deliberately directed against living 
organisms and applications almost occur with- 
out control [5]. 

The removal or reduction of  these water 
pollutants to an acceptable concentration by 
extraction with cellulose triacetate membrane 
filters, steam distillation, oxidation reactions, 
reversed liquid-liquid partition filter chro- 
matography and adsorption on active carbon 
has been reported [6-9]. Such preconcentration 
methods are often slow or cumbersome and are 
too expensive for routine analysis where large 
volume samples are concentrated on-site prior 
to quantitative analysis [8,9]. 

The use of  unloaded polyurethane foams 
(PuF) in separation and preconcentration pro- 

reserved 



1472 M.S. EI-Shahawi et al./ Talanta 42 (1995) 1471-1478 

cesses led to the revealing of the potential of 
their spherical geometric form: a spherical 
membrane-shaped geometry and the proposal 
of their general use in column operations as a 
substitute for the traditional granular supports 
in extraction chromatography [10]. Thus, in 
recent years considerable progress has been 
made in the use of polyurethane foam as an 
inexpensive solid extractor and effective sor- 
bent for the removal of water pollutants [11- 
23]. The membrane-like structure of the foams 
together with efficient sorption and mass- 
transfer properties offer a higher concentrating 
ability and flow rate compared with other 
solid supports. The solid foam concentrates 
various species in solution by a phase distribu- 
tion mechanism rather than adsorption. 

The object of the work described herein was 
to evaluate the applicability of polyurethane 
foam for the extraction and separation of 
some insecticides from large volume samples 
of aqueous media. Conclusions concerning the 
most probable sorption mechanism by the 
foam have also been drawn. 

2. Experimental 

2. I. Reagents and materials 

All reagents and chemicals used were of an- 
alytical reagent grade. Universal Britton- 
Robinson (B-R) buffer solutions containing 
a mixture of equal amounts (0.04moll -I) 
of phosphoric acid, boric acid and acetic 
acid with sodium hydroxide (0.01 moll -~ 
were used to provide different pH ranges. 
Polyurethane foam, an open-cell polyester- 
type (bulk density, 30kgm -~) was supplied 
by Greiner K.G. Schaum (Stoffwerk, Krems- 
munster, Austria). Foam cubes of volume ap- 
proximately 1 crn 3 were cut from polyurethane 
foam sheet. These foam cubes were soaked in 
1 M hydrochloric acid for 10h with occa- 
sional squeezing to remove any possible inor- 
ganic species, and were washed with water 
until they were acid-free. They were then 
washed with acetone in a Soxhlet extractor for 
24h to remove organic contaminants and 
finally dried as previously reported [18]. 

The insecticides tested were Chloropyrifos, 
o,o-diethyl-o-(3, 5,6-trichloro-2-pyridyl)phos- 
phorothioate; Malathion; diethyl [(dimethoxy- 
phosphinothioyl)thio]butanedioate and Diazi- 
non, o,o-diethyl-o-(3-isopropyl-6-methyl-pyrim- 

idine)phosphorothioate. Stock solutions (200 ~tg 
cm -a) of each compound were prepared in 
10 cm 3 ethanol and were diluted with distilled 
water. A series of standard solutions of these 
compounds was prepared by diluting their 
stock solutions with distilled water. The solu- 
tions were stored in polyethylene bottles. 

2.2. Apparatus 

A Pye-Unicam double-beam UV-Visible 
spectrophotometer model Sp 8-400 with 
10mm quartz cells was used for all the 
absorbance measurements. An Orion pH me- 
ter, a mechanical shaker type GI0 Gyrotary 
(New Brunswick, Scientific Co.) and glass 
columns (15cm x 1.5cm i.d.) were also 
employed. 

2.3. General procedures 

Batch experiments 
To investigate the effect of shaking time on 

the sorption of the tested insecticides on 
polyurethane foam, the foam cubes (0.2g) 
were equilibrated with 100 cm 3 of each com- 
pound (100 ixgcm -3) in separate polyethylene 
bottles, and were shaken for time intervals up 
to 2 h. The foam cubes were then separated 
by decantation. The amount of compound re- 
maining in the solution was measured spec- 
trophotometrically at the wavelength of 
maximum absorption. The sorption behaviour 
of the compounds as evaluated from the de- 
gree of sorption (E) and the distribution ratio 
(D) 

E = [C]i - -  [C]f  100 ( l )  
[Cl~ 

D = [Cl i -  [C]f V 
[Clr -W (2) 

where [C]i, and [C]F are the initial and final 
insecticide concentrations, respectively, in the 
solution, V is the volume of the solution (cm 3) 
and W is the weight of dry foam (g). Follow- 
ing these procedures, the effects of solution 
pH employing Britton-Robinson buffer, acid- 
ity, temperature, compound concentration, ex- 
traction medium and increasing salt 
concentration (~<0.1M) of different alkali 
metal (Li +, Na ÷, K ÷, NH~) chlorides on the 
sorption efficiency of the tested species by the 
polyester-based polyurethane foam were criti- 
cally examined. 
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Table I 
The logarithm distribution coefficient (D) data for the 
sorption of the tested insecticides by unloaded foams in the 
presence of different univalent cations ~ 

Cation 
concentration 
(M) 

Logarithm distribution coefficient, D 

Chloropyrifos Malathion Diazinon 

LiCI 
0.01 3.8+0.1 2.9+0.2 2.3+0.2 
0.05 3.8_+0.1 3.2_+0.1 2.504-0.07 
0.1 3.70_+0.09 3.64-0.1 2.84-0.1 
NaCI 
0.01 4,1 _+0.1 1.70_+0.05 1.9_+0.1 
0.05 4.1 +0.1 1.8+0.1 1.64-0.1 
0.1 4.0-+0.1 1.9-+0.1 0.40-t-0.07 
KCI 
0,01 4.3+0.1 1.54-0.1 1.75-+0.07 
0.05 4.4+0.1 1.6+0.1 1.55_+0.09 
0.1 4.5-+0.1 !.5_+0.1 0.90-t-0.05 
NH4C1 
0.01 4.3_+0.1 !.3_+0.1 1.504-0.08 
0.05 4.34-0.1 1.4_+0.1 1.284-0.07 
0.1 4.24-0.1 1.3_+0.1 0.764-0.09 

a Extraction from aqueous solution (100 cm 3) at the pH of 
maximum extractibility of each insecticide (80 i~gcm-3). 
Average of five measurements _+ standard deviation (S.D.) 
at room temperature. 

Flow experiments 
In the column experiments, 3 g of  dry foam 

were homogeneously packed into the column 
using the vacuum method of  foam column 
packing [12]. Tap  or distilled water (0.1-  5 dm 3) 
samples containing 0.1 mg of  the insecticide 
tested were passed through the foam column at 
10-15 cm 3 min - ] .  After squeezing water from 
the foam, the compound was then recovered 
quantitatively from the foam with 200 cm 3 of  

acetone in a Soxhlet extractor for 8 h. The 
atiaiyte was determined by measuring the ab- 
sorbance of  the solution against a reagent 
blank after being concentrated to a volume of  
25 cm 3 with a rotary evaporator.  The effect of  
sample volume, flow rate and column foam bed 
on the extraction efficiency of  the compounds 
by the foam were also determined. The chro- 
matographic separation of  Malathion and 
Chloropyrifos were carried out employing the 
foam packed column procedures. 

3. Results and discussion 

Preliminary experiments using unloaded 
polyester-type-based polyurethane foam have 
shown that the extraction of  the investigated 
compounds (I, II, I I I  in Fig. l) is rapid and 
equilibrium is reached in less than 50 min, fol- 
lowed by a plateau. The results obtained are 
summarized in Fig. 2. (Each point in the figure 
represents an average of  five measurements 
(n = 5) with relative standard deviations in the 
range 1.8-2.1%.) Rapid preconcentration and 
good extraction efficiency of  the tested com- 
pounds from aqueous media were obtained. 
The average values of  the half-life (tl/2) of  
equilibrium sorption calculated from Fig, 2 are 
in the range 2 - 3  min. 

3. I. Extraction isotherm 

The uptake of  the tested compounds from 
aqueous solution by the unloaded foam was 
dependent on the initial concentration. There- 

S 
II 

I l l  
cl ~.,..,"~...-~ c~ 

I 
Chloropyrifos 

S 
II 

(CHaO)zP ~ S CHCH2COOCH2CH 3 
I 

COOCH2CH 3 

C H 3 " ~ N / C H ( C H a ) 2  

O ~ P ~ (OCH2CH3) 2 
II 
0 

I I  HI 
Malathion Diazinon 

Fig. I. Structure of the tested insecticides. 
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Fig. 2. Effect of shaking time on the sorption profiles of 
(curve I) Chloropyrifos, (curve 2) Malathion, and (curve 3) 
Diazinon at 100 lag cm -~ in aqueous solution (100 cm ~) at 
pH 5-6 and 20 + 0.1*C by unloaded foams (0.3 g). 

fore, the sorption isotherms were determined 
over a wide range of  equilibrium concentra- 
tions ( 1 0 - 2 0 0 p g c m  -3) for each insecticide 
at 20°C. The pH values of  the aqueous media 
in these experiments were adjusted with Brit- 
ton-Robinson buffer to pH 5-6 ,  so that the 
compounds were predominantly in the undis- 
sociated form. At low concentration of  the 
compounds,  the sorption isotherms exhibited 
first-order behaviour and tended to plateau at 
higher bulk solution concentration as shown in 
Fig. 3. The sorption of  the different species by 
the unloaded foam increases in the order 

Chloropyrifos > Malathion > Diazinon 

Similar trends for the sorption of  the tested 
compounds  were obtained with diethyl ether 
and for other similar species retained on 
polyurethane foams [14,15]. Therefore solvent 
extraction is the most probable mechanism for 
the sorption of  the tested species by the 
polyester foam from aqueous media at the 
tested pH [15]. However, it is worth noting that 
the molecular weight (Mw) of  Chloropyrifos 
(Mw=345.5) ,  Diazinon ( M w = 2 6 8 )  and 
Malathion (Mw = 330.5) are also participating 
factors in the extraction step by the polyester 
foam. These data are consistent with the gen- 
eral understanding that the higher the molecu- 
lar weight of  the sorbate, the larger the amount  
of  the tested insecticides retained on the foam 

i8 o 
3 

I 
1 2 3 4 5 

Insecticide remaining in solution, mg 

Fig. 3. Extraction isotherms of (curve l) Chloropyrifos, 
(curve 2) Malathion and, (curve 3) Diazinon at concentra- 
tions 10-200 lag crn -3 by unloaded foams from a 100 cm ~ 
aqueous solution sample at pH 5-6 and 20.0 + 0.1*C and 
1 h extraction time. 

when the substances concerned are similar in 
nature [24,25]. 

The influence of  the pH of  the aqueous 
solution on the sorption profile of  the com- 
pounds at concentration 1001~gcm -3 by the 
unloaded foams was determined over a p H  
range of  1-12  employing 0 . 1 m o l l  -~ hy- 
drochloric acid solution and Brit ton-Robinson 
buffer. The sorption profiles of  the compounds 
by the unloaded foams are summarized in Fig. 

8O 

7O 

6O 

,: 

40 

30 ~2 

I I [ I 
2 4 6 8 10 

pH 

Fig. 4. Effect of pH on the extraction percentage of (curve 
i ) Chloropyrifos, (curve 2) Malathion and, (curve 3) Diazi- 
non by unloaded foam (0.3 g) from a 100cm 3 a q u e o u s  
sample (g0 lag cm-'~). Other conditions in Fig. 2. 
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4. The extraction percentage of Chloropyrifos 
reached a maximum in the pH range 2-4 and 
decreased at moderate and higher pH. Diazi- 
non and Malathion display maximum retention 
at pH 6-8, at which the compounds exist in 
the neutral form. Thus the sorption mechanism 
involves neutral species and this is consistent 
with a solvent-extraction mechanism as previ- 
ously reported [14,20]. 

The effect of different concentrations of al- 
kali metal chlorides, e.g. LiCl, NaC1, KCI and 
NH4CI, at concentrations ~< 0.1 M on the sorp- 
tion profiles of the tested compounds 
(80 ~tg cm -3) was investigated. The results ob- 
tained are summarized in Table 1. A significant 
increase in the sorption profiles of Diazinon 
and Malathion by the polyester foam was ob- 
served in the presence of the salts LiCl, NaCl, 
KCl and NH4CI at concentrations ~<0.1 M and 
the order of sorption Li + > Na + > K ÷ > NH~ 
was observed for Diazinon and Malathion 
(Table 1). The distribution ratio of Malathion 
increased with the amount of salt added from 
logD=2 .9  and 1.7 to l ogD=3 .6  and 1.9 
(Table l) while for Diazinon it changed from 
log D = 2.3 and 1.9 to log D = 2.8 and 0.4 for 
Li + and Na + ions at 0.01 M and 0.1 M, re- 
spectively. The added salts ( L i + , N a  +) in- 
creased the sorption profiles of the Diazinon 
and Malathion into the foams by reducing the 
number of water molecules available to solvate 
the sorbed species which would therefore be 
forced out of the solvent phase into the foam, 
since some amount of "free" water molecules 
are preferentially used to solvate the ions 
added [17,18]. Hence the influence of these salts 
can be explained by the salting out effect and 
"solvent extraction" is the most probable 
mechanism [21,26]. 

The sorption profiles of Chloropyrifos by the 
foam increased in the presence of the alkali 
salts in the following order of cations: 
K + > NH £ > Na + > Li + (Table 1). Therefore, 
the ion-dipole interactions of NH~ ions with 
oxygen atom sites of the polyurethane foam are 
possibly highly predominating in the sorption 
of Chloropyrifos. According to the "cation- 
chelation mechanism", the presence of K + ions 
should facilitate the extraction of the 
Chloropyrifos by the foam more than the other 
alkali metal ions (NH +, Na + or Li +) because 
of the better fit of this ion into the central 
cavity of the oxygen-rich helix in the 
polyurethane foam. Therefore, the obtainable 
results of the sorption profiles of Chloropyrifos 

are in good agreement with the data recently 
reported by Palagyi et al. [26,27]. Therefore the 
"cation-chelation mechanism" is the most 
probable mechanism for the sorption of 
Chloropyrifos. In accordance with this mecha- 
nism, the polyalkenoxy chains of the PuF sor- 
bent form a helical structure [28]. This helical 
structure of the polyurethane foam sorbent 
forms a clathrate with suitable simple cations. 

To confirm the salting out of the salts added 
on the sorption profiles of Diazinon and 
Malathion by the foams, an extraction of 
200cm 3 of the former compound at 
80ktgcm -s was investigated at pH 4 and 9 
after shaking for 30 rain. The added Li + ions 
(0.01 M) to the sorption media enhanced the 
distribution ratio of Diazinon more in a solu- 
tion of pH 4 (log D--3.6) than at pH 9 
(log D = 2.4). This behaviour is possibly at- 
tributed to the increased amount of neutral 
species at pH 4 as compared to pH 9 and the 
compound is highly extractable in the neutral 
form. Thus a "solvent-extraction mechanism" 
with the salts acting as salting out agents is the 
most probable mechanism for the preconcen- 
tration of Diazinon and Malathion by the 
polyurethane foam [14]. 

The influence of temperatures of 35, 45 and 
55°C on the sorption profiles of the tested 
species by the foam were determined at the pH 
of maximum extraction of each insecticide. 
Similar trends to that obtained at 20oc were 
found and the percentage retention increases 
slightly with increasing temperature. Assuming 
no precipitation or chelation and that the ex- 
tracted compounds exist as neutral species, 
then the equilibrium constant K for the equa- 
tion 

Compound=q. - ~ Compoundo,s (3) 

is equivalent to the partition ratio, D. Employ- 
ing the equation 

In K = - A H O / R T  + ASO/R (4) 

the values of the standard entropy change, 
AS* for the sorption of the Diazinon and 
Malathion by the unloaded foams were found 
to be in the range - 3 2 - - 3 6 _ + 2 J m o l -  
deg-J. The value of AS* for the sorption of 
Chloropyrifos by the foam was found to be 

- 19 4- 2 J tool- J deg- t. The low values of the 
entropy change for Diazinon and Malathion 
are possibly attributed to the decrease in the 
freedom of movement of the organic com- 
pound in the polyurethane foam as previously 
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Fig. 5. Effect of extraction media on the sorption profile of 
Malathion by unloaded foam at pH 6-7 and a 1 h extrac- 
tion time. Ethanol additions: curve I, 0%; curve 2, 10%; 
curve 3, 15%. Other conditions as in Fig. 2. 

reported [14]. These results are consistent with 
the solvent-extraction mechanism. The values 
of  the standard enthalpy change, AH* were 
found to be in the range 2 6 + 4 k J m o 1 - 1 .  
Raising the temperature may facilitate the par- 
tition of  the tested species through the 
polyurethane foam via the urethane linkage 
and/or ester oxygen atoms. 

O 

II 
- - C H : C O - C H 2 -  

or 

O 

II 
-[R'-NH-C-O-R]. 

The influence of the extraction media on the 
sorption percentage of  the tested species by the 
polyurethane foam was examined by the addi- 
tion of  ethanol (0-15%). The sorption profiles 
of  Diazinon and malathion by the unloaded 
foams decreased on the addition of  ethanol to 
the aqueous media up to 15%. Representative 
results are summarized in Fig. 5. This be- 
haviour is possibly due to the formation of  a 
lipophilic association in the aqueous solution 
[29]. Water is a solvent with a high dielectric 
constant; therefore, ions in the aqueous solu- 
tion are well solvated and so it is difficult for 
these species to form ion pairs in the aqueous 
solution. These data are consistent with the 
fact that with a compound of  low dielectric 
constant and another which has a high dielec- 
tric constant, the retention percentage should 

increase with increase in the solvent polarity of 
the polar phase. These results are also consis- 
tent with the solvent-extraction mechanism in 
the sorption of  these species by the unloaded 
foam. The nature of the media has therefore a 
marked effect on the sorption characteristics of  
the compounds. 

3.2. Flow experiments 

The sorption behaviour of  the tested com- 
pounds from aqueous solution with the un- 
loaded polyurethane foam suggests a possible 
application of  the foam in the column extrac- 
tion mode for the quantitative collection and 
recovery of  the tested compounds from 
aqueous media at the pH of maximum ex- 
tractability for each compound, Distilled or tap 
water samples ( 0 . 1 - 5 d m  3) containing 0.1 mg 
of  each compound were percolated separately 
through the foam columns at a flow rate of 
10-15cm~min  -I .  Complete retention of  the 
tested compounds was achieved by the foam 
column. After squeezing water from the foam 
the compounds were then recovered from the 
foam with acetone in a Soxhlet extractor. Satis- 
factory recovery percentages (91.5-95.5%) of  
the tested compounds from the aqueous media 
by the proposed foam column method are ob- 
tained (Table 2). The effects of  flow rate and 
sample volume on the retention of  the com- 
pounds by the unloaded foams were also exam- 
ined by percolating aqueous sample volumes 
(0.1- 5 dm 3) of  Diazinon (0.1 mg) through the 
column at various flow rates between 5 and 
25 cm 3 rain- i. Complete retention of the com- 
pound was obtained from 5 dm 3 of  aqueous 

Table 2 
Extraction and recovery of the tested insecticides (0.1 mg) 
from 3 dm 3 of aqueous solution at a l0 cm ~ min -~ flow 
rate by the proposed unloaded foam column a 

Compound Recovery % Wavelength b pKa 
(nm) 

(a) (b) 

Chloropyrifos 93 +2 95+2 206 (4.4) 4.55 
Malathion 92 -[- I 93 + 3 280 (3.13) 5.21 
Diazinon 95 + 2 96 + 2 290 (2.94) 4.97 

"Conditions: Extraction from aqueous solution (200 cm -~) 
at the pH of maximum sorption of each insecticide. Aver- 
age of five measurements from (a) distilled water and (b) 
tap water + SD at room temperature, 
bThe logarithm of the extinction coefficient (¢, 
I tool -t cm -I) of the tested insecticides is given in paren- 
theses.  
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Fig. 6. Break through capacity curves o f  the sorption 
profiles o f  Diazinon by unloaded foam at flow rates of  
(curve I ) 15 cm 3 m i n -  ~ and (curve 2) 25 cm 3 r a i n -  i by 
unloaded foam column. 

half of  the initial concentration, and I7 is the 
volume at which the effluent has a concentra- 
tion of  0.1578 of  the initial concentration. The 
value of  the H E T P  obtained by this method 
was 1.2 ± 0.2 mm, confirming the values ob- 
tained from the elution curves. 

The separation of  Malathion (0.1 mg) from 
Chloropyrifos (0.05 mg) in aqueous solution at 
pH 2 and in the presence of  sodium chloride 
(0.1 M) for Chloropyrifos has been successfully 
carried out on the polyurethane foam. The 
solution mixture was percolated through the 
foam column at 15 cm 3 m in -  ~. The sorption of  
Chloropyrifos took place while Malathion was 
not retained on the foam column and collected 
quantitatively in the effluent. Chloropyrifos 
was then recovered from the foam with 
100 em 3 of  acetone at 2 - 3  cm 3 min -  ~ and was 
determined spectrophotometrically at 206 nm. 

solution and the extraction efficiency decreased 
significantly to 76% at 25 crn 3 min - t  from a 
5 dm ~ aqueous volume. To determine the per- 
formance of  the foam column by the chro- 
matogram method, quantitative retention of  
Diazinon (0.01 mg) followed by elution with 
200 cm 3 of  acetone-HC1 (3:1 (v/v)) through the 
foam column at a 5 cm 3 min-~ flow rate was 
carried out. The height equivalent to a theoret- 
ical plate ( H E T P )  was obtained from the elu- 
tion curves using the equation [11] 

N =  8V~ax L 
W e H E T P  

where N is the number of  theoretical plates, 
Vma~ is the volume of  eluate at the peak maxi- 
mum, W is the width of  the peak at l/e the 
maximum solute concentration and L is the 
length of  the column foam bed. The H E T P  
values were found to be equal to 1.1 _+ 0.2 mm 
and 1.3 _+ 0.2 mm at flow rates of  15 cm 3 min -~ 
and 20 cm 3 min-  t, respectively. 

The H E T P  value for the unloaded foam 
column was also calculated from the break- 
through capacity curve (Fig. 6) of  Diazinon at 
15 cm 3 rain-  ~ and 25 cm 3 min -  ~ employing the 
equation [11] 

VI7 L 
N = ~ = H E T P  

where V is the volume of  effluent at the center 
of  the S-shaped section of  the breakthrough 
capacity curve where the concentration is one- 

4. Conclusion 

Unloaded foams in the batch and the 
column modes can be applied to trap trace 
amounts of  insecticides from water, and the 
retained species can be recovered with an ap- 
propriate eluent. The separation of  the tested 
species can be achieved provided that there is a 
sufficiently large difference in the optimum con- 
dition of  extraction of  each compound. A 
study of  the rested compounds shows that the 
insecticides are extracted in their neutral form 
by a simple solvent-extraction mechanism. This 
conclusion is supported by the short time re- 
quired for extraction equilibrium arid the slat- 
ing out phenomenon. The nature of  the 
sorption media has a marked effect on the 
extraction performance of  the tested species by 
the foam. Moreover, the foam offers a wider 
range of  modifications than normal granular 
solids. The good hydrodynamic properties of  
the foam sorbent give the unique advantage of  
rapid, and versatile preconcentration of  the 
tested compounds. 
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Abstract 

Three simple and sensitive spectrophotometric.methods for the determination of tamoxifen citrate have 
been developed. They are based on the formation of an ion-association complex between the drug and a dye, 
Erioglaucine A, which is extractable into chloroform and has an absorption maximum at 625 nm (method 
A), oxidation with excess potassium permanganate and the determination of unconsumed permanganate 
using Fast Green FCF (method B), or by the formation of a coloured cobalt thiocyante coordination 
complex which is extracted into benzene and measured at 635 nm (method C). Beer's law limits for methods 
A, B, and C are 0.5-3.0 lag ml- ' ,  1.0-6.0 lag ml- '  and 100-500 lag ml- ' ,  respectively. No interference was 
observed from tableting additives and the applicability of the methods was examined by analysing tablets 
containing tamoxifen. The quantities determined were 99.0-100.03% of the exptected values. 

1. Introduction 

Tamoxifen (molecular formula C26H29NO , 

molecular weight, 371.48 g) is chemically known 
as [Z]-2-[4-(1,2-diphenyl-l-butenyl)-phenoxy]- 
N,N-dimethylethanamine. It is an antineoplas- 
tic agent used as its citrate in the treatment of  
breast cancer. The drug is official in the British 
Pharmacopoeia [1] and the United States Phar- 
macopoeia [2]. A survey of  the literature re- 
vealed that only a single ultraviolet and two 
visisble spectrophotometric methods have been 
reported [3]. The latter two methods are based 
on the formation of  an ion-association complex 
between tamoxifen and Methyl Orange and the 
reaction of  tamoxifen citrate with a citric ac id-  
acetic anhydride reagent [3]. Other methods 
include polarography [4], thin layer chromatog- 
raphy [5], gas chromatography [6-10], and 
high-performance liquid chromatography [11- 
13]. The reported spectrophotometric methods 
possess deficienceis such as a low 2m, x value or 

* Corresponding author. 

lower sensitivity. It is, therefore, of  interest to 
develop simple and sensitive procedures with 
higher 2m~x values for the determination of  
tamoxifen citrate in pharmaceutical formula- 
tions. This paper describes three visible spec- 
trophotometric methods for the determination 
of  tamoxifen citrate, exploiting its basic nature, 
unsaturation, and the presence of  an aliphatic 
tertiary amine group. 

Acidic dyes have been utilised for the deter- 
mination of  compounds exhibiting basic prop- 
erties [14]. In method A, the acidic dye, 
Erioglaucine A (EG-A) (C.I. no. 42 090), was 
choosen for the direct determination of  tamox- 
ifen citrate. Gordon reported few indirect col- 
orimetric procedures for the determination of  
some organic compounds possessing double 
bonds by oxidimetry [15]. Cobalt thiocyanate 
(CTC) has been used as a reagent for the 
determination of  compounds containing a ter- 
tiary amino group [16,17]. We have applied 
these reagents to the determination of  tamox- 
ifen citrate in bluk form and in pharmaceutical 
formulations. Method A describes the spec- 
trophotometric determination of  an ion-associ- 

SSDI 0039-9140(95)01598-1 
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ation complex formed between the drug and 
EG-A which is extracted into chloroform. In 
method B, the drug was treated with standard 
KMnO4 in excess. The consumed KMnO4 cor- 
responding to tamoxifen citrate was obtained 
by determining unconsumed KMnO4 spec- 
trophotometrically with Fast Green (FG)-FCF 
based on a report that the decolorisation of 
FG-FCF by KMnO4 is quantitative [15]. 
Method C involves the formation of a coloured 
CTC coordination complex of the drug, which 
is benzene extractable. 

2. Experimental 

2. I. Apparatus 

A Systronics model 106 spectrophotometer 
with 1 cm matched glass cells and a Milton 
Roy spectronic 1201 spectrophotometer with 
1 cm matched quartz cells were used for ab- 
sorbance measurements in the visible and ultra- 
violet regions respectively. An Elico-digital 
model LI-120 pH meter was used for the pH 
measurements. 

2.2. Materials and reagents 

All reagents were analytical grade, and all 
solutions were prepared with double-distilled 
water. Freshly prepared solutions were always 
used. 

Aqueous solutions of sodium sulphate 
(BDH; 1.0 M), potassium permanganate 
(BDH; 2.0 x 10-3M) in 2.0M H2SO4, and 
FG-FCF (Chroma; 1.23 x 10 -s M) in 1.0 M 
H2SO4 were prepared with double-distilled 
water. 

EG-A (Chroma; 2.53 x 10-~M) was pre- 
pared in aqueous medium and washed with 
chloroform prior to use. A buffer solution (pH 
1.2) was obtained by mixing 146 ml of 0.1 M 
glycine solution (0.1 M, 7.507g of glycine 
+ 5.85 g of NaCI dissolved in 1 I of distilled 
water) to 854 ml of 0.1 M HCI and adjusting 
the pH of the solution to 1.2. 

CTC (2.5 x 10 -~ M) was prepared by dis- 
solving 7.25 g of cobaltous nitrate and 3.8 g of 
ammonium thiocyanate in 100 ml of distilled 
water. A buffer solution (pH 2.0) was prepared 
by mixing 306 ml of trisodium citrate (0.1 M), 
694 ml of HC1 (0.1 M), and adjusting the pH of 
the solution to 2.0. 

2.3. Preparation of standard drug solutions 

2.3. I. Preparation of tamoxifen standard for 
method A 

An accurately massed amount of tamoxifen 
citrate equivalent to 100 mg of tamoxifen was 
transferred to a 125 ml separatory funnel con- 
taining 10ml of aqueous 1.0M sodium hy- 
droxide and the free base was extracted with 
chloroform (4 x 15 ml). The combined chloro- 
form extracts were diluted to 100 ml to obtain 
a stock solution of 1 mg ml -~. Diluted stan- 
dard solutions were prepared by dilution of the 
stock solution with chloroform. 

2.3.2. Preparation of tamoxifen citrate for 
methods B and C 

A 1 mg ml-~ standard solution of tamoxifen 
citrate prepared in a DMF: H20 (1:5) mixture 
by warming was used as such for method C. 
The solution was further diluted with distilled 
water to obtain a concentration of 50 lag ml-  
for method B. 

2.4. Optimisation experiments for the methods 

The optimum conditions for the develop- 
ment of methods A - C  were established by 
varying the parameters one at a time, keeping 
the others fixed, and observing the effect pro- 
duced on the absorbance of these solutions. 

In order to establish the optimum pH range 
for method A, the drug was allowed to react 
with EG-A in aqueous solution bufferred to 
pH 1.0-3.0, and the complex formed was ex- 
tracted with chloroform for measurement. 
Constant absorbances were obtained over the 
pH range 1.1-1.4. Hence a pH of 1.2 was 
chosen. A 10 ml portion of EG-A solution was 
found to be optimal. Shaking times of 1-3 min 
produced a constant absorbance; hence a shak- 
ing time of 2 min was selected. A ratio of 2:1 
aqueous to non-aqueous phases was required 
for the efficient extraction of the coloured spe- 
cies. A series of experiments with other organic 
solvents such as CCI4, CH2C12, and n-butanol 
showed that chloroform was the best choice. 
The absorption spectrum of the coloured spe- 
cies is shown in Fig. 1. 

In order to establish the experimental condi- 
tions for method B, the strength and the vol- 
ume of KMnO4 was studied. The use of 0.5 ml 
of KMnO4 in 2.0 M H2SO 4 was found to give 
constant and reproducible absorbance values. 
The strength of the acid in the preparation of 
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Fig. t. Absorption spectra of the tamoxifen-EG-A system (tamoxifen concentration 1.07 x 10 -5 M; EG-A concentration 
2.53 × 10 -3 M) the tamoxifen citrate-FG-FCF/KMnO4 system (tamoxifen citrate concentration 7.09 x 10 -6 M; FG- 
FCF concentration 4.94 x 10 -5 M; KMnO4 concentration 4.0 x 10 - s  M) and the tamoxifen citrate-CTC system (tamox- 
ifen citrate concentration 8.87 x 10 -4 M; CTC concentration 1.25 x 10-a M). The three spectra are blank-corrected. O, 
CTC; A, KMnO4-FG-FCF;  l ,  EG-A; ©, EG-A BLK; x ,  CTC BLK; A, KMnO4-FG-FCF BLK. 

KMnO4 was found to have a significant effect 
on the absorbance. The oxidation time was 
established by increasing it in increments of  
5 min. The absorbance values (after colour de- 
velopment) were found to increase to a maxi- 
mum up to an oxidation time of  15 min and 
remained constant for 15 min. Hence, an oxi- 
dation time of  15 min at room temperature 
(28 __ 5°C) was chosen. Increasing the tempera- 
ture produced no additional increase in ab- 
sorbance. The addition of  0.4 ml of  FG-FCF  
and 4.0 ml of  sodium sulphate were found to 
be optimal. The spectrum obtained for these 
solutions produced by the suggested procedure 
is shown to have maximum absorbance at 
630 nm, as shown in Fig. 1. 

To establish the experimental conditions for 
method C, the drug was allowed to react with 
CTC in aqueous solution buffered from pH 1.1 
to 3.0 and the complex was extracted with 
benzene. Constant absorbances were obtained 
over the pH range 1.8-2.4; hence a pH of  2.0 

was used. It has been found that 2.0 ml of  
buffer are necessary to maintain the pH of  the 
aqueous phase. From 4 to 7.0 ml of  CTC were 
found to give a constant absorbance value; 
hence a 5.0 ml portion of  CTC was used. Ben- 
zene was used for the selective extraction of  the 
coordination complex formed between the drug 
and CTC. A ratio of  1.2:1.0 aqueous to organic 
phases was required for efficient extraction of  
the coloured species. Constant absorbance was 
obtained for shaking periods between 1 and 
4 min; hence a shaking time of  2.0 rain was 
chosen for use. 

2.5. Procedures 

2.5.1. Method ,4 
Aliquots of  the tamoxifen standard solution 

(1.0-6.0 ml; 5 ggml  -~) were placed in a series 
of  125 ml separatory funnels, and 10.0ml of  
buffer (pH 1.2) and 10.0 mi of  EG-A solution 
were added to each. The total volume of  the 

TAL 42 : IO~J 
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Table 1 
Optical characteristics, precision and accuracy 

Parameter Method 

A B C 

Beer's law limits (lag m l - t )  
Detection limits (lag ml-~)  
Molar absorptivity (I m o l - t  cm - I )  

Sandell 's sensitivity 
( lag ~ ' n  - 2  per 0.001 absorbance unit) 
Relative standard deviation (%) ~ 
Range of error ~ (95% confidence limit) 

0.5-3.0 1.0-6.0 100-500 
0.036 O. 134 1.32 
(6.15 x !04) (7.23 x 104) (7.6 x lO s) 
_+258.2 _+303.7 _+ 12.2 
(6.038 x iO -3) (7.79 x lO -3)  (7.35 x lO - I )  
_+(2.85 x lO -5)  _+(3.14 x IO - s )  _+(I.22 x IO -2) 
0.52 0.27 0.41 
0.55 0.28 0.43 

a Six replicate samples. 

chloroform layer in each separating funnel was 
adjusted to 10.0 ml. The contents were shaken 
for 2 min and absorbance of the separated 
chloroform layer was measured at 625 nm 
against a reagent blank within 30min. The 
amount of drug was computed from a Beer- 
Lambert plot. 

2.5.2. Method B 
To a series of 25 ml calibrated tubes contain- 

ing aliquots (0.5-6.0 ml) of tamoxifen citrate 
(501agml-~), 0.5ml of KMnO4 solution was 
added to each and the total volumes were 
adjusted to 10.0 ml with distilled water. After 
allowing to stand for 15 rain at room temp- 
erature, 0.4ml of FG-FCF solution and 
4.0 ml of sodium sulphate solution were added 
successively. After 10 rain, the volume was in- 
creased to 25 ml with distilled water. The ab- 
sorbances were measured against a reagent 
blank at 630 nm within 3 h. The amount of 
drug were computed from a Beer-Lambert 
plot. 

2.5.3. Method C 
Aliquots of drug standard solution (1.0- 

5.0 ml, 1 mg ml- ~) were transferred to a series 
of 125ml separatory funnels, and 2.0ml of 
buffer (pH 2.0) and 5.0 ml of CTC solution 
were added to each. The total volume of 
the aqueous phase in each separatory funnel 
was adjusted to 12.0 ml with distilled water. 
After the addition of 10ml of benzene the 
contents were shaken for 2min. The two 
phases were allowed to separate and the ab- 
sorbances of the benzene layers were measured 
at 635 nm against a reagent blank. The amount 
of drug was computed from the Beer-Lambert 
plot. 

2.5.4. Pharmaceutical formulations 
Twenty tablets were massed and powdered. 

The powder equivalent to 100 mg of tamoxifen 
was treated with chloroform in the presence of 
alkali (for method A) or a DMF:H20 (1:5) 
mixture (for methods B and C) as under the 
standard drug solution preparation (Section 
2.3). The insoluble residue was filtered to ob- 
tain the solution of concentration 1 mg ml -~. 
Stock solutions were further diluted to the 
requisite concentration and analysed using the 
procedure for the bulk drug. 

2.5.5. British Pharmacopoeia reference method 
[11 

Twenty tablets were massed and powdered. 
To a quantity of the powder containing the 
equivalent of 25 mg of tamoxifen, 100ml of 
methanol were added. The mixture was shaken 
for 15rain, and the volume was adjusted 
250 ml with methanol. After filtration, 10 ml of 
the filtrate were diluted to 100ml with 
methanol, and the absorbance of the resulting 
solution was measured against a methanol 
blank at 275 nm. The content of the drug was 
computed from its Beer-Lambert plot. 

2.6. Analytical data 

The Beer's law limits, molar absorptivity, 
Sandell's sensitivity, detection limits [20], re- 
gression equation, and correlation coefficient 
obtained by a least-squares treatment of the 
results are given in Tables 1 and 2. The preci- 
sion of each method was tested by analysing six 
replicate samples containing 2.0 lag ml-~, 
4.0 lag ml-  ~ or 350 lag ml-  J of the bulk drug 
for methods A, B or C, respectively. The per 
cent standard deviation and the per cent range 
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T a b l e  2 
Regres s ion  cha rac t e r i s t i c s  f o r  the  c a l i b r a t i o n  o f  m e t h o d s  

1483 

P a r a m e t e r  ~ M e t h o d s  

A B C 

Slope,  m 0 .165 0 .127 0 .00136  
In te rcep t ,  b 1.1 x 10 --~ 0 .6  x 10 - 3  - 7 . 4  x 10 - 3  

C o r r e l a t i o n  coefficient ,  r 0 .9999  0 .9999  0 .9997  
S t a n d a r d  e r ro r ,  S c 1.12 x 10 - 3  2 .0  x 10 - 4  6.78 x 10 - 3  

S t a n d a r d  dev i a t i on  on  s lope,  S m 5.34 x IO - 4  4.78 x 10 - 4  2.02 x 10 - 5  

S t a n d a r d  d e v i a t i o n  o n  1.04 x IO - 3  1.86 x I0 --~ 6.7 x 10 --a 

in te rcep t ,  S b 

With respect to Y=mC+b where C is the concentration (~tgml -~) and Y is absorbance units. 

of error at a 95% confidence level of the 
method are given in Table 1. 

Values obtained by these methods and the 
British Pharmacopoeia reference method for 
pharmaceutical formulations are incorporated 
into Table 3. They are in good agreement. As 
an additional demonstration of accuracy, re- 
covery experiments were performed by adding 
a fixed amount of the drug to the preanalysed 
formulations. These results are summarised in 
Table 3. 

2. 7. Chemistry of  the coloured species 

Tamoxifen, being basic in nature, forms an 
ion-association complex with the acidic dye 
EG-A in method A which is extractable into 
chloroform from the aqueous phase. The stoi- 
chiometric ratio of the drug to the dye was 
determined with use of the slope-ratio method 
[18,19], and was found to be 3:1 (scheme 1). 

Method B involves two steps. In the first 
step, tamoxifen citrate was treated with excess 
KMnO4 of known concentration; 7mol of 
potassium permanganate are required to oxi- 
dise 1 mol of tamoxifen citrate. The oxidation 
of citric acid under similar conditions shows 
that each mole of citric acid consumes 4 mol of 
potassium permanganate. From this study it is 
clear that each mole of tamoxifen (free base) 
consumes 3 mol of potassium permangante. 
Attempts to estimate tamoxifen directly with 
permangante have failed due the insoluble na- 
ture of the free base in a water: DMF mixture. 
In the second step, unreacted KMnO4 was 
determined by using the dye FG-FCF. Approx- 
imately 1.8 KMnO4 molecules are reduced to 
Mn(II) by 1 dye molecule (a 9e- reaction). The 
consumed KMnO4 corresponds to the concen- 
tration of the drug. 

The coloured species formed in method C 
can be regarded as a coordinate complex of the 
drug (electron donor) and the central metal 
atom of cobalt thiocyanate (electron acceptor) 
based on an analogy in previous work [16,17]. 
The composition of the coloured complex in 
benzene was studied by re-extraction into the 
aqueous phase with 3 x 20 ml portions of dis- 
tilled water, and cobalt was determined with 
0.01 M EDTA solution using Xylenol Orange 
as the indicator. The thiocyanate concentration 
was determined by Volhard's method. It was 
observed that the drug, cobalt, and thiocyanate 
were in the ratio of 2:1:4 in complex, as indi- 
cated in Scheme 2. 

3. Conclusion 

The order of 2m~x values among the pro- 
posed methods and a reference method (R) 
in the determination of tamoxifen is 
C > B > A > R. The higher '/max of the pro- 
posed methods is a decisive advantage since the 
interference from the associated ingredient 
should be far less at higher wavelengths than at 
lower wavelengths. The senstivity order of the 
methods is R > B > A > C. 

Method A has the advantage that it can be 
applied to the determination of individual com- 
ponents in a multicomponent mixture. This 
aspect of spectrophotometric analysis is of ma- 
jor interest in pharmaceutical analysis, since it 
offers distinct possibilities in the assay of a 
particular component in a complex dosage for- 
mulation. Although method B is an indirect 
one, it is more sensitive. Method C is selective 
for the estimation of compounds containing an 
aliphatic tertiary amino group. 
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Table 3 
Analysis of pharmaceutical preparations by proposed and reference methods 

Pharmaceutical Nominal Found" (rag) Reference b Recovery (%) ~ 
preparation amount method 
(tablets) (rag) Method Method Method Method 

A B C A 
Method 
B 

Method 
C 

I I0 9.87 9.92 9.94 9.89 99.6 
±0.079 ±0.081 +_0 .087  +0.087 +_0.82 

! I 20 19.98 19.95 19.89 19.90 99.4 
+_0.075 ±0.075 ±0.063 +_0.062 ±0.4 

99.9 
_+ 1.04 
99.7 
± 0.96 

100.03 
+ 1.0 
99.90 
±0.69 

"Average of three determinations. 
b B.P. reference method (average of three determinations). 

Recovery of 10 mg added to the pharmaceutical preparations (average of three determinations). 
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Scheme 2. 

Thus the proposed methods are simple, se- 
lective and sensitive for the determination of 
tamoxifen citrate, and provide a wide choice 
depending upon the needs of  the specific situa- 
tion. 
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Abstract 

A first-derivative spectrophotometric method is described for the simultaneous determination of Ru(llI) 
and Rh(III) using octad~yl dithiocarbamate. The complexes are insoluble in water, but easily extractable 
into chloroform. Quantitative determination of Ru(III) and Rh(III) is possible in the ranges 0.5-6.0 pg ml- 
and 1.0-10.0 agml -~ respectively, with a standard deviation of +0.10. A statistical evaluation of the 
experimental results is reported. 

1. Introduction 

Derivative spectrophotometry has been used 
to increase the selectivity and sensitivity of the 
determination of various substances whose ab- 
sorption spectra overlap. The selectivity of the 
determination can be improved using the zero- 
crossing method, as described by many work- 
ers [1,2]. In this method, the derivative 
amplitude is measured at the wavelength at 
which the interfering derivative band crosses 
the zero line, thus yielding a suitable measure- 
ment for the analyte of interest. 

Interest in the analytical applications of 
derivative spectrometry has been on the in- 
crease for the past few decades, owing to the 
introduction of commercial spectrometers ca- 
pable of operating in the derivative mode. No- 
table reports are the determination of 
beryllium and magnesium with l-hydroxy-2- 
carboxyanthraquinone [2], ruthenium and pal- 
ladium with 2-thiobarbituric acid [3], iron and 

* Corresponding author. 

copper with 2-thiobarbituric acid [4] and ura- 
nium and thorium with arsenazo III [5]. 

Dithiocarbamates of lower series have been 
used in inorganic analysis, in the colorimetric 
estimation of many metal ions [6]. Dithiocarba- 
mates derived from higher homologues of hy- 
drocarbon series offer scavenging capacity for 
metal ions and easy extractability over the 
lower series. The present work describes the 
application of first-derivative spectrophoto- 
metry to the simultaneous determination of 
ruthenium and rhodium using octadecyldithio- 
carbamate. 

2. Experimental 

2.1. Apparatus 

A DMS varian-80 double beam spectropho- 
tometer was used for recording the normal and 
first-derivative spectra of the complexes. 

An AR3410 ICP-atomic emission spectrome- 
ter was used for the estimation of the metal 
ions. 

0039-9140/95/$09.50 O 1995 Elsevier Science B.V. All rights reserved 
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2.2. Reagents 

Analytical reagent-grade chemicals and dou- 
bly-distilled water were used throughout the 
estimations. 

The ammonium salt of octadecyldithiocarba- 
mate (ODDTC) was prepared from octadecyl- 
amine (Fluka) according to the method of 
Srinivasan [7]. Ethanolic ODDTC solutions 
(0.2% (m/v)) were employed. 

Rhodium(Ill) and ruthenium(Ill) stock solu- 
tions (1 mgml -~) were prepared from RhCI3 
and RuCI3 (CDH) respectively. The exact 
metal content was determined by ICP-AES. 

2.3. Procedure 

The absorption spectra (normal and first- 
derivative) of the following solutions were 
recorded against the reagent blank in order to 
determine the characteristics of absorption of 
the metal-reagent complexes and their mix- 
ture. 

(1) An aliquot of the sample (1 ml) contain- 
ing 2-20 lag of ruthenium was placed in a 
25 ml separating funnel. To this were added 
2 ml of acetate buffer solution (pH 5), 2 ml of 
0.2% (m/v) ODDTC in ethanol and 5 ml of 
water. The above solution was extracted with 
5 ml of chloroform. 

(2) An aliquot (1 ml) of the sample contain- 
ing 2-20 lag of rhodium was placed in a sepa- 
rating funnel and processed as in (1). 

(3) An aliquot of the sample (1 ml) contain- 
ing 2-20lag of ruthenium and 2-20lag of 
rhodium was placed in a separating funnel. To 
this were added 2 ml of acetate buffer (pH 5), 
4 ml of 0.2% (m/v) ODDTC in ethanol and 
3 ml of water. Extraction was carried out with 
5 ml of chloroform. 

3. R e s u l t s  and  d i s c u s s i o n  

Octadecyldithiocarbamate forms green and 
greenish-yellow coioured complexes with ruthe- 
nium and rhodium respectively in slightly 
acidic media (pH 5-6), which are easily ex- 
tractable into chloroform. Maximum ab- 
sorbances of both the complexes were observed 
when 2 ml of 0.2% (m/v) ODDTC in ethanol 
was used. The composition of both the com- 
plexes was found to be 1:3 (M:L) by Job's 
continuous variation method. The complex for- 
mation was found to be instantaneous and the 

absorbance was found to remain stable for 
more than 24 h. Quantitative extraction was 
observed for single equilibration. Alcohol, used 
to form a solution of ODDTC, remained in the 
aqueous phase and was not extracted into 
CHCI s under the experimental conditions. 

3.1. Spectral characteristics 

The absorption spectra of the solution of Ru 
complex, Rh complex and a mixture of Ru and 
Rh complexes in chloroform exhibited 2max 
values at 420 nm, 430 nm and 430 nm respec- 
tively (Fig. 1). The reagent did not show any 
significant absorbance in this region. Among 
the various solvents tried, chloroform, benzene 
and dichloromethane were found to be more 
potent in extracting the complexes. Of the three 
solvents, the complexes evinced maximum mo- 
lar absorptivity and higher solubility in chloro- 
form. Hence, CHCI3 was chosen as the suitable 
solvent. 

Since there is a large overlap between the 
spectra of the individual elements in the nor- 
mal mode, spectrophotometric determination 
of these ions when present in the same sample 
becomes difficult. To overcome this, derivative 
spectrophotometry, which involves the differen- 
tiation of a normal spectra with respect of 
wavelength, was used. 

1 
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Fig. 1. Absorption spectra of (1) Ru-ODDTC complex, 
(2) Rh-ODDTC complex and (3) mixture of Ru-ODDTC 
and Rh-ODDTC complexes. Ru( l l l )=  Z001agml-*; 
Rh(lll) = 3.38 lag ml-'. 
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Fe, Cu, Ni, Bi, Pd and Pt interfere strongly 
in the determination (tolerance limit ~ 1 ppm), 
and they should be removed prior to the esti- 
mation of the metal ions. Anions like CI-, 
Br-, OAc-, SO4:- and PO~- can be tolerated 
up to 10000ppm. The tolerance limit for 
EDTA is 0.05 M. The ODDTC complexes of 
the base metals like Fe, Cu, Ni etc., are soluble 
in CC14 while those of Ru and Rh are insoluble 
in the pH range 3-5. Hence, such interferences 
can be avoided by carrying out a preliminary 
extraction with CC14 or chloroform extraction 
in the presence of 0.01 M EDTA. 

The instrumental parameters such as wave- 
length scan rate and slit width which affect the 
shape of the derivative spectra are to be opti- 
mised to give good selectivity and sensitivity in 
the determination. An optimised scan rate of 
100nmmin -t  and a slit width of 1 nm were 
used throughout the investigation. 

Fig, 2, First-derivative spectra of (l) Ru-ODDTC com- 
plex, (2) Rh-ODDTC complex and (3) mixture of Ru-  
ODDTC and Rh-ODDTC complexes. 

Fig. 2 shows the first-derivative spectra of Ru 
complex, Rh complex and a mixture of Ru and 
Rh complexes in chloroform. The two most 
commonly used techniques in derivative spec- 
trophotometry [8] are the "graphical method", 
which involves graphical constructions on a 
chart recording of the spectrum, and the "zero- 
crossing method", which involves measurement 
of the absolute values of the total derivative 
spectrum at a wavelength corresponding to the 
zero-crossing point of the derivative spectrum 
of the interfering component. In this case, the 
graphical method cannot be used, because of 
the closeness of the overlapping spectra which 
results in poor resolution of the spectrum of the 
mixture. Hence, the zero-crossing method was 
used in this work. The heights ht and h2 in the 
first-derivative spectrum of the mixture corre- 
sponding to the values taken at 423 nm and 
435 nm are proportional to the Rh(III) and 
Ru(III) concentrations respectively. 

A sensitivity of 0.007-0.010 unit is lost for 
both the elements on going from absorbance to 
first-derivative spectra. In the normal mode, 
since they have closer 2m,x values, they inter- 
fere with each other in their estimations if 
present in the same sample. Therefore, it is 
necessary to mask one element, which can be 
avoided when first-order spectra (zero-crossing 
method) are recorded. 

3.2. Statistical analysis of  the determination of 
ruthenium and rhodium in mixtures 

The following experiments were performed 
to test the non-interference of the analytical 
signals of Ru(III) and Rh(III). 

Two calibration graphs were constructed 
from first-derivative signals for standards con- 
taining between 0.5 and 10 lag ml -m of ruthe- 
nium in the presence of 2.0 and 4.0 lag ml- m of 
rhodium. Similarly, two calibration graphs 
were prepared for standards containing be- 
tween 0.5 and 10lagml -~ of rhodium in the 
presence of 2.1 and 4.0 lag ml- ~ of ruthenium. 

A critical evaluation of the proposed method 
was performed by assessing the results of the 
statistical analysis of the experimental data [9]. 
The slope, intercept, correlation coefficient and 
standard deviation are shown in Table 1. The 
linearity of the calibration graphs and adher- 
ence of the systems to Beer's law are validated 
by the high value for the correlation coefficient 
of the regression equation and by the intercept 
value on the y-axis, which is close to zero. Ten 
calibration points were generated to obtain the 
above correlation. 

From Table 1 it can be seen that the slope of 
the calibration graphs for ruthenium is inde- 
pendent of the rhodium concentration. Simi- 
larly, the slope of the calibration graph for 
rhodium is independent of ruthenium concen- 
tration. Therefore, it can be inferred that the 
amplitude of the derivative signal of the mix- 
ture, measured at the zero-crossing point of the 
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Table 1 
Statistical analysis of  the determination of  ruthenium and rhodium in mixtures by first-derivative spectrophotometry 

Element Other element Slope Intercept Correlation Standard 
detd. coefficient deviation 

Element Cone. (lag ml-~) 
(lag ml - i) 

Ru(li i)  Rh(l l l )  4.0 1.977 5.37 x 10 -2  0.999 0.110 
2.0 1.968 5.26 x 10 -2  0.999 0.059 

Rh(li l)  Ru(ll i)  4.0 0.9924 7.60 x 10 -7  0.999 0.079 
2.1 0.9965 2.30 x 10 -7 0.999 0.048 

derivative spectrum of one of the two compo- 
nents, is a function of the concentration of the 
component under consideration in accordance 
with theoretical predictions. 

Statistical analysis of the experimental re- 
suits permits the calculation of the error Sc in 
the determination of a given concentration, c, 
of a component, and is calculated using the 
equation 

S o [ 1 (D-- D) 2 1 '/z 
sc = T l + ;  + J 

where S o  = [Y~ ( D  - -  D ' ) 2 / n  - -  2]; D = experimental 
value of the first derivative; D ' =  first-deriva- 
tive value calculated from the regression equa- 
tion; b = angular coefficient of the regression 
line; ? and /3  are the average concentration and 
first-derivative value, respectively, for 'n '  stan- 
dard specimens. Graphs of Sc versus rhodium 
and ruthenium concentration are shown in 
Figs. 3 and 4, respectively, as histograms. 

The quantity Sc allows the calculation of 
confidence limits at the selected level of signifi- 
cance for the determination of  unknown con- 
centrations. The results are shown in Fig. 5 in 
the form of percentage uncertainty in the con- 
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Fig. 3. Histogramsoftheerrorin thedetermination of  Rh( i I I )  
c o n c e n t r a t i o n .  Shaded area, in the presence of  2.1 pg m l -  
o f  Ru( l I i ) ;  unshaded area, in the presence of  4.0 pg m l -  i o f  
R u ( l l l ) .  

centration (tpSc/C) for all the calibration 
graphs, where tp is the value of  the Student's 
quantity at a 0.05 level of  significance (95% 
probability) for n - 2 degrees of freedom. 
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Fig.4. Histograms of theerror  in the determination of  Ru(ll  I) 
concentration. Shaded area, in the presence of  4.0 lag m l -  i 

of  Rh(IIl); unshaded area, in the presence of  2.0 lag m l -  i o f  

Rh(lll).  
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Fig. 5. Variation of  the confidence limit at a level of  
significance of  p = 0.05 (95°/,, probability) in the form of  
percentage uncertainty in the concentration of  Ru(lll)  and 
Rh(l l l ) . ( I )Ru(I i l )  = 4.0 lag ml-I ; (2)Ru(l I I )  = 2.1 lag ml-~; 
(3) Rh(Ill)  = 4.0 lag m l -  t; (4) Rh(Ill)  = 2.0 lag m l -  i. 
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Table 2 
Results of the quantitative determination of ruthenium and rhodium by first-derivative spectrophotometry 

Amount taken (pg ml-~) Amount found (;~g ml- ' )  Relative error (%) 

Ru Rh Ru Rh Ru Rh 

1.20 1.20 1.25 1.20 4.16 0.00 
2.00 1.20 2.00 1.20 0.00 0.00 
4.00 6.00 4.00 6.10 0.00 1.66 
6.00 4.80 5.90 4.65 - 1.66 - 3.12 

The  m e t h o d  was app l i ed  to  the de te rmina -  
t ion o f  R h ( I l I )  and  R u ( I I I )  in b ina ry  mixtures ,  
and  the results  are  presented  in Tab le  2. The  
m e t h o d  can  successfully be app l ied  to  de te rmi-  
na t ion  o f  the  ti t le meta l  ions  when presen t  
above  0.1 ~tg ml -~  in ores  and  minerals .  

4. Conclusions 

A general  p rocedu re  for  the de t e rmina t i on  o f  
ru then ium and  r h o d i u m  in mix tures  by  first- 
der ivat ive  s p e c t r o p h o t o m e t r y  using O D D T C  as 
a reagent  is p roposed ,  and  the usefulness o f  
der ivat ive  s p e c t r o p h o t o m e t r y  is discussed.  The  
p r o p o s e d  m e t h o d  permi t s  the  s imul taneous  de-  
t e rmina t ion  o f  ru then ium and  r h o d i u m  in mix- 
tures  in the  range  0 . 5 - 6 . 0  I~g ml -~ for  Ru ( I I I )  
and  1 .0 -10 .0  I~g m l - '  for  Rh( I I I ) ,  wi thou t  a 
p r io r  s epa ra t ion  procedure .  The  m e t h o d  based  

on "zero-c ross ing  m e a s u r e m e n t "  gives sat isfac-  
to ry  levels o f  prec is ion and  accuracy,  and  can 
be used for  the s imul taneous  de t e rmina t ion  o f  
R u  and  R h  in ore  samples.  
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Abstract 

A new method is proposed for the solvent extraction separation of cobalt(II) with hexaacetato- 
calix(6)arenc in toluene. Cobalt(II) was extracted at pH 7.4 with 10 x 10 -4 M hexaacetocalix(6)arene, 
stripped with 2 M nitric acid, and determined spectrophotometrically at 500 nm as its complex with 
nitroso-R-salt. Cobalt was separated from any associated elements. The method was extended to the analysis 
of cobalt(II) in real samples such as vitamin B-12. 

1. Introduction 

The calixarenes constitute a new class of  
supramolecular compounds with a variety of  
cavity sizes [1,2]. The annular space in calix- 
arene compounds provide a unique basket-like 
structure which is useful for trapping metal 
ions in their three-dimensional network [3]. 
Many oxygenated solvent and chelating extrac- 
tants have been found to be ineffective for 
extraction of  cobalt [4]. When crown ethers 
were used from perchlorate media, 18-crown-6 
was found to be most effective [5]. Crown 
ethers with 4 acylpyrazol-5-ols could be used to 
extract [6] cobalt at pH 3.5. Tetraazacrown 
ether has also been used for the extraction of  
cobalt at pH 1.0-7.0 with metanil yellow, facil- 
itating separation of  cobalt from manganese, 
bismuth, aluminium and iron [7]. The extrac- 
tion chromatographic separation of  cobalt [8] 
with DBlS-crown-6 as the stationary phase is 
also effective. The complexation behaviour of  
calixarene [9] was recently discovered. Calix(4)- 
arene and calix(6)arene proved to be versatile 
extractants [10] for transition metals, while 

* Corresponding author, Professor Emeritus, Indian Insti- 
tute of Technology. Bombay -400 076, India. 

derivatives of  p-tert-butylcalixarenes in car- 
boxylic acid [11] were useful for the extraction 
of  inner transition metals. 

This paper describes the synthesis and appli- 
cation of  hexaacetatocalix(6)arenes for extrac- 
tion of  cobalt(II). The proposed method was 
tested for the analysis o f  cobalt in vitamin B-12. 
Although atomic absorption or emission spec- 
toscopic methods are good for the determina- 
tion involving no separation, the proposed 
method is useful when it is necessary to separate 
cobalt from interfering ions before subsequent 
analysis by a suitable method other than AAS. 

2. Experimental 

2.1. Apparatus and reagents 

A UV visible spectrophotometer (Model 
Lamda 3B) with 10 mm matched quartz cells 
was used. 

A stock solution of cobalt(II) was prepared 
by dissolving 0.403 g of cobalt chloride hexa- 
hydrate (BDH, Anal R) in I l of distilled water 
containing 5 ml of concentrated hydrochloric 
acid. The solution was standardized complexo- 
metrically [12] and was found to contain 

0039-9140/95/$09.50 @ 1995 Elsevier Science B.V. All rights reserved 
SSDI 0039-9140(95)0 i 600-7 
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100 pgml -I of cobalt(II). A diluted solution 
containing 10 Bg ml -  1 of cobalt(II) was pre- 
pared by tenfold dilution of the stock solution. 

Hexaacetatocalix(6)arene was synthesized [3] 
by the following procedure. 

5, 11, 17, 23, 29, 35-Hexatertbutyl-37, 38, 39, 
40, 41, 42-hexahydroxycalix(6)arene was pre- 
pared by dissolving about 10 g (0.666 tool) of 
p-tert-butyphenol in 6 ml of 5 M potassium 
hydroxide and 9.70 g of 37% formaldehyde so- 
lution. The mixture was heated at 110-120°C 
for 2 h to give a light yellow taffy-like precur- 
sor. This precursor was mixed with 10ml of  
xylene and heated to 210-220°C for 3 h in an 
atmosphere of nitrogen with a Dean and Stark 
collector. The cooled reaction mixture was 
filtered and then suspended in 300 ml of chlo- 
roform, and was shaken with 100 ml of 1 M 
hydrochloric acid. The organic layer was sepa- 
rated, washed with water, dried over anhy- 
drous sodium sulphate and concentrated to 
100 ml. The addition of  methanol caused pre- 
cipitation of  a solid which was removed by 
filtration to give the colourless product. Re- 
crystallization was carried out from chloroform 
and methanol. The product had a melting 
point of 380-388°C and a yield of 80%. The 
spectral characteristics were as follows. IR 
(KBr): 3400, 3150cm -~ (OH stretching), tH 
NMR (CDCI3): c~ 10.2 (s, 1, ArOH), c~ 7.10 
(s, 2, ArH), tf 3.88 (s, 2, CH2), c~ 1.25 
(s, 9, C(CH)3)3. 13C NMR (CDCI3): c~ 147.2 
(15% Ar), ~ 144.2 (15% Ar), t~ 126.1 (65% Ar), 
c~ 34.0 (17% ArCH2Ar), t~ 33.1 (25% C(CH3)3). 

Synthesis of hexaacetatocalix(6)arene deriva- 
tive was carried out as follows. About 2.0 g of 
tert-butylcalix(6)arene was treated with 50 ml 
of acetic anhydride as well as two drops of 
concentrated sulphuric acid. The mixture was 
heated and refluxed for 2 h. The crude product 
on recrystallization from chloroform/methanol 
gave white platelets with an m.p. of  360-362°C 
and a yield of 84%. The spectral characteristics 
of the derivative were as follows. IR (KBr): 
1760cm -~ (>C---O stretching). ~H NMR 
(CDCI3): ~ 6.9 (s, ArH), t~ 3.6 (br, CH), 6 1.9 
(s, OCOCH3), 1.2 (s, C(CH3)3). 

2.2. Procedure 

An aliquot of a solution containing cobalt- 
(II) was taken. Its pH was adjusted to 7.4 with 
hydrochloric acid or tetramethyl ammonium 
hydroxide. The solution was then transferred 
to a separating funnel. The total volume was 

made up of 10ml. 10ml of a 10.0 x 10 - 4 M  
solution of hexaacetatocalix(6)arene in toluene 
was added. The solution was shaken for 5 min. 
The two phases were allowed to settle and 
separate. Colbalt from the organic phase was 
stripped with 10 ml of 2 M nitric acid, and was 
determined spectrophotometricaUy as its com- 
plex with nitroso-R-salt [13] at 500 nm against 
the reagent blank. It is possible to carry out 
extractions with a large volume of the aqueous 
phase. For the purpose of simplicity, in calcu- 
lations the volumes of the aqueous and organic 
phases were maintained the same at 10 ml. 

3. Results and discussion 

3.1. Extraction as a function o f  p H  

When cobalt(II) was extracted in the pH 
range of 1.0-10.0 with 10.0 x 10 -4 M hexaac- 
etatocalix(6)arene in toluene, the extraction 
was quantitative between pH 7.0 and 7.6 
(Table 1). Therefore, all extractions were car- 
fled out at pH 7.4. The results represent figures 
for triplicate determinations, and are repro- 
ducible and precise. 

3.2. Extraction as a function o f  extractant 
concentration 

Cobalt(II) was extracted with varying 
amounts of hexaacetatocalix(6)arene. The con- 
centration was varied from 0.1 x 10 -4 to 
25.0 x 10-4M (Table 2). The extraction was 
quantitative with 10.0 x 10 - 4  M of hexaaceta- 

Table I 
Extraction of cobalt(ll) as a function of pH 

pH E" (%) 

1.0 55.2 
2.0 56.8 
3.0 58.4 
4.0 60.8 
5.0 64.8 
6.0 72.0 
7.0 99.2 
7.2 99.9 
7.4 99.9 
7.6 99.9 
7.8 97.6 
8.0 80.8 
9.0 60.0 

10.0 51.2 

u E, percentage extraction. 
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Table 2 
Effect of calixarene concentration on extraction of cobalt- 
(H) 

Calixarene concentration E (%) 
(1 x 10 -4 M) 

0.10 2.0 
0.25 18.0 
0.50 30.0 
0.75 37.8 
1.00 47.6 
2.50 78.5 
5.00 92.0 
7.50 96.5 

10.0-25.0 99.9 

tocalix(6)arene; hence, this concentration was 
utilized for routine work. The extractant itself 
was stable for a number of days in the solvent. 

3.3. Extraction with various diluents 

Cobalt(II) was extracted with 10.0 x 10 -4 M 
of hexaacetatocalix(6)arene in different diluents. 
The percentage extraction was as shown in 
brackets: carbon tetrachloride (73%), cyclohex- 
ane (62%), benzene (48.2%), toluene (99.9%), 
xylene (60%), chloroform (62.9%), dichlor- 
omethane (89%), 1,2-dichloroethane (84%), 
chlorobenzene (56%) and nitrobenzene (54.6%). 
Thus, the extraction was quantitative only with 
toluene as diluent, while with other solvents the 
extraction was incomplete. Hence, toluene was 
perferred as the diluent. 

3.4. Effect of  various stripping agents 

After extraction, cobalt(II) was stripped with 
various stripping agents (Table 3). It was noted 
that cobalt was backwashed completely with 
1.5-4M nitric acid, while with other acids 
stripping was incomplete. Therefore, 2 M nitric 
acid was generally used as the st:ipping agent. 

Table 4 
Effect of diverse ions (cobalt taken = 10 lag) 

Diverse ions Ratio Amount 
tolerated (~tg) 

Li +, Na +, K + ,Cs  ÷, Mg 2+ 
Ca 2 +, Sr 2 +, Ba-" +, Mn-" +, 
Sn 4+, Bi 3+ ,C1- ,  Br - ,  I - ,  
N O ; ,  SO4 - ,  SO~- l:lO0 IO000 

A1 ~+ , In s+ , Se 4+ , Te 4+ 1:50 500 

y3 +, Zn 2 ÷, Cd 2 + Ce 3 + 1:25 250 

Mo 6+ , V +5, W 6+ , Pb 2+ , Th 4+ 1:5 50 

Cr.~ +, Fe ~ + UO + 2 1:1 10 

Ni 2 +, Cu 2 +, Ag +, Pd 2 + 0 Interfere 

3.5. Period of  equilibriation 

The extraction of cobalt(II) was carried out 
with varying periods of shaking. The optimum 
period of shaking was 5 min. A 5 min equili- 
bration period was therefore employed 
throughout the investigation. 

3.6. Nature of  extracted species 

Calix(n)arene is a three-dimensional network 
with annular space with a basket-like structure 
where the metal is trapped. There is no true 
covalent bond formation in these supramolecu- 
lar compounds, but a kind of ionic attraction; 
hence, the chloride ion is not involved in com- 
plexation. Further, no kind of aggregate forma- 
tion is usually encountered. The trapping of 
cobalt is favoured in alkaline media promoting 
higher extraction due to increasing electrostatic 
attraction. 

Plots of log D versus log[hexaacetatocalix(6)- 
arene] at a fixed pH of 7.4 had a slope of 2.91. 
Therefore the probable composition of the ex- 
tracted species is 1:3 (Co:hexaacetato-calix(6)- 
arene). Of course, these findings need additional 
support with X-ray diffraction studies [14]. 

Table 3 
Effect of various stripping agents 

Stripping acid Extraction (%) 

0.5M I M 1.5M 2 M  4 M  

HCI 74.9 80.5 83.3 86.9 91.6 
HCIO4 87.6 90.8 91.4 91.6 92.5 
HNO~ 74. I 87.6 99.9 99.9 99.9 
H2SO4 55.8 65.7 68.4 71. I 75.8 

3. 7. Effect of diverse ions 

Cobalt(II) was extracted in the presence of a 
large number of diverse ions (Table 4). It was 
possible to carry out actual separations. The 
tolerance limit was set as the amount of foreign 
ion causing an error of +2.0% in the recovery 
of cobalt(II). The s-block metals and p-block 
metals, such as arsenic, tin and bismuth, were 
tolerated in ratios of 1:100. Aluminium, in- 
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Table 5 
Analysis of cobalt(ll) from real sample 

No. Co Concentration Recovery Error 
(%) 

Taken Found 
(,g) (~g) 

I 5.22 5.30 101.53 + 1.53 
2 7.83 7.60 97.06 - 2.94 
3 10.44 10.30 98.66 - 1.34 
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Abstract 

A sensitive, direct spectrofluorimetric method for the trace determination of terbium with use of trimesic 
acid (TMA) has been developed. The reaction conditions for the fluorescence system of terbium with TMA 
were studied. The terbium ion can form a stable binary chelate with TMA, having a ratio of 1:1 in the pH 
range 3.5-6.5. The maximum excitation and emission wavelengths are 260 nm and 545 nm for the terbium 
chelate, respectively. The reaction is instantaneous and the fluorescence intensity of the terbium chelate 
remains stable from 0.25 to 4 h. Under the optimal experimental conditions the fluorescence intensity is a 
linear function of concentration in the range 0.0248-6.35 ggml -~ of terbium. The relative standard 
deviation is still within _+ 4% in the presence of one-thousandfold amounts of the other lanthanide ions, and 
common foreign ions hardly interfere in the determination. The method can be employed for the 
determination of trace amounts of terbium in rare earth ores or oxides because of its high sensitivity and 
selectivity with good reproducibility and accuracy. 

1. Introduction 

The fluorescence method for the determin- 
ation of  rare earth element has long been 
recognized [1], especially for the analytical 
determination of  samarium, europium and 
terbium. The derivative spectrofluorimetric 
method has received much attention and has 
been an important  subject o f  our studies in 
recent years [2-7]. The analytical method in- 
volving derivative fluorescence spectra shows a 
higher sensitivity and selectivity than the 
method utilizing normal fluorescence spectra. 
When it is employed for the simultaneous de- 
termination of  trace amounts  of  samarium, 
europium and terbium, this method shows 
good reproducibility and accuracy. As part  of  

~" Project supported by the Gansu Province Natural Sci- 
ence Foundation, People's Republic of China. 
* Corresponding author. 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights 
SSD!  0039-9140(95)01601 -5 

this study, we have recently made a systematic 
investigation of  the new fluorescence system of  
terbium with trimesic acid (benzene-l,3,5-tri- 
carboxylic acid (TMA)). T M A  has already 
been used extensively as a catalytic agent for 
chemical reactions and as an additive etc. [8,9], 
as well as compounds similar to TMA;  ben- 
zene-l,2-dicarboxylic acid, benzene-l,2,4,5-te- 
tracarboxylic acid, pyridine-2-carboxylic acid, 
pyridine-3-carboxylic acid and pyridine-2,6-di- 
carboxylic acid etc. have been employed as 
complexing agents or chelating agents for 
studying the fluorescent properties of  a solid 
chelate with terbium [10], the crystal structure 
of  complexes with Eu and Er [11,12] and the 
intermolecular interaction energy between lan- 
thanide complexes in solution [13]. However, 
up to now it has not been applied as a fluores- 
cence reagent. In this work we report a new 
fluorescence reagent and the development o f  a 
fluorimetric method for the determination of  
terbium. 

reserved 
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2. E x p e r i m e n t a l  

2.1. Apparatus 

Fluorescence measurements were made with 
a Shimadzu RF-540 spectrofluorimeter 
(Japan) equipped with a xenon light source, 
and the excitation and emission slits used were 
both 5 nm. The pH measurements were ob- 
tained with use of an SPM-10pH meter 
(Shanghai, China). 

2.2. Reagents 

All the chemicals used in this paper were of 
analytical reagent grade or the highest purity 
available, and distilled, deionized water was 
employed throughout the study. 

A stock solution of lanthanide ions (0.0200 
moll -m) was prepared by dissolving requisite 
amounts of the corresponding oxides (pur- 
ity, 99.99%): La203, Pr6Oil, Nd203, Sm203, 
Eu203, Gd203, Tb407, Dy203, H0203, 
Er203, Tm203, Yb:O3, Lu203 and Y203, in 
concentrated HC1 and evaporating the solu- 
tion to a syrup and diluting with distilled 
deionized water to the desired volume. A 
stock solution of cerium (0.0200 mol 1 -I) was 
obtained by dissolving cerium oxide (purity, 
99.99%; CeO2) in a mixture of sulphuric acid 
and ammonium sulphite followed by the addi- 
tion of H202 to the solution, converting Ce 4+ 
to Ce 3+. All the stock solutions were stan- 
darized with EDTA, using Xylenoi Orange as 
indicator. Working solutions of lanthanide 
ions (0.0010mol l -m) were obtained by dilut- 
ing corresponding stock solutions of lan- 
thanide ions with distilled, deionized water. 
An HAc-NaAc buffer solution (pH 5.5) was 
obtained by adjusting the pH of a saturated 
sodium acetate solution to 5.5 with concen- 
trated acetic acid. A solution of the chelating 
agent, TMA, (0.0100 mol 1-t) was prepared by 
dissolving 0.5250 g of TMA in 200 ml of dis- 
tilled, deionized water with heating, and then 
diluting the solution to 250 ml with distilled, 
deionized water. Solutions of a large number 
of inorganic ions were prepared from their 
water-soluble salts (or oxides and carbonates 
in hydrochloric acid). 

2.3. Procedure 

A standard solution of terbium or the sam- 
ple solution was placed in a calibrated tube 

with 3ml of TMA solution (0.0100moll -m) 
and 5 ml of acetic acid-sodium acetate buffer 
solution, pH 5.5. The final volume was made 
up to 25 ml with distilled, deionized water. 
The relative fluorescence intensity of the 
chelate was measured within 0.25-4 h at an 
emission wavelength of 545 nm in a 1 cm 
quartz cell, keeping the excitation wavelength 
maximum at 260 nm. 

3. Resu l t s  and discuss ion 

3.1. Fluorescence spectra 

The excitation and emission spectra of the 
system T h + T M A  at pH 5.5 were recorded 
with use of the spectrofluorimeter. The maxi- 
mum wavelengths of excitation and emission 
were found to occur at 260 nm and 545 nm, 
respectively. The excitation spectrum is shown 
in Fig. l a. In aqueous media at room temper- 
ature, a 4 x  10-Smoll -I solution of Tb 3+ 
only gives a very weakly measurable emission 
and a 8 x 1 0 - 4 m o l l  -I solution of TMA 
does not give measurable emission upon exci- 
tation at 260 nm. The addition of a more than 
twentyfold excess of TMA to the Tb 3+ solu- 
tion does not induce any emission changes, 
but results in greatly enhanced Th3 + emission. 
For Tb 3+ four distinct emission bands are 
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Fig. 1. (a) Excitation spectrum of the chelate of terbium 
with TMA. (b) Emission spectrum of the chelate of ter- 
bium with TMA. (Conditions: Tb, 1.589 gg ml-S; TMA, 
1.2 x 10 -3 mol I-~; pH 5.5; excitation slit, 5 nm; emission 
slit, 5 nm.) 
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Fig. 2, Effect o f  pH on the fluorescence intensity of  the terbium chelate. The pH values of  the solution systems were 
adjusted with standard 0.1000 mol 1-t KOH or HCI solutions. (Terbium, 1.589 lag m l - t ;  TMA, 1,2 x 10 -3  mol I - t . )  

observed and these are found at 491 nm, 
545 nm, 585 nm and 621 nm, respectively, cor- 
responding to the 5D4 ~ 7F 6, 5D4 ~ 7F 5, 
5D4---,7F 4 and 5D4--*7F 3 transitions [14,15]. 
Only the 5D 4 --*7F 6 and SD4---~7F 5 transitions 
have appreciable intensity, with the transition 
to the 7F 5 level being the most intense. All the 
above are represented in Fig. I b. Thus we can 
speculate that the mechanism for obtaining 
the luminescence spectra is an A - L M E T - E  
process [16,17], i.e. the triplet level of  the 
chelating agent, TMA, lies just above that of  
the terbium ion, so TMA absorbs ultraviolet 
light and transfers energy to the central ter- 
bium ion (namely the Antenna effect) [18-21], 
and then the terbium ion produces the charac- 
teristic sensitive metal-centred (MC) fluores- 
cence spectrum. 

3.2. Effect of the acidity of the solution 

The variation in the fluorescence intensity at 
545 nm for the terbium chelate was investi- 

gated as a function of pH. Maximum constant 
fluorescence intensity was obtained when the 
pH of  the fluorescent chelate solution was 
maintained between 3.5 and 6.5 by the addi- 
tion of  dilute HCI or KOH. When the pH was 
adjusted using a buffer solution containing 
sodium acetate and acetic acid (pH 5.5) in- 
stead of  HCI and KOH, it caused no change 
in the emission wavelength and only a slight 
change in the emission intensity. In this paper, 
a buffer solution containing sodium acetate 
and acetic acid (pH 5.5) was selected to main- 
tain the solution acidity. 

Fig. 2 shows that the fluorescence intensity 
of the terbium chelate becomes weaker at 
pH < 2.5 and pH > 8. The reason for this is 
that the protonation of  three carboxyl groups 
of the chelating agent at pH <2.5 and the 
intensive hydrolysis of  the trivalent terbium 
ion at pH > 8 both result in a decrease in the 
concentration of  the chelate of terbium with 
TMA, causing a decrease in the fluorescence 
intensity of  the terbium chelate with TMA. 
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Fig. 3. Effect of the volume of 0.0100 mol I -~ TMA on the fluorescence intensity of the terbium chelate with TMA. 
(Terbium. 1.589 lagml-I;  pH 5.5.) 

3.3. Effect of  the concentration of  the chelating 
agent TMA 

Fig. 3 shows the variation in fluorescence 
intensity with the variation in volume of  
0.0100 tool 1 -~ TMA. The variation in fluores- 
cence intensity was examined as a function of  
the volume of  0.0100 tool 1- ~ TMA. 

A set of  solutions, each of  volume 25 ml, was 
prepared by mixing a fixed amount  of  terbium 
(4 x 10 -s  moll-~) ,  different amounts of  the 
reagent and a fixed volume of  the sodium 
acetate-acetic acid buffer solution (5.00 ml). It 
was found that the fluorescence intensity of  the 
chelate was most intense and constant over the 
volume range 2 - 4 m l  for a 0 .0100moll  -~ 
T M A  solution. 

3.4. Effect of  time 

The fluorescence intensity remained at its 
maximum from 15 min to 4 h, and then started 

to alter, with the relative standard deviation 
going beyond +_4%. 

3.5. Composition of  the terbium chelate 

The Job's method of  continuous variation 
was applied to determine the stoichiometric 
composition of  the binary fluorescent chelate of  
terbium with TMA. Fig. 4 shows the curve of  
the relative fluorescence intensity as a function 
of  the mole fraction of  terbium. The branch 
point of two tangent lines indicates a composi- 
tion ratio of  l:l  of  terbium to T M A  in water. 
TMA  is a neutral electron donor and its chelate 
with terbium exists in the form of  a positively 
charged ion. Therefore, the general formula of  
the chelate is [Tb(TMA)]CI3 in water. 

3.6. Calibration curve 

Fig. 5 shows the calibration curve for the 
determination of  terbium. Using the experi- 
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Fig. 4. Plot of the fluorescence intensity versus mole fraction of terbium. (pH 5.5.) 

mental method described above, the relative 
fluorescence intensity is a linear function of 
concentration in the range 0.0248- 
6.356 ~tg ml-  ~ of terbium. The linear equation 
is F =  1.155 + 11.036C (where F is the relative 
fluorescence intensity and C is the concentra- 
tion of terbium), and the linear correlation 
coefficient R = 0.9996. 

3. 7. Determination of  the recovery 

A standard sample of biyttrium trioxide 
(99.988%) as the matrix was obtained from 
the Rare Earth Company of Gansu, Gansu, 
P.R. China. It is actually a mixture of oxides 
and its composition is as follows: La203 
(0.0040%), Ce203 (0.0002%), Pr6Oll (0.0005%), 
Nd2Oa (0.0005%), Sm203 (0.0005%), Eu203 
(0.00015%), Gd203 (0.0004%), Tb407 
(0.0005%), Dy203 (0.0005%), Ho203 
(0.0004%), Er203 (0.0004%), Tm2Oa (0.0004%), 
Yb203 (0.0004%), Lu203 (0.0002%), Y203 
(99.988%), and trace amounts of Fe 3+, SiO']3-, 
etc. Obviously, if a good recovery is obtained 

with a matrix of this type of Y203, the results 
will show that the determination of terbium 
using the T b - T M A  fluorescence system has 
good repeatability. 

The synthesized samples 1 and 2 have molar 
ratios of 100:1 and 25:1 for Y:Tb, respectively. 

The requisite amount of sample was dis- 
solved in hot, concentrated HCI, and the solu- 
tion was evaporated to a syrup then diluted 
with distilled, deionized water to the desired 
volume. The determination was performed ac- 
cording to the experimental method given 
above. 

The analytical results are listed in Table 1. 

3.8, Interferences of  foreign ions 

In the fluorescence determination of rare 
earth ions, interference occurs between these 
ions themselves, which is especially serious for 
Sm 3+, Eu 3+, Tb 3+ and Dy 3+ (with ethanol or 
DMF as solvents, the interference is even more 
serious). We were surprised to find that Eu 3+, 
Sm 3+ and Dy 3+ ions give rise to few interfer- 
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ences in the determination of  terbium with the 
T M A - T b  system; perhaps H 2 0  can extinguish 
the fluorescences of  Eu a+, Sm 3+ and Dy a+. 

When the concentration of  terbium was 
maintained at 1.589 ggml  -~, the interferences 
of  39 ions were examined by measuring the 
fluorescence intensity under the same experi- 
mental conditions. In this work, as the relative 
standard deviation was kept within +40/0, it 
was confirmed that 800 I.tg ml -~ of  NH2", K +, 
Na +, Ca 2+, Mg 2+, F - ,  CI- ,  Br - ,  A c - ,  SO 2-,  
NO£,  PO~- and SiO 2- ions; 220 ~tg ml -~ of  
Ba 2+ ions; 40 gg m l -  ~ of  Nd 3 + ions; 
16 iJgml -~ of  TP + and Ag + ions; 12 ~tgml -~ 
of  Co 2+ ions; 10~tgml -~ of  Cr a+ ions; 
6~tgml -~ of  Ta 4+, Th 2+ and Mn 2+ ions; 
4 ggml  -~ of  Fe 2+ ions; 2 ~tgml -~ of  Fe a+ and 
Cu 2+ ions; 158.9 ~tg ml -~ of  Ce 3+, Pr 3+, Nb 3+ 
ions; 320 ~tg ml -I  of  Sm 3+, Eu 3+, Gd 3+, Dy 3+, 
Ho 3+, Er a+, Tm a+, Tm 3+, Yb 3+, Lu 3+ and 
y3+ ions; and 3.2 ~tgml - j  of  La 3+ ions did not 
interfere with the determination. 

3.9. Analyses of  artificially mixed ore samples 
and a standard ore sample 

Following Ref. [22] and taking into account 
the interferences listed above, two kinds of  
ore samples, Cainosite (Y2Ca2[Si4OI2]CO3" 
H20) and Fergusonite (YNbO4), were synthe- 
sized artificially. Solutions of  artificially mixed 
ore samples and a standard ore sample were 
obtained according to the method for produc- 
ing working solutions of  lanthanide ions. Un- 
der the experimental conditions given in 
section 2, the relative fluorescence intensity 
was determined and the results are shown in 
Table 2. 

From the above, it can be concluded that 
the method can be used to determine trace 
amounts of  terbium with the new fluores- 
cence agent TMA because of the predom- 
inant advantages of  high sensitivity, high 
selectivity, high accuracy and high reproduci- 
bility. 
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Table I 
Analytical results for terbium contained in biyttrium trioxide" 

Sample Known Determination Average 
value result value 
0tg ml - i) (l~g ml - i) (pg ml - * ) 

Recovery RSD b 
(%) (%) 

I 1.00 

2 4.00 

1.03, !.00 
0.97, 1.03 
1.02 
4.07, 4.17 
4.09, 4.12 
4.08 

1.01 101 2.34 

4.10 102 3.94 

a n = 5 .  
b Relative standard deviation. 

Table 2 
Results of the determination of terbium in ore samples 

Ore sample Known value 
(ttg ml -  ') 

Determination Average value RSD 
result (pg ml-  i) (%) 
(ttg ml -  i) 

Fergusonite, YNbO4" 0.500 

Cainosite, Y,Ca:[Si4OI2] CO~" H:O b 0.500 

Standard sample ¢ 0.300 

0.510, 0.512 0.508 1.05 
0.521, 0.493 
0.503 
0.521, 0.530 0.517 1.03 
0.512, 0.521 
0.503 
0.289, 0.290 0.296 0.89 
0.295, 0.31 l 
0.297 

a The amount of component ions per 100 lag of the synthetic sample of Fergusonite are Ca, 25.74; Mg, 0.288; Mn, 0.03; 
Pb, 0.138; Fe(II), 0.114; Fe(III), 0.354; AI, 1.176; U, 2.376; Th, 0.613; SiO~-, 0.078; Ti, 0.906; Nb, 0.27; Ta, 1.5; Eu, 0.2; 
Gd, !.8; "rb, 0.48; Dy, 4.48; Ho, 1.36; Er, 2.76; Tin, 0.52; Yb, 2.96; Lu, 0.744; Y, 22.48. 
b The amount of component ions per 100 pg of the synthetic sample of Cainosite are SiO~-, 21. I I; CO~-, 3.44; Ca, 9.98; 
Mg, 0.025; Na, 0.24; La, 0.228; Ce, 0.532, Pr, 0.342; Nd, 0.292; Sin, 2.28; Eu, 0.342; Gd, 4.56; Th, 0.684; Dy, 3.8; Ho, 
2.8; Er, !.976; Tin, 0.304; Yb, 0.99; Lu, 0.76; Y, 19. 
c The standard sample is produced by the Rare Earth Institute of Baotou, Baotou, P.R. China. Its composition is as 
follows: La20.~, 0.09%; Ce20.~, 0.27%; Pr6OIi, 5.18%; Nd203, 16.75%; Sm203, 1.295%; Eu20~, 0.23%; Gd20~, 0.40%; 
Tb4OT, 0.39%; Dy20.~, 7.1 I%; Ho203, 20.04%; Er203, 0.027°/0; Tm203, 0.0085%; Yb203, 0.013%; Lu20~, 0.003%; Y203, 
49.21%. 
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Abstract 

Room-temperature phosphorescence characteristics of serotonin (5-hydroxytryptamine), typtamine, and 
gramine ([3-(dimethylaminomethyl)indole]) were studied on low-background paper substrates. Several 
experimental parameters were optimized for maximum signal intensity. Sodium iodide, thallium(I) nitrate, 
silver(l) nitrate, and lead(II) nitrate were tested as phosphorescence enhancers. The effect of sodium dodecyl 
sulfate on the enhancement efficiency of these inorganic salts was also studied. The pH values of the 
solutions were adjusted to optimize the interaction between analyte molecules and solid substrates. Under 
the experimental conditions for maximum phosphorescence intensity, working curves ranging from two 
(gramine) to four (typtamine) orders of magnitude were obtained. Limits of detection at the nanogram level 
were estimated for the three compounds, showing the potential of solid-surface room-temperature phospho- 
rimetry as a detection technique for biogenic amines. 

1. Introduct ion 

The role played by indole alkylamines in the 
central nervous system (CNS) has been a sub- 
ject of  interest in the area of  clinical chemistry 
[1-3]. Serotonin (5-hydroxytryptamine) and 
tryptamine, which are naturally present in the 
CNS as a result of  tryptophan biotransforma- 
tion [4,5], are two important indole alky- 
lamines acting as neurotransmitters. Incorrect 
concentrations of  these compounds in physio- 
logical fluids and body tissues have been re- 
lated to several pathological conditions [6-8]. 
Their determination has been performed by 
analytical methods involving HPLC [5,9-11], 
fluorimetry [12,13], radioimmunological assays 
[14,15], and enzymatic techniques [16]. 

In this article, we will report on a sensitive 

* Corresponding author. Present address: 8647 Eagle Point 
Drive, Knoxville, TN 37931, USA. 

0039-9140/95/$09.50 • 1995 Elsevier Science B.V. All rights 
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method of  detection of  serotonin and 
tryptamine based on solid-surface room-tem- 
perature phosphorimetry (SSRTP) [17,18]. Our 
studies have also been extended to gramine 
([3-(dimethylaminomethyl)indole]), which is an- 
other biogenic amine present in the CNS, result- 
ing from tryptophan biotransformation [19]. 

Although tryptophan phosphorescence emis- 
sion has been extensively studied at 77 K 
[20,21] and at room temperature [22-24], this 
is the first t i m e - - t o  the best of  our knowl- 
e d g e - t h a t  the room-temperature phosphores- 
cence (RTP) characteristics of  these indole 
alkylamines are reported. 

Several experimental parameters that usually 
affect phosphorescence emission were optimized 
for maximum signal intensity. Chromatography 
paper previously treated for paper background 
reduction [25] was employed as the solid sub- 
strate. KI, AgNO3, TINO3, and Pb(NO3)2 were 
tested as phosphorescence enhancers [26,27]. 

reserved 
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The effect of sodium dodecyl sulfate, which is a 
surfactant commonly employed to increase 
heavy atom enhancement efficiency [28-30], 
was also studied. Finally, the interactions re- 
sponsible for RTP emission between analyte 
molecules and a solid substrate were optimized 
by adjusting the pH of the solutions [31-33]. 

Under experimental conditions for a maxi- 
mum RTP signal, calibration curves with linear 
dynamic ranges varying from two to four or- 
ders of magnitude, and limits of detection in 
the nanogram range were estimated. The ana- 
lytical figures of merit, associated with the 
practical advantages of SSRTP [17,18], show 
the potential of the technique for the detection 
of biogenic amines. 

2. Experimental 

2.1. Instrumentation 

The treatment for paper background reduc- 
tion was performed in a Rayonet photochemi- 
cal reactor using five lamps with maximum 
wavelengths (2re,x) of emission at 250 nm, and 
seven with 2m,x at 300 nm. 

The absorption spectra of the studied com- 
pounds were monitored with use of a single- 
beam spectrophotometer (model DU-650, 
Beckman Instruments, Fullerton, CA) equipped 
with deuterium and tungsten lamps, a concave 
holographic grating, and a silicon photodiode 
detector. 

All RTP spectra and intensity measurements 
were collected with an Aminco-Bowman spec- 
trofluorimeter (SLM Instruments, Urbana, II) 
equipped with a 150 W xenon arc lamp (Con- 
rad-Hanovia, Newark, N J) as an excitation 
source. The optical transducer was a potted 
IP21 photomultiplier (Hamamatsu Corp.) with 
an $4 spectral response. The signal from the 
detector was amplified by means of an SLM- 
Aminco microphotometer and fed to a Hewlett- 
Packard X-Y recorder (model 7010B). 
Short-lived scattering and possible fluorescence 
signals were minimized with an Aminco-Keirs 
rotating-can phosphoroscope attachment. A 
laboratory-constructed sample holder [34] was 
employed to introduce solid substrates into the 
spectrofluorimeter. 

2.2. Reagents 

All the chemicals were analytical-reagent 

grade and were used without further purifica- 
tion. Whatman no. 1 chromatography paper 
(USA) and tridistilled (in glass) water were 
used throughout. 

Gramine (Gra), typtamine (Try), and sero- 
tonin (50HTry) were acquired from Sigma 
(USA). Ethanol, hydrochloric acid, sodium hy- 
droxide, and silver(I) ntirate were purchased 
from Merck (Brazil). Sodium dodecyl sulfate 
(specically purified for biomedical work), 
lead(II) nitrate, and potassium iodide were 
from BDH Chemicals Ltd, UK. Thallium(I) 
nitrate was obtained from Fluka (Switzerland). 

2.3. Procedures 

Paper treatment 
The treatment for paper background reduc- 

tion has been described in detail elsewhere [25]. 
It basically consisted of a combination of water 
extraction and ultraviolet irradiation. The 
strips of chromatography paper were water- 
extracted in a Soxhlet apparatus for 8 h, dried 
under a stream of hot air, and exposed to 
ultraviolet irradiation for the same period of 
time. To fit in the sample holder [34], the paper 
strips were cut in appropriate sizes (20 x 
10 mm2). The solid supports were then stored 
in a dessicator to be used during the analysis. 

Solution preparation 
Stock solutions of gramine, tryptamine and 

serotonin (each 10-2M) were prepared in 
ethanol/water (50:50 (v/v)). Working solutions 
were obtained by appropriate dilution of the 
stock solutions with an ethanol/water (50:50 
(v/v)) solution. 

The 1M KI, 0.5M AgNO3, 0.5M 
Pb(NO3)2, and 0.1 M TINO3 solutions were 
made up in water. The KI and TINO 3 solutions 
employed in the optimization of heavy atom 
concentrations were prepared, respectively, by 
serial dilution of a 5 M and a 0.25 M solution. 
Serial dilution was also used to prepare the 
sodium dodecyl sulfate solutions. A 0.5 M 
stock solution (in water) was prepared. Lower 
surfactant concentrations were obtained by ap- 
propriate dilution of the stock solution. 

The analyte solutions for the pH studies 
were made up by adding concentrated HC! or 
NaOH to volumetric flasks with the com- 
pounds dissolved in ethanol/water (50:50 (v/v)) 

The standard solutions for the calibration 
curves were prepared in ethanol/water (50:50 
(v/v)) (5-OHTry) and at basic pH (Gra and 
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Table 1 
Room temperature phosphorescence characteristics of Gra, Try, and 5-OHTry on low-background paper substrates. 
Effects of heavy atom" and sodium dodecly sulfate b as phosphorescence enhancers 

Compound c Net RTP signals d.c 

No NaDS NaDS 

No HA salt I MKI I M KI 0.1 M TINO~ 0.5 M AgNO 3 

Gra - 248.6 280.3 379.5 110.7 
(274/438) (275/436)  (274/436) (280/448) 

Try 6.1 621.1 688.47 210.0 18.4 
(284/453) (276/442) (276/443)  (276/446) (286/461) 

5-OHTry - 259.0 219.4 45.0 4.2 
(292/442) (290/447)  (289/452) (294/490) 

a Heavy atom (HA) salt solutions were prepared in water. 
b A 2% solution in water was employed. 
c Analyte solutions (10 -4 M) prepared in ethanol/water (50:50 (v/v)) were employed. 
d Net RTP signals were obtained by subtracting the blank signals from the analyte + blank signals. In each case, six 
determinations were employed in order to calculate the average values. The precision of the measurements was within 
10-15%. 
e The ~.e~c/2cm ratios are given in parentheses, where 2c~ c and 2c,~ are the excitation and emission wavelength maxima in 
nanometers. The variation in wavelength for instrumental response was +2 nm. 

Try). Basic solutions were made up using ap- 
propriate volumes of  concentrated NaOH. 
Tryptamine and gramine standard solutions 
were, respectively, 1 M and 0.1 M in NaOH. 

General Procedure 
Analyte solutions were spotted on solid sub- 

strates with a microliter pipette. The heavy 
atom and surfactant solutions were added with 
a microliter syringe. In all cases, a volume of  
5 ~1 was employed. The spotted substrates were 
vacuum-dried at room temperature for 1 h and 
were then placed in a desiccator with silica 
until the measurements were carded out. The 
desiccator was covered with aluminium foil to 
avoid possible light effects. Prior to the mea- 
surements, a flow of  dry nitrogen was directed 
towards the surface of  the paper substrate for 
5 min. All RTP measurements were performed 
under this gas to avoid possible quenching 
effects from oxygen and moisture [17,18]. A 
silica gel bed was used to remove water vapour 
traces from the drying flow. 

3. Results and discussion 

3.1. R T P  characteristics o f  Gra, Try, and 
5-OHTry on low background paper 

Heavy atom and sodium dodecyi sulfate effect 
The deposition of  10 -4 M solutions of  Gra, 

Try, and 5-OHTry on chromatography paper 

substrates were an inefficient attempt to ob- 
serve their phosphorescence emission. The ana- 
lyte-to-background signals ratios were close to 
unity, showing a lower capacity of  the indole 
alkylamines for emitting RTP. Since the broad, 
featureless bands of  the excitation and back- 
ground emission of  cellulose substrates usually 
overlap the analyte spectra [25,35-37], we ap- 
plied a background reduction treatment to the 
paper substrate [25]. 

Table 1 presents the RTP characteristics of  
the three compounds on low-background paper 
substrates. Try was the only one to show phos- 
phorescence emission in the absence of  RTP 
enhancers. Surprisingly, the hydroxyl group of  
5-OHTry, which is capable of  increasing the 
analyte rigidity by establishing hydrogen bond- 
ing with the solid substrate, did not favor 
phosphorescence emission from the compound. 
Usually, substituent groups with a hydrogen 
bonding capacity enhance the RTP signal of  
the indole moiety [30]. 

The external heavy atom (HA) effect was 
tested by taking five inorganic salts with gen- 
eral phosphorescence enhancers [26,27]. Before 
analyte deposition, 1 M KI, 0.1 M TINO3, 
0.5 M AgNO3, 0.5 M Pb(NO~)2, and 0.25 M 
HgCI, were deposited on low-background pa- 
per substrates. In the presence of  Tl(1), Ag(1), 
Pb(II), and Hg(II) ions, none of  the studied 
compounds showed RTP enhancement. On the 
other hand, 1 M KI increased the phosphores- 
cence emission of  the three compounds. The 



1508 J.R.F. J~nior, A.D. Campiglia / Talanta 42 (1995) 1505-1512 

Table 2 
Room temperature phosphorescence characteristics of Gra, Try, and 5-OHTry at several pH values 

Compound ~ Net RTP signal b.~ 

EtOH/H_,O HC1 NaOH 
(50:50 (v/v)) 

0.01 M 0.1 M I M 0.01 M 0.1 M I M 

Gra 100 54.7 17.3 - 177.3 177.1 111.7 
(275/444) (276/444) (274/446) (220, 278/444) (222, 278/444) 230, 284/444) 

Try 100 78.8 15.4 3.9 91.6 174.6 194.4 
(220, 278/445) (225, 280/443) (279/447) (285/472) (225,280/448) (225, 281/447) (284/448) 

5-OHTry 100 93.2 33.5 - 83.1 62.4 - 
(294/454) (293/454) (290/456) (298/461) (300/459) 

Analyte solutions of concentration 10--~ M were employed. Acid and basic soltuions were prepared in ethanol/water 
(50:50 (v/v)). 
b Net RTP signals were obtained by subtracting the blank signals from the analyte + blank signals. In each case, six 
determinations were employed to calculate the average values. All RTP signals were normalized to the net analyte signals 
in neutral media. 
¢ The 2e,,J.;. m ratios are given in parentheses. When necessary, the maximum excitation peak is underlined. 

net analyte signals in the presence of 1 M are 
presented in Table 1. 

The addition of sodium dodecyl sulfate 
(NaDS) to the solid substrate usually increases 
the HA efficiency and enhances the phospho- 
rescence emission [28-30]. Apparently, the 
long hydrocarbon chains of the surfactant pro- 
mote the necessary interaction between analyte 
molecules and HA ions, thus improving RTP 
enhancement [28]. We tested, therefore, the 
effect of NaDS on the RTP signals of Gra, Try, 
and 5-OHTry. 

The presence of the surfactant increased the 
TINO3 efficiency for the three indole alkyl- 
amines. The net RTP signals in the presence of 
TI(I) and Ag(I) are presented in Table 1. The 
Pb(NO3)2 and HgCI2 efficiencies, on the other 
hand, were not increased by NaDS. Probably, 
these two HA salts do not favor the singlet- 
triplet intersystem crossing rates of the studied 
indoles [17,18]. Finally, the surfactant im- 
proved iodiode efficiency for Gra and Try. The 
5-OHTry signal, however, was higher in the 
absence of NaDS (see Table 1). This signal 
reduction could have been caused by the use of 
an incorrect concentration of sufactant. In pre- 
vious studies [38,39], Auc~lio and Campiglia 
have shown that, depending on the compound 
and HA ion, there is an optimum concentra- 
tion of NaDS for improvements in HA 
efficiency to be observed. 

pH effect 
The RTP characteristics of Gra, Try, and 

5-OHTry were studied at several pH values (see 

Table 2) employing 10-3M analyte solutions 
which guaranteed (in a neutral medium) ana- 
lyte-to-background signal ratios higher than 4. 

All solutions were monitored by absorption 
spectrometry in the ultraviolet and visible re- 
gions. A pH variation did not cause significant 
modifications in the absorption spectra of Gra 
and Try. However, the 5-OHTry spectrum was 
drastically altered in alkaline medium. Neutral 
solutions of 5-OHTry (ethanol/water (v/v)) 
gave three peaks with absorption maxima at 
219, 262, and 279 rim. In 0.01 M NaOH solu- 
tion the 5-OHTry spectrum showed four peaks 
(241,269, 279, and 309 rim), and in 1 M NaOH 
solutions, showed six peaks (228, 252, 269, 28 l, 
317, and 324nm). In addition, after 2 h of 
solution preparation, a change in color was 
observed. The neutral solutions were colorless, 
while the 0.01 M NaOH and 1 M NaOH solu- 
tions were pink and purple, respectively. These 
observations strongly suggest that 5-OHTry 
decomposed in basic medium. 

The pH variation caused minor shifts in the 
maximum RTP excitation and emission wave- 
lengths of the studied compounds. Gra showed 
an additional excitation peak in basic medium, 
of which the maximum wavelength depended 
upon the NaOH concentration (see Table 2). 

The intensities of the RTP signals, on the 
other hand, were drastically affected by the pH 
values of the solutions. The phosphorescence 
signals were quenched in acidic medium. The 
degree of quenching increased with acid con- 
centration, obviously along with the degree of 
protonation of indole alkylamines [19]. The 
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Fig. 1. Net phosphorescence intensity (lp) of  (curve A) 5-OHTry and (curve B) Try as a function of  molar concentration 
of  potassium iodide. Analyte solutions of concentration 10 -4 M were employed. The 5-OHTry was dissolved in 
ethanol/water (50:50 (v/v)), and Try was dissolved in I M NaOH (ethanol/water (50:50 (v/v)). Net analyte signals were 
normalized to the m ax i mum intensity observed. 

acid quenching could result from a lower capac- 
ity of the protonated species for forming hydro- 
gen bonds with the solid substrate. In addition, 
the excess of H30 ÷ ions in acid solutions, 
which increases competition for the OH groups 
of the solid substrate and inhibits hydrogen 
bonding with the analyte molecules, could also 
contribute to reduce the RTP signals. 

These assumptions are also supported by the 
fact that Gra and Try showed their highest 
signals in basic media. In NaOH solutions, the 
dissociation equilibrium of these indoles is in- 
hibited, the H3 O÷ ion concentration is at a 
minimum, the unprotonated species are pre- 
dominant. On the other hand, 5-OHTry 
showed the highest RTP signal in neutral 
medium. As previously mentioned, however, 
this compound might have undergone degrada- 
tion in basic medium. Its degradation product 
obviously does not have characteristics needed 
for RTP emission. 

Analytical figures of merit 
The analytical figures of merit (AFOM) were 

obtained under the experimental conditions for 
maximum RTP emission. The HA salt and 
NaDS concentrations were optimized for each 
compound. Based on the results shown in 
Table 1, TINO3 was used to enhance the Gra 
RTP signal, and KI was employed to obtain 
the AFOM for Try and 5-OHTry. The pH 
values of the solutions were chosen in agree- 
ment with the data presented in Table 2. Gra 
solutions were prepared in 0.1 M NaOH, Try 
solutions in 1 M NaOH, and 5-OHTry solu- 
tions in ethanol/water (50/50 (v/v)). 

Fig. 1 shows the phosphorescence intensity 
of Try and 5-OHTry as a function of KI molar 
concentration. In both cases, the maximum 
phosphorescence intensity was obtained with a 
5 M KI solution. Higher concentrations were 
not tested due to KI solubility limitations. Fig. 
2 shows the RTP signal of Gra as a function 
of TINO a molar concentration. The highest 
emission was observed with a 0.025 M TINO3 
solution. More concentrated solutions than 
0.025 M reduced the analyte signal. Probably, 
the excess of TIN03 caused a matrix prefilter 
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Fig. 2. Net phosphorescence intensity (lp) of  Gra  as a function of molar concentration of thallium(l) nitrate. A 10 -4 M 
Gra solution prepared in 0.1 M NaOH (ethanol/water (50:50 (v/v)) was used. Net Gra  signals were normalized to the 
maximum intensity observed. 

effect and reduced the excitation energy reach- 
ing the analyte molecules [25]. 

The NaDS concentration was optimized in 
the presence of the HA salts. A 5 M KI solu- 
tion was employed for Try and 5-OHTry, and 
0.025 M TINO3 was used for Gra. In all cases, 
the surfactant concentration varied from 0.01 
to 0.5 M. The optimum value depended on the 
compound. Gra and 5-OHTry showed the 
highest RTP signals with a 0.2 M NaDS solu- 
tion, while Try showed its maximum signal 
with a 0.1 M surfactant solution. 

Table 3 summarizes the AFOM at optimum 
pH, and HA and NaDS concentrations. Try 
showed a calibration curve with the linear dy- 
namic range (LDR) extended over four orders 
of magnitude (4.8 x 10-7--5 × 10 -3 M) while 
the 5-OHTry and Gra LDRs extended, respec- 
tively, over three (3.2 x 10-7-2 x 10 -4 M) and 
two (6.4 x 10-6-5 x 10 -4 M) orders of magni- 
tude. The slopes of the log-log plots showed a 
linear relationship between phosphorescence 
intensity and analyte concentration. For Try 
and 5-OHTry, the correlation coefficients of 

the calibration curves were close to unity, 
showing a good precision of the measurements. 
The relative standard deviations (within the 
LDR) varied form 10 to 15%. For Gra, how- 
ever, a poorer precision was obtained (20%). 
Apparently, the presence of TINO3 in the solid 
substrate caused the observed variation. The 
standard deviation for 16 blank repetitions 
with this salt was considerably higher than that 
obtained with KI. The limits of detection 
(LOD) were estimated from the equation 
CL = KSb/m, where the standard deviation (Sb) 
from 16 blank determinations, the slope of the 
calibration curve (m), and K = 3  were em- 
ployed [40]. The absolute LOD, for a sample 
volume of 5 lal, were in the nanogram level. 

4. Conclusions 

In this article, we have reported the RTP 
characteristics of Gra, Try, and 5-OHTry on 
low-background paper substrates. Several ex- 
perimental parameters that usually affect the 
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Table 3 
Analytical figures of merit for Gra, Try, and 5-OHTry obtained under experimental conditions for maximum RTP 
emission 

Compound Solvent a [HA] b [NaDS] ~ 2.~/2c,. LDR d Slope, Correlation ALOD c 
(M) (ng) log-log coefficient (ng) 

Gra 0.1 M 0.025 M T1NO 3 0.2 276/442 5.6-400 0.80 0.9814 5.6 
Try I M NaOH 5 M KI 0.1 281/446 0.4-4000 0.90 0.9990 0.4 
5-OHTry EtOH/H20 5 M KI 0.2 290/450 0.3-200 0.91 0.9988 0.3 

(50:50 (v/v)) 

Basic solutions were prepared in ethanol/water (50:50 (v/v)). 
b Refers to concentration of HA solutions spotted on Whatman no. I chromatography paper previously treated for 
background reduction. 

Concentration of surfactant solution spotted on the solid substrate. 
d Linear dynamic range representing the amount of phosphor deposited on the paper substrate. Sample volume, 5 p.I. 
• Absolute limit of detection; see text for definition. Sample volume, 5 ttl. 

intensity of phosphorescence emission were 
studied. KI, TINO3, Pb(NO3)2, HgCI2, and 
AgNO3 were tested as RTP enhancers. With 
the exception of KI, none of the HA salts 
increased the phosphorescence signals of the 
studied compounds. With 1 M KI, the intensi- 
ties of the net analyte signals varied from 248.6 
(Gra) to 621.1 (Try). The addition of NaDS to 
the paper substrates, however, improved the 
enhancements efficiency of TINO3 and AgNO3. 
With 0.1 M TINO3, and employing a 2% sur- 
factant solution, the Gra net RTP intensity was 
379.5, which was higher than that observed 
with 1 M KI. In addition, NaDS increased the 
iodide efficiency, causing the highest enhance- 
ments for Try and 5-OHTry net RTP signals, 
688.47 and 219.4, respectively. 

The effect of the pH was also studied. Gra 
and Try showed the highest RTP signals in 
basic medium (in 0.1 M and 1 M NaOH solu- 
tions, respectively), while 5-OHTry, which ap- 
parently degrades in alkaline solution, emitted 
the highest signal in neutral solution (ethanol/ 
water (50:50 v/v)). 

To obtain the AFOM under the experimen- 
tal conditions for maximum RTP emission, 
optimizations of HA and NaDS concentrations 
were performed. The strongest emissions of 
Try and 5-OHTry were observed with 5 M KI. 
The NaDS optimum concentrations were, re- 
spectively, 0.1 M and 0.2 M. T1NO, enhance 
the Gra signal to its highest intensity at a 
concentration of 0.025 M, and so did NaDS at 
a concentration of 0.2 M. Employing these HA 
and NaDS concentrations, and preparing the 
analyte solutions at optimum pH, the LDRs of 
the calibration curves varied from two (Gra) to 
four (Try) orders of magnitude. The ALOD, 

for a sample volume of 5 pl, were in the 
nanogram range. 

The sensitivity of SSRTP, therefore, has 
shown to be adequate for determining biogenic 
amines at the concentration levels usually re- 
quired [1-3]. The proximity of the 2ex~ and 2em 
obtained, however, shows a lack of selectivity. 
The detection of one of these compounds in 
binary mixtures, for example, will require pre- 
vious separation steps. HPLC-SSRTP analysis 
[41,42] will certainly overcome this limitation. 
The experimental parameters optimized in this 
study, therefore, could be employed in order to 
obtain maximum sensitivity. 
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Abstract 

A method for the preconcentration of trace amounts of tungsten as its thiocyanate complex, using a 
column filled with Amberlite XAD-1180 resin, is proposed. After elution with a small volume of acetone, the 
analyte was determined spectrophotometrically with potassium thiocyanate and stannous chloride. The 
influence of several ions, as interferents, is discussed. The proposed method was applied to the determination 
of tungsten in geological samples with good analytical results, such as recoveries of 95% or above, relative 
standard deviations of 6% or below (n = 10) and a detection limit of 12 lag 1-'. 

1. Introduction 

The direct determination of  tungsten in vari- 
ous matrices such as geological samples, steels, 
natural waters, etc. has presented some prob- 
lems, due to the low tungsten content and large 
concentration of  accompanying elements. Many 
preconcentration and separation methods have 
been used for the determination of  tungsten 
at low concentrations, such as liquid-liquid 
extraction [1,2], adsorption [3] and ion exchange 
[4,5]. 

Up to now, a tin(III) chloride-thiocyanate 
method has been combined with a preconcen- 
tration and separation procedure for the deter- 
mination of  tungsten [6-10]. Columns filled 
with Amberlite XAD resin have been used for 
the preconcentration and separation of  trace 
amounts of  several metal ions from various 
matrices [11-13]. However, little work in this 

* Corresponding author• 

field has been done using Amberlite XAD- 1180 
resin [14,15]. 

This paper describes a sorbent extraction 
system for the preconcentration of  tungsten 
based on its solvent extraction as a thiocyanate 
complex. In this system, the sorption of  the 
W(V)-thiocyanate  complex is carried out by 
using Amberlite XAD-1180 resin. After elution, 
tungsten is determined spectrophotometrically. 
The procedure has been applied satisfactorily to 
the determination of  tungsten in geological 
samples. 

2. Experimental 

2. I. Apparatus 

A Hitachi 150-20 double-beam spectropho- 
tometer equipped with a pair of  1 cm path 
length quartz cuvettes was used for the ab- 
sorbance measurements. The determination of  
tungsten was performed at 400.0 nm. 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights reserved 
S S D I 0039-9140(95)01604-X 
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2.2. Reagents and solutions 

All the chemicals used were of analytical 
grade, and aqueous reagents were prepared in 
doubly distilled, deionized water. 

A 1000 ktg ml -I stock solution of tungsten 
was prepared by dissolving an appropriate 
amount of sodium tungstate dihydrate in water 
and diluting it to 1000 ml. The stock solution 
was standardized gravimetrically by the tannic 
acid-phenazone method [16]. Appropriate 
standards and solutions of tungsten were pre- 
pared daily by dilution with water. SnCI2 solu- 
tion (20% (w/v)) was prepared in concentrated 
HC1. KSCN solution (25% (w/v)) was prepared 
in water. 

Amberlite XAD-1180 resin (particle size, 
0.1-0.2mm; Rohm and Haas Co.) was pre- 
pared using the reagents and the washing steps 
as reported previously [17]. 

2.3. Column preparation 

2.5. Determination of  tungsten concentration 
in geological samples 

The geological samples were collected from 
Sorgun Yeni tTeltek Mine Quarry (Yozgat, 
Turkey). The decomposition procedure de- 
scribed by Welsch [18] was applied to the deter- 
mination of the tungsten concentration in 
geological samples. The samples were ground 
and sieved to 80-100 mesh, 0.1-0.5 g amounts 
were weighed and transferred to 100 ml Teflon 
beakers, and 5 ml of concentrated nitric acid 
and 20 ml of concentrated HF were added to 
each beaker. The sample mixtures were evapo- 
rated to dryness, heated overnight at 125"C in 
a sand bath, and 2 ml of warm water and 8 ml 
of concentrated HCI were added to each 
residue and mixed. The mixtures were filtered 
through Whatman no. 42 filter paper, and 
20 ml of water were added to each filtrate. The 
resultant solutions were drawn through the 
column as in the described procedure above. 

An Amberlite XAD-1180 column, 10cm 
long and 1 cm in diameter, containing about 
400 mg of resin (about a 20 mm bed) was used 
for the experiments. The column was prepared 
by aspirating a water slurry of Amberlite 
XAD-1180 (400mg) into the glass column. It 
was equilibrated with 10-15 ml of 3 M HCI 
solution containing 1.0 ml of 25% KSCN and 
1.0 ml of 20% SnCI2, after which the column 
was used in the preconcentration study. 

2.4. Column preconcentration 

The column method was optimized using 
25-100 ml of model solution containing 40 p.g 
of tungsten. Solutions containing 0.2-5 ml of 
25% KSCN and 0.2-5 ml of 20% SnCI2 were 
prepared in 0.5-10 M HCI solution. The result- 
ing solutions were drawn through the column at 
a flow rate of about 3-5 ml min -I by vacuum. 
The column was then washed with the blank 
solution and the retained tungsten was eluted 
into a 25 ml beaker with 2-10 ml of acetone at 
a rate of 1-2 ml rain-i.  The eluate was evapo- 
rated to 0.5-1 ml on a hot plate, then cooled. 
The concentrated residue was transferred to a 
calibrated volumetric flask containing 1.5 ml of 
25% KSCN and 1.5 ml of 20% SnCI2, and the 
solution was made up to 5-10 ml with 3 H HCI 
solution. The tungsten concentration was deter- 
mined spectrophotometrically as the thio- 
cyanate complex at 400.0 nm [8]. 

3. Results and discussion 

3.1. Effects of  the reagents and hydrochloric 
acid concentration on the recovery of  tungsten 

The effects of the KSCN and SnCI 2 amounts 
on the recovery of tungsten on Amberlite 
XAD-1180 resin were examined. The recoveries 
were quantitative (above 95%) in the range 
0.5-5 ml of 25% KSCN and in the range 0.2- 
0.5 ml of 20% SnCI 2 (Fig. 1). 

The influence of the hydrochloric acid con- 
centration on the retention of tungsten on Arn- 
berlite XAD-1180 resin is shown in Fig. 2. The 
highest sensitivity for tungsten was obtained in 
the HCI concentration range 2-9  M. 

In all subsequent studies, 1.0ml of 25% 
KSCN and 1.0 ml of 20% SnCI 2, as optimum 
amounts, were used. The concentration of the 
medium was made up to 3 M HCI with concen- 
trated HCI. 

3.2. Influences of  eluent type and volume 

The effects of the various eluents on the 
retention of tungsten on XAD-1180 resin was 
investigated. As can be seen in Table 1, elution 
with chloroform and diethyl ether was not 
quantitative. The recoveries of tungsten were 
quantitative when acetone, methanol, ethanol, 
n-butanol and n-propanol were used as eluent. 
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Fig. 1. Effect o f  the SnCl 2 and KSCN amoun t s  on the recovery o f  tungsten on Amberlite XAD-  I 180 resin ( ( • )  ml o f  20% 
SnCI 2 and (©)  ml o f  25% KSCN). 

However, the evaporation of n-propanol and 
n-butanol is slower than that of acetone. The 
period of elution with methanol and ethanol is 
longer than that for the other eluents. As a 
result, acetone was selected as eluent in subse- 
quent work. 

The influence of the eluent volume on the 
recovery of tungsten was studied by using vari- 
ous volumes of acetone varying from 2 to 
30 mi. The recoveries were quantitative in the 
range 2-20ml.  In the subsequent studies, 
10 ml of eluent were used. 

3.3. Effects of  resin amounts and sample volume 

The effect of XAD-II80 resin amounts on 
the recovery of tungsten was studied by vary- 
ing the amounts of resin from 200 to 800 mg. 
Quantitative recoveries were obtained in the 
range 300-600mg of the resin; as the opti- 
mum, 400mg of Amberlite XAD-II80 resin 
were used. The same resin sample was used 
repeatedly for 300 sample analyses at least 
without loss of activity. 

The effect of sample volume was examined 
with solutions containing 40 pg of tungsten. 
Recoveries of the analyte concentrated into 
2 -10ml  of eluent from 50 to 500ml sample 
volumes were found to be 97-100%. In this 
case, the highest preconcentration factor was 
found to be 250. 

3.4. Calibration graph and detection limit 

The calibration graph for a 100ml sample 
was linear up to 200 ~tg of tungsten. The detec- 
tion limit, based on three times the standard 
deviation of  the blank, was 12 pgl -~ (n=21)  
and the relative standard deviation was 2% 
(n = 10) at the 40 pg of tungsten per 100 ml 
level. 

3.5. Effects of  foreign ions 

The effects of foreign ions on the determina- 
tion of tungsten were investigated. For these 
studies, different amounts of the ionic species 
were added to 40 pg of tungsten determined by 
the standard procedure. The results are sum- 
marized in Table 2. The tolerance limits of the 
foreign ions were obtained with a relative error 
not greater than 5%. 

The results in Table 3 show that the recover- 
ies were unaffected when the solution contained 
chloride, sulfate, iodide, fluoride, sodium, mag- 
nesium and calcium ions. However, Cu 2+, 
Mo 6+ and Fe 3+ ions interfere. The interference 
of copper was prevented by the addition of 
appropriate amounts of a 10% potassium ferri- 
cyanide solution [18]. Fe 3+ ions in the samples 
were completely reduced with 3 ml of 20% 
SnCl,. Therefore, the interference effect of the 
Fe a+ ions was prevented. The concentrations 
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Fig. 2. Effect of the concentration of HCI on the recovery of tungsten on Amberlite XAD-1180 resin. 

Table I 
Recoveries" of tungsten on Amberlite XAD-l l80  with 
various eluents b 

Table 2 
Tolerance limits of foreign ions for the recovery of tung- 
sten on Amberlite XAD-1180 ~ 

Eluent Recovery Ion Added as Tolerance limit 
(%) (lag m l -  ' ) 

Acetone 97 + I Ca 2 + CaCI2 2500 
Methanol 95 + 3 Na + NaCI 10000 
Ethanol 96 + I Mg 2+ MgCI 2 1000 
n-Butanol 96 -~ 3 SO42- N a2SO 4 1000 
n-Propanol 99 + 4 NO 3- NaNO.~ 500 
Chloroform < 5 F -  NaF 250 
Diethyl ether <5  Fe ~+ FeCI.a 50 

Cu 2 + CuCI_, 5 
= n = 7. Mo 6+ Na2MoO 4 5 
b Eiuent volume, 10 ml. Co 2+ Co(NO02 15 

Zn 2+ Zn(NO.a)2 50 
BP + Bi(NO3) ~ 25 
Cd 2 + Cd(NO3) 2 50 

of Co "+, Zn 2+, BP +, Cd 2+ and Mo 6+ ions in 
the geological samples were found to be within 
their tolerance limits. 

3.6. Tungsten content of geological samples 

"Sample volume, 250 ml; n ffi 4. 

fidence level. However, better precision is ob- 
tained with the column method. 

The method was applied to the determina- 
tion of  tungsten in geological samples collected 
from the Mine Quarry (Yozgat, Turkey). The 
results are given in Table 3. The determination 
of the tungsten content in the samples was also 
performed using a well-known and accepted 
extraction method [9]. There are no significant 
differences between the concentration values 
obtained by both methods at the 95% con- 

4. Conclusion 

The Amberlite XAD-1180 column method 
was applied to the determination of the tung- 
sten concentration in geological samples, and 
accurate results were obtained. The results ob- 
tained using this column method and the ex- 
traction method are in agreement. The 



M. Soylak et al. / Talanta 42 (1995) 1513-1517 1517 

Table 3 
Concentration of tungsten in geological samples collected 
from the Sorgun Yeni Celtek Mine Quarry (Yozgat, 
Turkey) 

Depth Concentration of tungsten (ttg g-  ~)'~ 
(m) 

Column RSD Extraction RDS 
(%) (%) 

60 195_+10 5 .13  187-t-14 7.51 
100 176 __ 10 5.68 162 -+ 12 7.36 
170 311 _+ 17 5.51 316+25 7.91 
220 224_+ 13 5.83 220-+ 12 5.45 
220 b 218_+5 2.29 222_+ II 5.01 
360 479 + 19 4.01 489 _+ 36 7.39 

n = 7; P: 0.95: _+ t.s/x/~. 
b Samples were collected from two different zones at a 
depth of 220 m. 

p r o p o s e d  m e t h o d  can  easi ly be  used for  the  
d e t e r m i n a t i o n  o f  t u n g s t e n  in  i ndus t r i a l  samples  
such  as a l loys  a n d  steel samples ,  etc. 

Acknowledgemen t  

Th i s  w o r k  was  s u p p o r t e d  by  T U B I T A K  (the 
Scientif ic  a n d  T e c h n i c a l  Resea rch  C o u n c i l  o f  
T u r k e y  pro jec t  no .  D P T / T B A G - 2 6 ) .  

References 

[I] V. Yatirajam and S. Dhamija, Talanta, 24 (1977) 497. 
[2] N.K. Roy and A.K Das, Talanta, 33 (1986) 277. 
[3] J. Verbeeck, B. Vanderborght and R. Van Grieken, 

Anal. Chim. Acta, 128 (1981) 207. 
[4] J.S. Fritz and J.J. Topping, Talanta, 18 (1982) 865. 
[5] S. Greenfield, T.M. Durrani, S. Kaya and J.F. Tyson, 

Analyst. 115 (1990) 531. 
[6] A.T. Gowda and K.S. Rangappa, Anal. Chem., 61 

(1989) 149. 
[7] C.H. Kim, P.W. Alexander and L.E. Smythe, Talanta, 

23 (1976) 573. 
[8] Z. Marczenko, Separation and Spectrophotometric 

Determination of Elements, Wiley, Chichester, 1986. 
[9] J. Musil and J. Dolezal, Anal. Chim. Acta, 92 (1977) 

301. 
[10] M. Soylak, L. El¢i and M. Do,an, EUROANALYSIS 

VIIi, Edinburgh, U.K., Abstr., 1993, p. 27. 
[11] M.R. Plantz, J.S. Fritz, F.G. Smith and R.S. Houk, 

Anal. Chem., 61 (1989) 149. 
[12] X.G. Yang and E. Jackwerth, Fresenius' Z. Anal. 

Chem., 331 (1988) 588. 
[13] L. Elqi, M. Soylak and M. Do,an, Fresenius' J. Anal. 

Chem., 342 (1992) 175. 
[14] $. Tokahol~lu, $. Kartal and L. Elfi, Anal. Sci., 10 

(1994) 779. 
[15] M. Soylak, Ph.D. Thesis, Erciyes University, Kayseri, 

1993. 
[16] A. Vogel, Textbook of Quantitative Inorganic Analy- 

sis, 4th edn., Longman, London, 1978. 
[17] M. Soylak, L Elfi and M. Do,an, Anal. Lett., 26 

(1993) 1997. 
[18] E.P. Welsch, Talanta, 30 (1983) 876. 



E L S E V I E R  Talanta 42 (1995) 1519-1524 

Talanta 

The polarographic and voltammetric behaviour of the 
copper(II) mitoxantrone complex and its 

analytical application 

H o n g f e i  W a n g ,  E r b i n g  H u a ,  P i n  Y a n g  * 

State Key Laboratory of Coordination Chemistry, Nanjing University, Nanjing, People's Republic" of China 

Received 13 December 1994; revised 28 March 1995; accepted 3 April 1995 

Abstract 

The polarographic and voltammetric behaviour of the copper(II)-mitoxantrone complex have been 
studied. A well-defined linear sweep voltammetric peak was obtained at -0.275 V (vs. Ag/AgCI) or 
-0.325 V (vs. SCE) in ammonia-ammonium chloride (20mmol l - l ,  pH 9.0). The characteristics of the 
peak have been examined in detail. The experimental results show that the reduction of the copper(II) 
mitoxantrone complex is irreversible and the peak displays adsorption characteristics at the dropping 
mercury electrode. A mechanism is proposed for the reduction of the complex, comprising one-electron 
reduction of the copper(II) of the complex, is reduced directly in the complex form. A single-sweep 
oscillopolarographic method was developed for the determination of copper(II). The peak current is 
proportional to the concentration over the range 5 x 10-s-2 x 10 -5 mol 1-~. The method reported here has 
the advantage that the interference of many common metal ions is small. 

1. Introduction 

Polarography and voltammetry are very sen- 
sitive methods for the determination of  many 
trace metal ions; for example, stripping voltam- 
mery is based on concentration by electrolysis. 
However, the formation of  intermetallic com- 
pounds with coexisting metal ions at the elec- 
trode can cause serious errors [1]. Adsorptive 
accumulation is useful for concentrating an 
analyte selectively for voltammetric analysis or 
for concentrating the metal ions when they are 
converted into adsorbable complexes by reac- 
tion with an organic ligand [2,3]. The voltam- 
metric determination of  copper(II) based on 
the adsorptive accumulation of  the Cu(II)-5- 
Br-PADAP complex on a hanging mercury 
drop electrode has been reported [4], but the 

*Corresponding author. Present address: Institute of 
Molecular Science, Shanxi University, Taiyuan 030006, 
People's Republic of China. 

interference of  many common metal ions is still 
obvious. 

In this paper, the polarographic and voltam- 
metric behaviour of  the Cu(II) complex with 
mitoxantrone (l,4-dihydroxy-5,8-bis(2-((2-hyd- 
roxyethyl)amino)ethylamino) - 9,10- anthracene- 
dione; MX) was studied by various electro- 
chemical methods. The structure of  mitox- 
antrone is shown in Scheme 1. The characteris- 
tics of  the reduction peak and the reduction 
mechanism have been examined in detail. Fur- 
thermore, the conditions of  complexation in- 
cluding the coordination group and the 

IlO 0 NHCH2CHaNHCHaCHaOH 

HO 0 NHCHaCHaNIICtI=CHIOH 

Scheme I. Structure of mitoxantrone. 

0039-9140/95/$09.50 O 1995 Elsevier Science B.V. All rights reserved 
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coordination configuration were analyzed. 
The stability constants of  the complex were 
also calculated by pH titration. MX is a lig- 
and more fitted for the voltammetric determi- 
nation of  copper(II); the method described 
here has the advantage of  little interference 
from many coexisting metal ions. On the ba- 
sis of  the above results, the cause of  the 
small amount  of  interference of  many com- 
mon metal ions was discussed. 

2. Experimental 

2.1. Apparatus 

A BAS-100A electrochemical analytical in- 
strument (Bioanalytical System, Inc,, USA), 
with a PAR 303 electrode system (SMDE, 
DME, HMDE)  as the working electrode, a 
saturated Ag/AgC1 reference electrode, and a 
platinum wire as auxiliary electrode, was 
used. All figures were drawn on a DMP-40 
digital plotter (USA). A JP-2 single-sweep 
oscillopolarograph (Chengdu Instrument 
Factory, China) with a saturated calomel 
electrode (SCE) as the reference electrode was 
used for the quantitative analysis of  the sam- 
pies. The absorption and fluorescence spectra 
were measured on a UV-365 spectrophoto- 
meter (Shimadzu) and an RF-850 fluores- 
cence spectrophotometer (Hitachi), res- 
pectively. The pH was recorded by means of  
a pHS-2 acidic meter (Shanghai Leici Fac- 
tory, China). 

2.2. Reagents 

I 
!0=[ 

o 1 1 8 4 

[O.(~)lmq 
0.15 

< 0.10 
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0.00 
500 6O0 700 
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Fig. !. Absorption spectra for different molar ratios of 
copper(lI)/MX. I, 1.0 × 10-~ mol I - ]  MX; 2, I:!; 3, 2:i ;  4, 
3:1; 5, 4:1. 

2.3. Procedure 

Appropriate amounts of  mitoxantrone and 
the copper(II) solutions were transferred to a 
l0 ml volumetric flask, then ammonia -ammo-  
nium chloride ( 2 0 m m o l l - t ;  pH9.0)  was 
added, and the solution was diluted to give the 
final volume. The solution was deaerated by 
the passage of  pure nitrogen for 5 min. The 
potentials were scanned in a negative direction 
over the range - 100- - 500 mV; all measure- 
ments were carded out at room temperature. 

Mitoxantrone (chromatographically pure) 
was provided by the Zhenan Pharmaceutical 
Corporation, China. A 2 x 10 -4 mol 1 -~ stock 
solution o f  mitoxantrone was prepared 
by dissolving an appropriate amount  of  MX 
in ammonia -ammonium chloride (20mmol 
l - I ;  pH9.0) .  A 1 x 1 0 - 2 m o l l  - I  stock solu- 
tion of  copper(II) was prepared by dissolving 
copper metal (99.999%) in 5% nitric acid. 
The stock solutions were transferred and 
diluted with ammonia -ammonium chloride 
( 2 0 m m o l l - t ;  pH9.0)  to give the working 
solutions before the measurements. 
Other chemicals were of  analytical reagent 
grade, and deionized, distilled water was 
used. 

3. Results and discussion 

3.1. Complexation properties 

On adding copper(II) to 1 x 10-Smol l  - t  
MX solution, obvious changes in the absorp- 
tion spectra and fluorescent spectra were ob- 
served, as shown in Figs. 1 and 2. When the 
molar ratio of  [Cu(II)]/[MX] was increased to 
2:1, the absorption spectra did not obviously 
change, and the fluorescence emission peak was 
quenched complemently. On adding copper(II) 
to the 1 x 10 -Smol l  - t  MX solution, a new 
reduction peak appeared at - 0.275 V (vs. Ag/ 
AgCI), as shown in Fig. 3. The peak at 
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-0 .817V (vs. Ag/AgCI) corresponds to the 
reduction potentials of the 9,10-quinone of MX 
[5]. Adding MX to 1 x 10 -5 mol 1-' copper(II) 
solution determined the height of the peak 
current at -0.275 V; when the [MX]/[Cu(II)] 
ratio was 1:2, the height did not change and 
then levelled off. This indicated that one 
molecule of drug can bind with two Cu(II) 
ions. The height of the peak current at 
-0.275 V increased with added amounts of 
copper(II) and then levelled off; however the 
peak potential and peak current at -0.817 V 
changed very little. This showed that the Cu(lI) 
ion complexes with nitrogen atoms of the side- 
chain of MX, but not with the oxygen atoms of 
the hydroxyl groups at the 1,4 position and the 
oxygen atoms of the carbonyl function at C9 
and C10. The Pd(II)-MX complex has been 
studied by analyzing the absorption spectra of 
MX and ametantron (a drug without the 1,4- 
hydroxyl group of MX) [6]; the results showed 
that the Pd(II) ion is only bound to the nitro- 
gen atoms of the side-chain. This study is 
similar to ours, and supports our points also. 
The nitrogen atoms of the drug molecules are 
candidates for the binding to copper(II), taking 
into account steric hindrance and that Cu(lI)- 
amine complexes are usually tetracoordinated. 

0 . 1 0  

0 . 2 0  

0.00 
65O 700 750 800 

Z 
0 1 i 3 

[cofn)/MX) 

x (rim) 

Fig. 2. Fluorescence spectra for different molar ratios of 
copper(ll)/MX. I, 1.0 x I0-5 tool I -I MX; 2, I:I; 3, 2:1; 4, 
3:1; 5, 4:1. 
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E(VOLT) 
Fig. 3. Linear sweep voltammogram of the copper(ll)- 
MX complex (l.0x 10-6moll -~ Cu(ll); 1.0 x 10-Stool 
I- ~ MX) in ammonia-ammonium chloride (20 mmol I- i, 
pH 9.0) solution. (Scan rate, 250 mV s-a; rest time, I0 s.) 

We suggest that one Cu(II) ion is bound to the 
two nitrogen atoms of the side-chain at C5 of 
the drug molecule, and the second Cu(II) ion 
to the two nitrogen atoms of the side-chain at 
C8 of the drug molecule; the other two coordi- 
nation positions of copper(II) are NH3 or H20. 
A tetrahedral coordination geometry is prefer- 
able. 

The pH titration curves are shown in Fig. 4. 
These show that the complex formed above 

0 10 H) 8O 4O B0 

Fig. 4. pH titration cu~'es. !, MX (I × 10-4mo1|-I). 2, 
M X + C u ( l l )  ( l : l ;  l × ] 0 - 4 m o l l  -))  ( l f f i 0 . lN  KNO~, 
T =  25°C; N2 flow). 
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Fig. 5. Variation of ip with v I/2. 

pH 4.5. From the equation of  material equi- 
librium and the non-linear least-squares 
method [7], the stability constants o f  the com- 
plex were calculated 

log tiC,HE = 9.9, log/?C,H_,L = 6.5 

where subscript L denotes the ligand. 

3.2. Adsorption properties 

The effects of  rest time, starting scan poten- 
tial and scan rate (v) on the peak current were 
investigated. The results indicated that the 
peak current increased as the rest time in- 
creased, and decreased as the starting potential 
became more negative. I f  the rest time and 
starting scan potential are fixed, plotting ip 
against v ~/2 gave an ascending curve, shown in 
Fig. 5, according to the Randles-Sevcik  equa- 
tion, in a linear diffusion-controlled process, 
ipocv tie. This resulted in an upward inclined 
curve, which indicated the adsorptive nature of  
the reduction current and that the reductant is 
adsorbed on the SMDE [8]. 

The electrocapillary curve showed that the 
surface tension of  the mercury drop decreased 
in the presence of  1.0 x 10-6mol  l -~ C u ( I I ) -  
MX complex. The peaks decreased with the 
addition of  surfactant (0.01 mol l - l  sodium do- 
decyl sulfonate, 0.002% Triton X-100). The 
temperature coefficients are 1.97% per oC (5.5-  
18.0°C), 1.77% per °C (18.0-30.5°C) and 
0.61% per °C (30.5-440C), respectively. These 
are all the characteristic feature of  adsorptive 
wave. 

In order to elucidate further the electrode 
reaction of  the complex, a repetitive cyclic 

ao E(VOLT) 

Fig. 6. Repetitive cyclic voltammogram of copper(ll)-MX 
complex (I.0 x 10 -6 mol I -t Cu(ll); 1.0 x 10 -3 mol I-I 
MX) in ammonia-ammonium chloride (20mmoll -~, 
pH 9.0) solution. (Scan rate, 250 mV s-t; rest time, 10 s.) 

vo l tammogram (Fig. 6) at the SMDE was 
recorded. In the cyclic vol tammogram,  the re- 
duction peak is observed on the cathodic 
branch; no oxidation peak is observed on the 
anodic branch. The cathodic peak current de- 
creased in the second and following cycles. 
This indicated that the electrode reaction is 
irreversible and that the peak current is influ- 
enced by the adsorption of  reactant. 

The above experimental results indicate that 
the reduction peak of  the complex is an irre- 
versible polarographic wave having adsorption 
characteristics. 

3.3. Mechanism o f  the reduction 

The effect o f  scan rate (v) on the peak poten- 
tial (Ep) was determined by linar sweep voltam- 
metry (LSV); the results are shown in Table 1. 
These indicated that Ep shifts to a more nega- 
tive direction with increasing scan rate. From 
the equation [9] 

Table I 
The effect of scan rate (v) on peak potential (Ep) 

v Ep v eo 
(mY s-~) (mY) (mY s-i) (mY) 

50 - 231 300 - 275 

75 - 240 350 - 281 

I00 - 247 400 - 284 

125 - 253 450 - 288 

150 - 258 500 - 290 

175 - 260 600 - 292 
200 - 264 700 - 297 
250 - 271 800 -- 301 
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Ep = E ° + RT /~mF[ In (kJD  t/2) 

- 0.5 ln(~mFv/RT)  - 0.78] 

where ~ is the transfer coefficient, and n is the 
number of electrons, a value of ~n of 0.499 was 
calculated from the slope of the line (correla- 
tion coefficient, r=0.9989) and ~=0.5,  so 
n =0.998, namely, the number of electrons 
transfered in the reaction was equal to 1. The 
peak potential of the complex between MX, 
AEp, is independent of pH and the concentra- 
tion of Cu(II). Therefore the reduction mecha- 
nism of the Cu-MX complex is such that it 
does not dissociate but is directly reduced in 
the complex form [9]. According to the above 
results, the following reduction mechanism can 
be proposed 

Cu(II) + 1/2MX ~- [Cu(II)-MX~/2]ads 

[Cu(II)-MXt/2]ads + e ~ Cu(I)-MXt/2 

3.4. Analyt ical  application 

The dependence of the derivative peak 
heights on concentration was investigated by 
single-sweep oscillopolarography (SSOP). The 
calibration curve demonstrates good linearity 
over the range 5 x 10-a-2 x 10 -Smol l - t ,  
with a correlation coefficient of 0.9985. The 
limit of detection is 1 x 10 -8 tool l- t .  The peak 
current is stable over the range of continuous 
measurements for 2 h. The precision of the 
SSOP determination of copper(II) is excellent; 
at a concentration of 5 x 10 -7 moll - t ,  the rel- 
ative standard deviation is 2.9% (n = 5). 

The influence of metal ions was investigated 
by adding them to a solution containing 
1 x 10-6moll -I Cu(II) and 1 x 10-Smoll -t 
MX. One-thousandfold amounts of K(I), 
Na(I), Ca(II), Mg(II) and Mn(II), and ten-to- 
fiftyfold amounts of Fe(III), Cr(III), Co(II), 
Cd(II), Ni(II) and Zn(II) did not interfere. The 
results are very encouraging. 

We think that the interference of the co-ex- 
isting metal ions arises in two ways. First, both 
the interfering metal ions and the ions to be 
determined can complex with the same group 
on the organic ligand; this binding contest has 
an effect on the normal complexation and re- 
duction of the determined metal ions. Second, 
the reduction potentials of the interfering and 
determined metal ions in the same matrix are 
close to each other; this may have an effect on 
the normal shape of the reduction peak of the 
determined ions. In the system described here, 

for example, Fe(III) can complex with MX, but 
it complexes with the oxygen atoms of 9,10- 
quinone, not with the nitrogen atoms of the 
side-chain, which is the coordination group of 
the Cu(II) ion. Therefore, it does not influence 
the complexation of Cu(II) with MX and the 
reduction of Cu(II). Although Zn(II), Ni(II) 
and Co(II) in the matrix of the system produce 
stronger reduction peaks, the reduction poten- 
tials are more negative than - 0 . 6  V, far from 
the reduction potential of the Cu(II)-MX 
complex, so they do not influence the determi- 
nation of Cu(II) due to a change in the shape 
of the reduction peak. According to the Irving- 
Williams rule, complexes of the Cu(II) ion with 
dozens of ligands have the highest stability 
among the divalent metal ions of first-row tran- 
sition elements. The stability constants of the 
Cu(II) ion with ligands such as NH2-CH 2- 
CH2-NH2, OH-,  and NH3, are thousands of 
times higher than those of Zn(II), Ni(II), 
Co(II), etc. [11]. Therefore, although Zn(II), 
Co(II) and Ni(II) may complex with MX, un- 
der the condition of sufficient ligand, the effect 
of the binding contest can be eliminated. From 
the above study and analysis, we think that 
selecting the appropriate ligand and increasing 
the amount of organic ligand are important for 
improving the analytical selectivity and sensi- 
tivity. 

The SSOP method described here is sensitive, 
rapid, reliable, and simple to perform, and the 
interference of many common metal ions in 
this system is small; thus it is very suitable for 
analytical application in practical systems. 
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Abstract 

A method is described for the determination by solid phase spectrophotometry (SPS) of trace amounts of 
vanadium in natural water and crude petroleum samples. The procedure is based on fixation on a 
dextran-type anion exchanger of the complex V(IV)-Eriochrome Cyanine R. The absorbance of the gel, at 
563 and 750 nm, packed in a 1 mm cell, is measured directly. Vanadium can be determined in the 
0.6-25.0 lag 1- m range with a relative standard deviation of 2.2%. The comparison of the SPS method and 
the gallic acid persulphate method shows that the linearity, analytical sensitivity and precision were better 
for the SPS method, and that the latter method has lower detection and quantification limits than the gallic 
acid persulphate method. 

1. Introduction 

The toxicity of  vanadium and its compounds 
and the fact that its industrial use produces 
occupational health problems are well known 
[1,2]. In addition, crude petroleum and its 
derivatives produce an environmental problem, 
due to the presence of  vanadium in the form of  
porphyrin complexes in these products [2]. 
However, it has been established that there is a 
relationship between the presence of  vanadium 
at the microgram per litre level in tap water 
and the prevention of the cardiopathies [3]. 
Therefore the determination of  vanadium in 
biological and environmental samples is neces- 
sary [4,5], requiring sensitive techniques [6,7]. 

Triphenylmethane reagents have been widely 
used for the spectrophotometric determination 
of  vanadium(IV), producing a coioured com- 
pound [8]. One of  these, Eriochrome Cyanine 
R (ECR), is a good chromogenic reagent for 

* Corresponding author. 

0039-9140/95/$09.50 • 1995 Elsevier Science B.V. All fights 
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the determination of  V(IV), and its ternary 
complexes with cationic surfactants have been 
described and used for spectrophotometric 
analysis in solution [9]. Ascorbic acid can be 
used as a reducing agent; V(V) is reduced to 
V(IV) and a complex between ECR and V(IV) 
is formed [8,10]. 

Solid phase spectrophotometry (SPS) is a 
methodology that is based on the production 
of  a chromogenic compound between the ana- 
lyte and an appropriate reagent, the preconcen- 
tration of  this compound on a solid matrix, 
usually an ion exchanger, and the direct mea- 
surement of  the absorbance in the solid phase. 
This provides an increase in selectivity and 
sensitivity for SPS methods with respect to 
solution methods [11,12]. 

The fixation of  the V(IV)-ECR complex on 
a dextran-type exchanger is discussed here. The 
application of  SPS methodology has produced 
a higher sensitivity and a lower detection limit 
than is given by the solution methods for the 
determination of vanadium at microgram per 
litre levels. 

r~,~erved 
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A comparison was made of  the proposed 
SPS method and the gallic acid persulphate 
method [13,14]. It was concluded that the lin- 
earity, analytical sensitivity and precision were 
better with the SPS method than with the gallic 
acid persulphate method, and that the detec- 
tion and quantification limits were lower for 
the SPS method. 

The proposed method was applied to the 
determination of  vanadium in natural water 
and crude petroleum samples, and the results 
were compared with those obtained by the 
gallic acid persulphate method and the ASTM 
method [15], respectively. No significant differ- 
ences were observed. 

2. Experimental 

2.1. Reagents 

All chemicals used were of  analytical 
grade unless stated otherwise. The water used 
for the dilution of  the reagents and samples 
was reverse-osmosis quality water. All ex- 
periments were carried out at room tempera- 
ture. 

Eriochrome Cyanine R (ECR; Carlo Erba) 
solutions of  various concentrations were pre- 
pared by dissolving the necessary amount of  
dye in reverse-osmosis water and adjusting the 
final acid concentration to 5 x 10 -3 M with 
HCI. The solutions were stored under refrigera- 
tion. Under these conditions the solutions are 
stable for 1 day. 

Vanadium(V) stock solution (1 g 1- t) 
was prepared by dissolving 0.2297 g of  ammo- 
nium metavanadate (Merck) in 1 ml of  concen- 
trated nitric acid and 75 ml of  reverse-osmosis 
water, and dilution to volume with reverse 
osmosis water in a 100 ml standard flask. The 
working standard solution was freshly pre- 
pared every day by dilution with reverse-osmo- 
sis water. 

Ascorbic acid (PanReac) was used in the 
solid state, due to the instability of  ascorbic 
acid solutions. 

As a solid ion exchanger, Sephadex DEAE 
A-25 anion exchanger (Sigma) was used in the 
chloride form as received from the supplier and 
without pretreatment in order to avoid con- 
tamination. 

Buffer solutions of  the required pH were 
prepared from 2 M sodium acetate solution 
(Merck) and 2 M acetic acid (Merck). 

2.2. Apparatus 

The apparatus used included a Perkin-  
Elmer Lambda 2 UV/Vis spectrophotometer 
equipped with 1 mm cells and connected to a 
IE 486 computer, an Agitaser model 2000 ro- 
tating-bottle agitator, and a Crison Digit-501 
pH meter with a combined glass-Calomel elec- 
trode. 

2.3. Absorbance measurements 

The absorbance of  the reaction product fixed 
on the exchanger was measured in a 1 mm cell 
at 563 and 750 nm (the latter is within the 
range where the exchanger only causes attenua- 
tion of  light) against a 1 mm cell well-packed 
with exchanger equilibrated with water. The 
absorbance of  the blank (a 1 mm cell packed 
with resin equilibrated with blank solution) 
was measured at the same wavelengths. The 
blank absorbance results from the Eriochrome 
Cyanine R fixed on the exchanger. 

The net absorbance, ANc, for the complex 
was obtained from [12] Asc  = a c o m p l e x  - A b l a n k ,  

where A~omplex=A563-A7so (for the sample) 
and Abl,, k = A s i a -  A75o (for the blank). 

2.4. Standard procedure 

The following, in this order, were introduced 
into a 2000 ml polyethylene bottle: a 1000 ml 
sample containing 0.6-25.0 lag I-  ~ of  V(V), 
5 ml of  2 M buffer solution (pH 5.0), 0.2 g of  
ascorbic acid, 3 ml of  7.46 x 10 -3 M ECR so- 
lution and 0.080 g of  the Sephadex DEAE 
A-25 anion exchanger. The mixture was shaken 
mechanically for 45 min. The coloured ex- 
changer beads were then collected by filtration 
under suction and, with the aid of  a pipette, 
were packed into a 1 mm cell together with a 
small portion of  the filtrate. The cell was cen- 
trifuged for 1 min at 25 g. A blank solution 
containing all the reagents was prepared in the 
same way as described for the sample. The 
absorbances at 563 and 750 nm for the sample 
and the blank were measured against a 1 mm 
reference cell, similarly packed with exchanger 
equilibrated with water, and the net ab- 
sorbance, ANc, was obtained as described in 
section 2.3. 

For  a 250 ml sample system, solutions con- 
taining 3.0-130.0 lag ! -  t o f  V(V), 5 ml of  2 M 
buffer solution (pH 5.0), 0.3 g of  ascorbic acid, 
l ml of  7 .46x 10 -3M ECR solution and 
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0.080 g of  the Sphadex DEAE A-25 anion ex- 
changer were added. The mixture was shaken 
mechanically for 15 min. The absorbance of  the 
coloured beads was measured as above. 

2.5. Treatment of the sample 

Natural water samples 
The water samples were preserved by the 

addition of  nitric acid (2 ml of  concentrated 
nitric acid per litre), and were collected in a 
polyethylene container that had been carefully 
cleaned with nitric acid. Prior to the measure- 
ments, the water sample was filtered through 
0.45 rtm pore-size membrane filters (Millipore, 
type HA). 

Crude petroleum samples 
A suitable quantity of  the three different 

crude petroleum samples (between 7 and 25 g 
in order to permit also the application of  the 
ASTM method) was treated with concentrated 
sulphuric acid (1 ml per gram of  sample) with 
continuous agitation to avoid foam formation, 
followed by combustion of  the carbonaceous 
ash at 525 + 25"C. The inorganic residues were 
treated for 10-15 min with 20 ml of  hydrochlo- 
ric acid (1:1). After complete dissolution of  the 
ash and concentration to 3 - 4  ml of  solution 
0.2 ml of  concentrated nitric acid was added 
and the solutions were heated gently. The solu- 
tions were finally diluted to 50 ml with reverse- 
osmosis water. The pH of  the samples, prior to 
the determination, was adjusted with 2 M 
NaOH (0.5-1 ml). 

3.  R e s u l t s  and  d i scuss ion  

3.1. Absorption spectra 

In solution, ECR reacts with vanadium(IV) 
at pH 4.9 to form a red complex having a 
maximum absorbance at 550 nm [9]. In addi- 
tion, ternary complexes are formed at pH 4 .5-  
5.2 in the presence of  cationic surfactants, 
producing a hyperchromic effect and a 
bathochromic shift of  the absorption maximum 
(580-620 nm), whereas vanadium(V) does not 
form ternary complexes with these cationic sur- 
factants [9,10]. 

Vanadium(V) does not react with ECR in 
the presence of  anion exchanger while the com- 
plex obtained from the reaction between vana- 
dium(IV) and ECR at pH 5.0 is fixed on the 

SephadeX anion exchanger (Fig. 1). The wave- 
length and the absorbance of  the compound 
formed and fixed on the exchanger vary when 
the [ECR]/[V] molar ratio is modified. A red 
colour is obtained with an absorption maxi- 
mum between 560 and 593 nm and a small 
increase in the absorbance using the Sephadex 
DEAE A-25 anion exchanger (Fig. 1, spectra a 
and b). Furthermore, a significant hyper- 
chromic effect is also observed in relation to 
the binary complex of  vanadium(IV) with ECR 
in solution at pH 5.0 (Fig. 1 spectrum c). This 
change is similar to that observed, in solution, 
between the binary complex (V(IV)-ECR) and 
the ternary system (V(IV)-ECR-ca t ion ic  sur- 
factants). 

The complex of  vanadium(IV) with ECR is 
anionic in nature due to the fact that it is not 
fixed on cation exchangers. 

3.2. Optimization of conditions 

pH dependence 
The optimum pH for the formation and 

fixation of  the complex falls in the range 4 .7-  
5.0 (Fig. 2). At pH values below 4.0 the com- 
plex was not fixed on the exchanger and at pH 
values above 5.1 the net absorbance, at 
563 nm, decreased due to two opposing effects: 
the increase in the absorbance of  the blank and 

0.00 

b 

0.40 

Z 

0 . 2 0  

0 . 0 0  r~ , , 

400 5 0 0  6 0 0  700 8 0 0  

W a v e l e n g t h  ( n m )  

Fig. I. Net absorption spectra of the Vanadium(1V)-ECR 
complex at pH 5.0. Spectra a and b, with the ion ex- 
changer: spectrum a, [ECRl=2.24 x 10 -5 M, 0.2g of 
ascorbic acid; spectrum b, [ECR] = 3.73 x 10 -5  M. 0.2 g of  
ascorbic acid ([V]= 1.96 x 10 -7 M; 80mg of Sephadex 
DEAE A-25; sample volume, 1000ml; stirring time, 
45 min; optical path length, ! mm). Spectrum c, in aqueous 
solution ([V] = 1.57 x 10 -6 M, [ECR] = 2.24 x 10 -s M; 
0.2 g of ascorbic acid: optical path length, 10 mm). 
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Fig. 2. Influence of pH on the colour development (condi- 
tions: 50 ~g .  I - t  of vanadium; 1.87 x 10 -~  M ECR; 0.3 g 
of ascorbic acid; 80 mg of Sephadex DEAE A-25; stirring 
time, 20 rain; sample volume, 1000 ml.) 

(ascorbic acid to vanadium). Molar ratios 
greater than 9200 produce a larger increase in 
the absorbance of the blank than the ab- 
sorbance of the complex. Hence, to propose 
two methods for different ranges of vanadium 
concentrations, 0.2 g of ascorbic acid (a molar 
ratio of about 6000) was selected for the 
1000ml sample system and 0.3g (a molar 
ratio of about 8600) for the 250 ml sample 
system. Furthermore, an optimum range of 
molar ratios (ascorbic acid to ECR) of between 
25 and 250 was obtained for both methods, in 
which the net absorbance of the complex was 
practically invariable. Thus, as a consequence 
of the quantity of ascorbic acid employed in 
each sample system, a concentration of 
2.98 x 10-~M was required for the 250ml 
sample system, and for the 1000ml sample 
system the necessary reagent concentration was 
2.24 x 10 -5 M. 

t h e  decrease in the absorbance of the V(IV)- 
ECR complex. We chose pH 5.0 as the best pH 
value for the standard procedures. The best of 
the buffer systems examined was acetic acid- 
sodium acetate. 

Influence o f  buffer concentration 
The effect of buffer concentration on the 

absorbance of the blank and the absorbance of 
the V(IV)-ECR complex was tested for con- 
centrations in the range 0.01-0.12 M. Within 
this range, an increased absorbance of the 
blank and the complex as observed. Between 
buffer concentrations of 0.01 and 0.04 M the 
net absorbance was practically constant, due to 
a similar increase in absorbance both in the 
blank and in the sample. Meanwhile, in the 
range 0.04-0.12 M the absorbance of the blank 
increased to a greater degree than the sample 
absorbance, and the decrease in the net ab- 
sorbance in this interval was very nearly 55%. 
Therefore the use of 5 ml of 2 M acetic acid- 
sodium acetate buffer was chosen for both the 
1000 ml and the 250 ml sample systems, with 
the aim of maintaining the pH value at 5.0 
despite the addition of ascorbic acid. 

Influence o f  ascorbic acid and ECR 
concentrations 

A certain amount of ascorbic acid is neces- 
sary due to the fact that this is the reducing 
agent. The absorbance of the complex is con- 
stant between molar ratios of 3000 and 9200 

Other experimental conditions 
The optimum stirring time was 15 min for 

the 250 ml sample system and 45 min for the 
1000 ml sample system. The fixed compound 
was stable for at least 50 rain after equilibra- 
tion. 

The reproducibility of the method is im- 
proved if the cells packed with the solid phase 
are centrifuged before spectrophotometric mea- 
surements are taken [16]. The time of centrifu- 
gation used here was 1 min at 2500 rev min- 
(25g). 

The quantity of exchanger must be chosen as 
being a compromise between obtaining the 
highest absorbance (minimum quantity of ex- 
changer) and working under adequate opera- 
tional conditions (between 0.025 and 0.100 g of 
exchanger). An quantity of 0.08 g of exchanger 
was chosen as the most suitable for our pur- 
pose in this occasion. However, the use of 
lower quantities, within the preceding range, is 
possible, and this will permit us to develop 
methods with different sensitivities. 

The order of addition used here was 
vanadium + buffer + ascorbic acid + ECR + ex- 
changer. 

3.3. Nature o f  the f ixed complex 

The probable nature of the species fixed on 
Spehadex was established at the working pH of 
5.0 using the Yoe-Jones method and a log-log 
plot. The plot of the logarithm of the distribu- 
tion ratio versus the logarithm of the ECR 
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Table 1 
Analytical parameters 

Parameter Sample volume (ml) 

250 1000 

Intercept 
Slope (1 p g - l )  
Linear dynamic range (lag 1-~) 
Correlation coefficient 
RSD (%) 
Detection limit (~g I- i) 
Quantification limit (lag 1- i) 

--6.8 x l0 -'~ 
0.010 
3.0-130 
0.995 
2.2 
3.0 

10.0 

-9.9 x 10 -~ 
0.044 
0.6-25 
0.999 
2.2 
0.6 
2.0 

concentration gave a slope of 1.1, and using a 
fixed ECR concentration, the plot of the loga- 
rithm of the distribution ratio versus the loga- 
rithm of  the V(IV) concentration gave a slope 
of 1.1. Moreover, the Yoe-Jones method 
showed a ratio [ECR]/[V(IV)] = I. 1. The results 
show that the stoichiometry of the V(IV)-ECR 
complex fixed on the anionic exchanger is 1:1. 

3.4. Analytical data 

The calibration graphs are reasonably linear 
over the concentration ranges 3.0-130.0 lag l -  
of vanadium for the 250 ml sample system and 
0.6-25.0 lag l -  ' for the 1000 ml sample system 
using 0.080g of exchanger. The analytical 
parameters are shown in Table 1. 

The reproducibility was established for a se- 
res  of nine independent determinations at 
52 lag l -  ~ of vanadium for the 250 ml samples 
and 10 lag l-~ for 1000 ml samples (Table 1). 

The fluctuations in the background ab- 
sorbance measured for the blank, calculated as 
the average of  ten determinations and ex- 
pressed as SD units, for the 250 ml and 1000 ml 
sample systems were 0.010 A and 0.008 A, re- 
spectively. The IUPAC detection limit (K= 3) 
[17] and the quantification limit (K--10) [18] 
were calculated for both sample systems (Table 
1). From the data shown in Table 1, it can be 
seen that the 1000ml sample system has a 
lower detection limit (0.6 lag l - ' )  than obtained 
by the gallic acid persulphate method 
(1.921agl -~) [3] and an even lower one than 
than those for some sensitive techniques such 
as flame atomic absorption spectrometry or 
atomic emission spectrometry [6]. 

The sensitivities of the proposed methods, 
expressed as Sandell's index S (concentration 
(lag ml - t )  of vanadium required to obtain an 

TAt ~: lt14~ 

absorbance of 0.001 in a 1 cm cell), are com- 
pared in Table 2 with those of spectrophoto- 
metric procedures in published methods. 
The higher sensitivity of  our methods is appar- 
ent. 

3.5. Effects of foreign ions 

The effect of foreign ions on the determina- 
tion of  vanadium at the 40 lag 1 -~ level was 
studied, following the above procedure, for a 
250 ml sample system. Tolerance is defined as 
the amount of  foreign ions which produces 
an error of  +5% in the determination of  
the analyte. The results are summarized in 
Table 3. 

In order to apply the method to the determi- 
nation of vanadium in water and crude 
petroleum samples, the interferences of  those 
species commonly found in these types of  sam- 
ples was studied. The interference was negative 
for Pb(II), Cu(II), Mn(II), Zn(II) and PO~-, 
and positive for the other ions. 

The interference level, however, can be re- 
duced by diluting the samples, taking into ac- 
count the sensitivity on the sample .volume. 
Furthermore, this is possible without reducing 
the accuracy and at the same time maintaining 
the simplicity and the short duration of  the 
analysis (Table 1). 

For the purpose of studying the recovery in 
the 1000 ml sample system, a synthetic water 
sample was prepared having 10ppb of  V(V) 
and different concentrations of  various metallic 
ions: Fe(llI), 40 ppb; Mn(II), 50 ppb; Cu(II), 
15 ppb; Zn(II), 40 ppb; U(VI), 10ppb; Co(II), 
20 ppb; Mo(VI), 40 ppb; Ni(II), 50 ppb; Be(II), 
5 ppb and AI(III), 30 ppb. A recovery of 98.4% 
was obtained as the average of six determina- 
tions and with an RSD of 2.3%. 
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Table 2 
Comparison of the sensitivities of some vanadium determination methods 

Method 106S Reference 
(lag m l -  ') 

ASTM method 
Eriochrome Cyanine R/CP ~ 
4,5- Dibromophenylfluorone/CTA B b 
3,5-Dinitrocatechol/Rhodamine B 
Gallic acid/persulphate 
SPS method (250 ml) 
SPS method (1000 ml) 

42450 [151 
717 [9] 
509 [211 
242 [22] 

30 [13] 
i0 This paper 
2.3 This paper 

Cetylpyridinium chloride. 
b Cetyltrimethylammonium bromide. 

3.6. Comparison of SPS and gallic acid 
persulphate method 

As it is difficult to obtain analytical data 
from the literature in order to compare meth- 
ods, we developed a comparative study of the 
SPS method and the standard method for the 
determination of  vanadium at the microgram 
per litre concentration in water samples [3], i.e. 
the gallic acid persulphate method. We choose 
for the study an application of a statistical 
model for single linear regression on the cali- 

Table 3 
Effect of  foreign ions on the 
vanadium 

determination of 40 lag I -  ' of 

Foreign ion Tolerance level 
(lagl -~) 

NOF 300OO 
Ca(ll)  280OO 
CI - 27000 
Mg(il)  9600 
sol- g0oo 
S,O.{- 5600 
F -  3000 
EGTA ~ 2500 
Ni(II) 1600 
Mn(l l)  b 940 
Mo(VI) b 400 
Fe(l l , l l l )  c 400 
Al(ll l)  ¢ 380 
Zn(l l)  200 
PO~ - 200 
Co(ll)  150 
SiO~- 150 
Pb(ll) IO0 
U ( V I )  ~ 80 
Cu(I,II) d 60 
Be(li) ~ 30 

3.6-Dioxaoctane-l,8-diamine-N,N,N', N'-tetracetic acid. 
b in a solution containing 2.5 ppm of EGTA.  

In a solution containing 3 ppm of F - .  
d In a solution containing 5 ppm of $20~- .  

bration graphs [19]. This allows a comparative 
study under similar experimental conditions us- 
ing a relatively small number of experiments. In 
addition, this model has the advantage that the 
errors inherent in the calibration graphs are 
included. 

We performed an analysis in triplicate of  five 
samples with the vanadium concentration rang- 
ing from 0.0 to 20.0 I~g 1-' by both the SPS 
method (1000 ml sample system) and the gallic 
acid persulphate method (final volume, 12 ml). 
Table 4 shows the quality parameters calculated 
from the results obtained in the analysis. Exam- 
ination of  these data shows that the SPS 
method displays better linearity and lower RSD 
values of  the concentration, RSD (C)%, than 
does the gallic acid persulphate method. The 
lower analytical sensitivity of the SPS method 
compared to the other method shows that it is 
possible to discern smaller differences in con- 
centration than in the gallic acid persulphate 
method. In addition, the quantification limits 
for the solution method and the SPS method are 
about 6.6 I~g 1-' and 3.6 ~g !- ' ,  respectively. 

Table 4 
Quality parameters of  the SPS and the 
phate method = 

gallic acid persul- 

Parameter SPS Gallic acid 

Linearity (%) 
Analytical sensitivity (lag I -  t) 
Detection limit (lag 1- ')  
Quantification limit (lag I - s )  

RSD (c) (%) 

98.2 96.8 
0.5 0.9 
1.1 2.0 
3.6 6.6 

6.3 b 9.2 b 
2.9 ~ 6.0 ~ 
2.2 a 3.8 "' 
1.8 ~ 3.3 ¢ 

The statistical model proposed in ref. [19] was used. 
b.~.,,.e At vanadium concentrations of  5.0 lag I-  i 
I 0.0 lag I -  i ! 5.0 lag I -  I and 20.0 lag I -  s respectively. 
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Table 5 
Analytical applications in water samples 

Table 6 
Analytical applications in petroleum samples 

Method Sample Vanadium concentration (Itg I-  t) 
Volume Mean, n = 3 Standard deviation 
(ml) 

Sample Method Vanadium concentration (mg per 
100 g of sample) 
Mean, n = 3 Standard deviation 

Gallic acid 10.0 12.7 0.46 
SPS 500.0 13.2" (1.82) 0.35 (1.67) 

750.0 13.9 (2.92,s) 0.56 (1.50) 

The experimental t and F values are given in parentheses; 
t5.oo5 = 2.57; t4.oo5 =2.78; F_,.xo.o5 = 19.2; F2.2.o.o5 = 19; s, 
significant. 

a n = 4 .  

3. 7. Analytical applications 

The SPS methodology allows the creation of 
made-to-measure methods by selecting the 
sample volume. In this way it is possible to 
analyse different samples with great differences 
in vanadium concentration. Thus the SPS sam- 
ple systems proposed have been applied to the 
determination of the vanadium content of nat- 
ural water and crude petroleum samples. 

Determination, of  vanadium in water samples 
The method was applied to the determina- 

tion of vanadium in natural water samples by 
the standard additions method. The 1000ml 
sample system was used. The constant error 
was corrected by using the Youden blank [20]. 
The results obtained by the proposed method 
were compared with those obtained by the 
gallic acid persulphate method. Table 5 sum- 
marizes the results. According to a t-test for 
the means and F-test for the standard devia- 
tions, the results show that there is only a 
significant difference between the mean derived 
from the SPS method (750 ml) and the mean 
from the gallic acid persulphate method, while 
the precision of both methods is the same. 

Determination of vanadium in crude petroleum 
samples 

The 250ml sample system was used to 
analyse crude petroleum samples due to a 
larger concentration of vanadium in the sam- 
ples. As a reference method, the ASTM 
method was used. The ASTM and the pro- 
posed method were applied to an aliquot of the 
solution obtained from three crude petroleum 
samples of difference composition and density, 
after the treatment previously described. The 
results are presented in Table 6. A statistical 
comparison by the F-test and the t-test showed 

Leona ASTM 10.49 0.08 
SPS 10.29 (2.56) 0.02 (10.63) 

Light Iran ASTM 2.75 0.08 
SPS 2.60 (2.42) 0.07 (1.16) 

Kirkuk ASTM 10.40 0.06 
SPS 10.75 (2.70) 0.12 (3.56) 

The experimental t and F values are given in parentheses; 
t4.o.o5 = 2.78; F2.2.o.o5 = 19. 

no significant difference between the results of 
both methods. However, it is necessary to 
point out that due to the higher sensitivity of 
the SPS methods over the ASTM method 
(Table 2) it is possible to treat a smaller 
amount of the crude petroleum sample (be- 
tween 1.5 and 3 g in our samples, depending on 
the vandium concentration) with a shorter du- 
ration of the analysis and equivalent precision 
and accuracy. 
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Abstract 

A new method for determining ~S:32S ratios using Fourier transform infrared spectroscopy has been 
developed. The four sulphur-containing gases SCO, H2S, SF 6 and SO2 are assessed as possible compounds 
for the spectroscopic measurements, from which, after a consideration of available lines showing a clear 
isotopic shift and also of possible synthetic routes to the gas starting from a range of natural sample types, 
SO 2 was selected for further development of the instrumental method for the isotopic ratio determination. 
Sulphur in the samples present as the element, as metal sulphides or as organosulphur compounds, is 
converted by heating with V20 5 into gaseous SO 2, and a part of the 518¢rn -~ band is recorded in the 
absorbance mode. The optimisation of instrumental parameters and of the chemical reaction conditions is 
described, and the results from the application of the method to the measurement of the level of enrichment 
of ~S in a soil fungus are presented. The agreement between results at the natural abundances of 4.2% was 
better than 0.04% absolute for a sample size of 1.5 mg of sulphur. 

1. Introduction 

The determination of  34S:32S ratios, largely 
used in geochemical studies, has only recently 
become relevant in other fields such as soi l-  
plant systems [1,2]. The element is an essential 
nutrient for plants; it is used in the synthesis of  
amino acids present in proteins and is needed 
in the synthesis of  chlorophyll, even though it 
does not appear in the final molecule. Atten- 
tion is now focusing on the availability of  soil 
sulphur, making the use of  stable isotopes the 
obvious choice for understanding chemical re- 
actions and in tracing the path that sulphur 
follows in different living organisms. 

The high natural abundance of  the isotope 
of  mass 34 (4.21% on average) should make it 
rather easy to quantify in a natural sample, but 
on the other hand it presents the problem that 
relatively large amounts of  the isotope would 
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have to be added (as a tracer) for experiments 
involving spiking. Isotopic ratio determinations 
are routinely made by mass spectrometry. Sul- 
phur compounds present in nature must there- 
fore normally be first transformed into suitable 
sulphides such as those of  cadmium, lead or 
silver which in turn are burned in the inlet 
system of  the mass spectrometer, yielding sul- 
phur dioxide which is allowed to leak into the 
analyser. 

Isotopic sulphur determinations by mass 
spectrometry do, however, present some 
difficulties derived from the "stickiness" of  sul- 
phur dioxide which makes it slow to leak into 
the inlet system as well as creating problematic 
memory effects, and also from the existence in 
nature of  the various oxygen isotopes. The first 
factor has been found to be dependent on both 
the length of  the inlet system and its tempera- 
ture, and necessitates the use of  correction 
factors which will be different for different 
systems [3]. The surface adsorption effects ren- 
der difficult any comparison of  results between 
laboratories while the existence in nature of  

reserved 
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different stable oxygen isotopes makes it neces- 
sary to carry out complex theoretical correc- 
tions on the experimental data, since both 
species used in these determinations, SO + and 
SO+, involve atoms of oxygen. It is generally 
accepted that this problem can be overcome if 
the samples and standards are obtained in the 
same way and by using the same oxygen source. 

Sulphur hexafluoride has also been proposed 
as a vehicle for sulphur isotopic determinations 
by mass spectrometry [4]. When using SF6, it is 
not necessary to make any theoretical correc- 
tion of the experimental data regarding the 
presence of different isotopes since fluorine has 
only one stable isotope, ~9F. However, 
difficulties in the preparation of SF6 have lim- 
ited its use. 

All these problems, and the success obtained 
in this Department in determining isotopic ra- 
tios for nitrogen [5] and for carbon [6] by 
FTIR spectroscopy of small molecules in the 
gas phase, led us to the idea of applying the 
same technique to sulphur isotopic ratio deter- 
minations. The initial problem lay in the choice 
of a suitable sulphur compound, and the sec- 
ond in optimising the experimental conditions 
for quantitative measurement. 

Since the frequencies of both the vibrational 
and rotational modes of a molecule depend 
upon the masses of their constituent atoms, 
substitution of one isotope for another in a 
small molecule will produce an infrared spec- 
trum different from that of the normal 
molecule. The isotopic shift in an infrared band 
will depend upon the extent to which the atoms 
exchanged participate in the specific vibration 
which produces the band, and in particular on 
the change in the moment of inertia due to the 
substitution. The magnitude of this change is 
given by the ratio between the reduced mass 
(~) of the normal species and that of the 
isotopically substituted species: 

v_"= / ~ _ = ~ <  1 
v ~//~i 

Thus the heavier isotope will be associated with 
the lower vibrational frequency. 

The aim of this work was to test the appli- 
cability of Fourier transform infrared spec- 
trometry (FTIR) as an alternative to mass 
spectrometry for sulphur isotopic determina- 
tions: its characteristics of high resolution, and 
high spectrometric and photometric accuracy 
make FTIR a very powerful analytical tool. In 
addition, as has been shown for the analysis of 

the nitrogen and carbon isotopes [5,6], adequate 
resolution for these applications can sometimes 
be obtained with smaller bench-top instru- 
ments. This makes the proposed technique more 
widely applicable than if it were to demand the 
use of a high performance research instrument. 

The ideal compound for such a determina- 
tion would have to meet several criteria. 

(i) It should be volatile at room temperature, 
since only in the gas phase is it possible to see 
the fine rotational structure, necessary if iso- 
topic lines are to be measured. 

(ii) It should contain only one atom of sul- 
phur so as to avoid problems derived from the 
presence in the same molecule of different iso- 
topes of sulphur at the same time. 

(iii) The IR spectrum should exhibit at least 
one intense band which should not be too 
complicated if the isotopic shifts are to be 
identified, and which should be in an area of 
the spectrum free from overlap with bands of 
common atmospheric molecules such as water 
and carbon dioxide. 

(iv) The isotopic shift in the band should be 
such that the fingerprint of the different iso- 
topes can be easily identified. 

(v) The selected compound should be easy to 
synthesise from a variety of different chemical 
forms of the element. 

The compounds considered for investigation 
were carbonyl sulphide, SCO, hydrogen sul- 
phide, H2S, sulphur hexafluoride, SF6, and sul- 
phur dioxide, S02. 

2. Experimental 

2.1. Instrumentation 

All the IR spectra were collected on a Nico- 
let model 7199 FTIR spectrometer, fitted with 
a liquid-nitrogen-cooled MCT detector. As it is 
a single-beam device, a background spectrum 
must be collected before, and preferably also 
after, each set of sample spectra. The spectra 
must be displayed in the absorbance mode. 

2.2. Materials 

Isotopes were purchased as elemental sul- 
phur. Pure 32S was obtained through Delta 
Isotopes from the Soviet-Great Britain Joint 
Venture "ISOFLEX" with a purity of 99.97%. 
The MS was purchased from MSD Isotopes 
and came with purity of 91.6 at.% 34S. 
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Fig. 1. Schematic diagram of the vacuum line: A, B, C. D and E arc Teflon keyed vacuum stopcocks; M 1, M 2 and M 
3 are mercury manometers; F is a small furnace, (750 W) surrounding the quartz reaction tube Q. 

2.3. Handling S02 on the vacuum line 

The synthesis was carried out on a vacuum 
line (shown diagramatically in Fig. 1) which 
was evacuated by a rotary pump down to 0.1 
Torr. Trap 1 was cooled with a liquid nitrogen/ 
carbon tetrachloride mush bath ( - 2 3  °C) to 
remove water, and trap 2 in liquid nitrogen 
( -  196 °C), to collect the sulphur dioxide (m.p., 
-72.7 °C). Gaseous SO2 could be transferred 
from the cold trap 2 to an evacuated gas cell 
for measurement of the spectrum, or to a 30 ml 
glass storage tube fitted with a Teflon keyed 
tap. 

2.4. Preparation of  S02 from elemental 
sulphur or from cadmium sulphide 

Weigh out around 10 mg of elemental sul- 
phur (or 30 mg of cadmium sulphide) of natu- 
ral abundance, or consisting of two separately 
weighed portions of the isotopically pure MS 
and 32S isotopes, and transfer the sample to a 
quartz reaction tube 10 mm in external diame- 
ter 100 mm long, and fitted with a B-14 cone 
by which it can be attached to the vacuum line. 
Add to this about 30 mg of oven-dried vana- 
dium pentoxide and mix well by shaking. Push 
a wad of glass wool down the tube to a few 

centimetres above the reaction mixture (a part 
of the tube which will not reach the maximum 
temperature of the furnace) and cover the glass 
wool with a 5 mm layer consisting of pieces of 
partly oxidised copper wire (as used for the 
Dumas nitrogen determination). This is to re- 
duce any SO3 which might be formed. 

Fit the reaction tube to the vacuum line and 
evacuate it. Raise the small tube furnace 
(closed at the lower end) to envelop the reac- 
tion tube, start heating, and continue pumping 
until the furnace temperature reaches 200 °C. 
At this point, close tap B, leaving the quartz 
reaction tube connected only to the traps, and 
place the mush baths in position. Increase the 
temperature further to 800 °C and collect the 
evolved SO2 in trap 2 over a period of 20 min. 
Now close tap C to isolate the product, and 
remove the liquid nitrogen bath round trap 2. 
Transfer the gas to either a gas cell or a storage 
tube, as required, by evacuating the cell or the 
tube, cooling the cold finger of the gas cell, or 
the lower part of the storage tube in liquid 
nitrogen, and opening the connecting tap E. 
The reaction can be followed by noting the 
changing height of the mercury manometer 
M I. Likewise, the pressure in the cell can 
be measured, in mmHg (Torr), on manometer 
M2. 
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2.5. Synthesis of SOa from barium sulphate 

Weigh out about 50 mg of barium sulphate, 
mix well with 300 mg of a 1:1 (m/m) mixture of 
vanadium pentoxide and ground silica, and 
take the furnace temperature up to 1000 °C. 
Follow the remainder of the procedure given 
above for starting with elemental sulphur. 

2.6. Preparation of fungus samples for isotopic 
ratio measurements 

Suspensions containing the fungus Asper- 
gillus flavus were filtered using Whatman ash- 
less filter paper number 42, and were washed 
using a solution with the same composition as 
that of the growing medium, then sucked free 
of solution. After freeze drying for 24 h, the 
samples were ground by shaking in a plastic 
container together with four steel balls. At this 
stage, they were ready for sulphur analysis. 

2. 7. Recommended FTIR parameters 

Fill a Pyrex gas cell, 150 mm long, 15 mm in 
diameter and fitted with KBr windows (ground 
to a I ° wedge to avoid interference fringes), 
with SO2 to a pressure of 30 + 3 Torr. Record 
the IR spectrum at a resolution of 0.25 cm -1 
with 100 scans, from 600 to 400 cm -j  using the 
Happ-Genzel apodisation function. Integrate 
the lines with baseline correction (see below) 
and calculate the area ratios of the line pairs 
548 crn- ' (line a) for 34S and 588 cm- t (line 6) 
or 592cm -I (line 7) for 32S. Compare the 
ratios with the two calibration lines to estimate 
the isotopic composition of the sample. 

Callomon et al. [9] and Allen et al. [10] 
pointed out the difficulties in assigning the 
spectrum due to overlapping and coupling be- 
tween bands. Interactions between pairs of 
bands are very strong, producing variations in 
the frequencies of the bands from those pre- 
dicted theoretically. Additionally, the whole 
spectrum is complicated by the superposition 
of bands due to "hot" transitions upon the 
main absorption bands. 

The isotopic analysis of the IR spectrum of 
carbonyl sulphide is further complicated by the 
fact that the number of possible combinations 
of different isotopes within the molecule is 
large. Oxygen has three stable isotopes, 160 
(99.76%), 170 (0.04%) and 180 (0.2%), and 
carbon another two, 12C (98.89%) and 13C 
(1.11%), which, added to the four isotopes of 
sulphur, 32S (95.0%), 33S (0.76%), 34S (4.2%) 
and 36S (0.014%), makes for 24 possible iso- 
topic combinations. Overlap between the bands 
of a2S12C160 and those of the isotopically sub- 
stituted species, and the numerous "hot" bands 
is frequent, making necessary the use of very 
high resolution if a detailed study of the rota- 
tional structure is desired. 

The lack of a suitable band in its IR spec- 
trum on which to base our study, together with 
the difficulty in synthesising it from elemental 
sulphur, drove us to the conclusion that SCO 
was not a suitable compound for carrying out 
sulphur isotopic determinations. 

Hydrogen sulphide, H2S 
The hydrogen sulphide molecule belongs to 

the symmetry group C2v and presents three 
fundamental vibrations. Table 2 shows the des- 
ignation and position of the main bands. 

3. Results and discussion 

3.1. Selection of a gas for the determination of 
sulphur stable isotope ratios 

Table 1 
Bands seen in a low resolution IR spectrum of carbonyl 
sulphide, SCO [8] 

Band Frequency 
(cm- I) 

Carbonyl sulphide, SCO 
Carbonyl sulphide is an asymmetric linear v_, v, 

molecule with the atom of carbon in the centre, 2v2 
and therefore belongs to the symmetry group 2v, 
C~v. It presents three fundamental vibrations v, + 2v2 
of which, using the notation given by Herzberg v~ 
[7], v 3 and v~ are the two stretching modes of 4v2 

v k 4- v 3 
higher and lower frequency respectively and v2 2v_, + v., 
is the bending mode (see Table 1). 

520 
858 
I047 
1711 
1892 
2062 
2104 
2918 
3095 
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Table 2 
Bands seen in a low resolution IR spectrum of  hydrogen 
sulphide, H_,S [11,12] 

Band Frequency 
(cm-') 

v 2 1182 
2v 2 2353 
v I 2614 
v 3 2628 

This molecule presents a large absorption 
area between 2200 and 2800 cm-m which can 
be divided into three parts corresponding to 
strong, weak and medium absorptions, but any 
interpretation of  this area is complicated by the 
strong interactions between the three bands. 
Another inconvenience is the existence in this 
area of  the main absorption band of  carbon 
dioxide which has its centre at 2396 cm - t .  

The other fundamental vibration v2 has the 
centre of  its band at 1182.7 cm -~, in a part of  
the spectrum where water vapour absorbs. 
Gillis and Edwards [12], using a grating spec- 
trometer with 0.05 cm -~ resolution, made a 
detailed study of  the v2 band, and were able to 
assign some lines to the 3~S and 34S isotopes, 
but the number of  lines and quality of  the 
spectrum did not allow them to carry out a 
complete isotopic analysis. 

Though the gas can be prepared readily from 
metal sulphides, and they in turn can be pre- 
pared from elemental sulphur, the complexity 
of  the spectrum, together with the extreme 
weakness of  the absorption bands, forced us to 
the conclusion that this was not a suitable 
candidate for the isotopic analysis of  sulphur 
either. However, as the synthesis is straightfor- 
ward, it could serve as a useful intermediate for 
the extraction of  sulphur from natural samples, 
before conversion to another, spectroscopically 
more suitable, compound. 

However~ a large number of  combination 
bands is present in its IR spectrum: 29 bands 
have been described by McDowell et al. [15], 
using an FTIR spectrometer at a resolution of  
0.05 c m -  ~. The SF6 spectrum is further compli- 
cated by the fact that at room temperature, 
only some 34% of  the molecules are present in 
the vibrational ground state [16], which results 
in a high probability (and hence intensity) of  
"ho t "  bands in the spectrum, and in a consid- 
erable susceptibility of  the normal band inten- 
sities to changes in temperature. 

The spectrum shows eight bands - -  two of  
them are the fundamental vibrations and the 
other six are combination bands. The designa- 
tions of  these combination bands as well as 
their positions in reciprocal centimeters are 
given in Table 3. 

Four  of  the combination bands have their 
frequencies in the region 1900-1250cm -~ 
where the v 2 band of  the water molecule lies. 
Therefore, in a high resolution spectrum, it is 
possible to see numerous water absorption 
lines superimposed on those of  sulphur hexa- 
fluoride. The isotopic shifts for the combina- 
tion bands (v I + v3) and (vj + v4) have been 
given by Klimov and Lobikov [17] as 16 em - l  
and 2 c m  -~ respectively. The centre of  the 
combination band (v2+v3) for the species 
34SF6 was given by the same authors as 
1569 cm -~, which gives an isotopic shift of  
approximately 17 cm -~. However, these iso- 
topic shifts are not useful for our purposes 
since no lines are observed as clean "finger- 
prints" of  the different isotopes. 

The other two combination bands, (v5 + v6) 
and (v 2 + v6), do not exhibit any sulphur shifts 
since the sulphur atom is not involved in the 
fundamental vibrations which contribute to 
these combination bands. 

The rotational structure of  the strongest 
band in the spectrum, v 3, is not resolved even 

Sulphur hexafluoride, S F  6 

Sulphur hexafluoride has a highly symmetri- 
cal structure with the sulphur atom at the 
centre of  a regular octahedron whose corners 
are occupied by the six fluorine atoms. Thus 
the molecule belongs to point group Oh and 
shows six fundamental vibrations of  which 
only two, v 3 at 947.98cm -~ and v4 at 
615.02cm - j ,  are IR active [13,14]. As fluorine 
is monoisotopic, this molecule does meet one 
of  the important criteria for an FTIR determi- 
nation of  the sulphur isotopic ratio. 

Table 3 
Combinat ion  bands seen in a low resolution IR spectrum 
of SF6 [161 

Band Frequency 
(cm-') 

(v s + v 6) 870 
(v 2 + v6) 991 
(v 2 + v4) 1257 
(vj + v4) 1388 
(v 2 + v.O 1587 
(v I + v~) 1719 
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when using 0.25 cm-~ resolution. A maximum 
spacing of 0.04 c m - '  between two successive 
lines has been calculated by Brunet and Perez 
[18] - -  much smaller than the resolution of the 
spectrometer. The isotopic shift for the v 3 34SF6 
band has been given as 17.4 cm -~, based on 
the assumption that the small peak in the 
natural SF6 spectrum at 930.50 cm-~ is due to 
the 34S isotope [18]. However, because quanti- 
tative work for our purposes would require 
integration of the whole of the 325F6 band at 
948 cm-~, which is broad and unresolved at 
0.25 cm -~ resolution, and very susceptible to 
changes in shape with change in pressure, this 
compound was ruled out. Synthesis in the labo- 
ratory, using elemental fluorine, is in any case 
difficult and unattractive for routine use. 

Sulphur dioxide, S02 
The molecule of sulphur dioxide, like that of 

hydrogen sulphide, belongs to the symmetry 
group C2v and therefore shows three funda- 
mental vibrations. Two of them (v~ and v2) are 
B-type bands and the other one (v3) is A-type. 
In A-type bands the oscillating dipole moment 
lies along the axis of the least moment of 
inertia and they are characterised by a strong 
central Q branch and J subbranches. The rota- 
tional structure in this group of  bands presents 
strong irregularities and it is not possible to see 
individual lines without using a very high reso- 
lution. 

In B-type bands the oscillating dipole mo- 
ment lies along the axis of the intermediate 
moment of  inertia and they are represented by 
Q branches, in this case spaced approximately 
3.4 cm-~ apart. While in A-type bands a con- 
siderable number of Q lines fall near the band 
centre, for B-type bands no Q line occurs near 
the centre but instead they overlap the P and R 
branches. Each Q branch has associated with it 
a P and an R branch giving rise to numerous 
weak lines which form the background absorp- 
tion between Q branches. 

The low-resolution IR spectrum of sulphur 
dioxide is shown in Fig. 2. It was collected 
using 1 cm-~ resolution and 20 Torr of gas in 
a 10 cm-~ gas cell. Along with the fundamental 
vibrations there is also a combination band 
(v~ + v 3) at 2500 cm-J which is strong enough 
to be seen in a low pressure spectrum. The 
positions of  these bands are listed in Table 4. 

The IR spectrum of isotopically substituted 
sulphur dioxide has been studied by different 
workers [19-22]. A summary of their findings, 
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Fig. 2. Low-resolution infrared spectrum of  sulphur diox- 
ide, SO2. 

in the form of  frequencies of  the origins of the 
four main bands for the species 32SO 2 and 
34SO2, is shown in Table 4. 

Values in Table 4 show a significant isotopic 
shift for each band ranging from approxi- 
mately 7cm -~ for vj to 22cm -I for (v t +v3), 
which is the largest shift presented by any of 
the sulphur compounds assessed. However, it is 
not possible to identify individual peaks corre- 
sponding to different isotopes in the A-type 
bands, (v~ and v2) which makes than unattrac- 
tive for isotopic analysis. 

It follows then, that only the vt and v 2 bands 
can be used if individual lines are going to be 
integrated. A closer look at vm (Fig. 3) reveals a 
very complex band without well-defined rota- 
tional lines. It was decided not to use this band 
since a changeable shape was going to make 
for poor integration reproducibility. Besides, it 
was not possible to identify any single line in 
this band as a fingerprint of the 34S isotope in 
sulphur of  natural abundance. 

The only band left was v 2 at 512cm -~, 
which is not exempt from problems either. The 
fact that it lies close to the end of the working 
range of both the H g - C d - T e  detector and the 
KBr windows (400cm -~) makes its baseline 
noisier than it should be. It is also affected by 
the presence in this area of a "ho t"  band 

Table 4 
Bands seen in a low resolution IR spectrum of  SO_, 
[20,22,23] 

Band Frequency (cm - i )  

32SO, -~4SO_, 

v 2 517.87 512.30 
v I 1155.71 1144.48 
v 3 1362.06 1345.09 
(v I + v3) 2499.87 2475.83 
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Fig .  3. F u n d a m e n t a l  v i b r a t i o n  b a n d ,  v~ 

1156 e m  - t  . 

f o r  S O  2 a t  

(2v2--v:) centred at 517.25crn -j which gives 
rise to additional peaks complicating the back- 
ground absorption [23]. 

Nevertheless, the high frequency part of the 
band, around 550-600 cm -~, is relatively well 
defined, and it was decided to investigate this 
further. Fig. 4 shows the relevant section of the 
spectra of the natural abundance SO2 and of 
the isotopically substituted molecules ~SO2, 
from which it can be seen that the isotopic shift 
is significant, and that there are three lines in 
the natural abundance spectrum, at 560.39, 
552.27 and 548.29 crn-2, which are deafly due 
to the 34S isotopically substituted molecule. 
The final choice for the determination of sul- 
phur isotopic ratios was therefore SO2 as the 
gas, and the high frequency end of its v 2 band 
around 550crn -t  as the region of the spec- 
trum. 

3.2. Optimisation of experimental parameters 

Synthesis of SO2 
The synthesis of SO2 from elemental sulphur 

by combustion in oxygen is apparently the 
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Fig. 4. A section of the 518 c m - '  fundamental vibration 
band v: of S02 with the natural abundance spectrum 
recorded in the absorbance mode (bottom) and the -'~SOx 
spectrum in the transmission mode (top). 

simplest route. However, this was tried and 
discarded since most of the sulphur taken crept 
up the walls of the silica tube where the reac- 
tion was taking place and condensed as a liquid 
in those parts of the tube close to the upper 
end of the electric furnace, remaining unavail- 
able for chemical conversion. 

Solid oxygen donors offer an alternative 
route to the synthesis. Copper (I) oxide has 
been suggested as a solid oxygen donor for 
sulphides [24] but it needs to be prepared 
shortly before use, to prevent oxidation to the 
copper (II) oxide and the absorption of other 
gases. Vanadium pentoxide, which is commer- 
cially available and which can be used without 
needing major purification, has been proposed 
by Gavelin for producing SO2 from precipi- 
tated cadmium sulphide [25]. Yanagisawa and 
Saka [26] published a variation of this proce- 
dure using barium sulphate as the source of the 
sulphur, in which ground silica was added to 
the reaction mixtures to moderate the evolu- 
tion of SO2. It also increased the viscosity of 
the reaction mixture so that it did not creep up 
the wall of the reaction tube. Vanadium pen- 
toxide serves in this case as both an acid flux 
and an oxygen buffer, rather than just as an 
oxygen donor, and lowers the decomposition 
temperature of the sulphate to roughtly 
1000 °C, which is the reaction temperature em- 
ployed in the proposed procedure. Ueda and 
Krouse applied this modified approach to 
transform sulphide and sulphate minerals into 
gaseous SO2 for isotopic analysis by mass spec- 
trometry [27]. This approach has been adopted 
in the present investigation, and has been 
shown to work well also with elemental sul- 
phur. 

FTIR parameters 
Isotopic analysis by FTIR is affected by the 

choice of instrumental parameters such as reso- 
lution, number of scans, apodisation function 
and choice of spectral lines, as well as by 
variables such as the size of the sample (work- 
ing pressure), the method of peak measurement 
(area or height) and the reference background. 
All these variables need to be optimised. 

Choice of spectral lines 
There are three lines in the v 2 region of the 

spectrum from natural abundance sulphur 
dioxide which are due mainly to the ~S iso- 
tope: these situated at 548.29 crn- J, 
552.27cm -I and 560.39 cm -I, labelled a, b, 
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and c respectively in Fig. 4. The band shows 
an irregular baseline which could not be im- 
proved by collecting the spectrum with a higher 
number of scans, indicating that there is an 
important contribution from the presence of 
numerous P and R branches in between the Q 
branches, and of a "hot"  band centred at 
517.25cm -j  as suggested by Coudert et al. 
[23]. It was even possible to see these lines in 
the spectrum of pure 32502, proving that they 
are not entirely due to the presence of 34S in 
the molecule. However, the lack of any other 
peaks which could be used made these lines the 
only possible choice. For 32SO2, those lines 
with the best baseline were chosen (line 6 or 7 
in Fig. 3) even though they were not the most 
intense of the band. These circumstances make 
for a noisier background absorption which is 
due not to instrumental noise but to the molec- 
ular structure itself. In general, lines selected 
for the 34S isotope, which is present at lower 
concentrations, are more affected than those 
chosen as "fingerprints" of the major isotope, 
325. 

The intention was to construct a calibration 
graph for the isotopic composition by plotting 
the ratio of a pair of lines (one line for each 
isotope) versus concentration of 3as. The first 
point to consider was the choice of spectral 
resolution. 

Resolution 
In FTIR spectroscopy, resolution is deter- 

mined by the distance traversed by the moving 
mirror in the interferometer. The optimum in- 
strumental resolution is that which is equiva- 
lent to the natural resolution of the sample 
spectrum itself. If  too low a resolution is used, 
separated bands will not be resolved and infor- 
mation will be lost, while if the resolution is 
too high, the spectrum will be noisier and no 
additional information will be obtained. Addi- 
tionally, collecting a spectrum at higher resolu- 
tion is more time consuming. To collect and 
transform 100 scans at 1 cm-1 will take about 
4 min, while at 0.25 cm -~ it will require over 
12 min. It is important to find a compromise 
between the volume of  information required 
and the time needed for the analysis. 

Three resolutions, 0.25, 0.5 and 1 cm-1, were 
investigated. With 1 cm-1 resolution it was not 
possible to pick up any 34S isotope line. A 
resolution of  0.5 crn- J partially resolved the MS 
lines, but with 0.25 c m - '  resolution the lines 
were well resolved although the baseline be- 
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Fig. 5. A section of  the v2 band of  natural abundance SO_, 
showing the lines selected for measurement of  the isotopic 
ratio, recorded at 0.25 e m -  I (lower) and 0.5 cm - i (upper) 
resolution. 

came noisier with a large number of extra lines 
appearing (see Fig. 5). Nevertheless, this was 
the resolution chosen since it gave the best 
peak profiles. 

Peak measurement 
Individual lines can be measured in terms of 

peak absorbance or integrated area. Both pos- 
sibilities have been investigated. 

Peak area (A)  
The NICOLET has a routine which allows 

one to integrate a band/peak between two 
given limits, with or without baseline correc- 
tion (Fig. 6). If  baseline correction is chosen 
(AwBLC) the computer draws an imaginary 
line between the two limits specified by the 
operator and integrates the area of the peak 

A w BLC A w/o BLC 

I I I i J 
560 555 55O 560 555 55O 

cm -~ 
i 

Fig. 6. Measurement of  peak areas by integration: (a) 
AwBLC; (b) Aw/oBLC. 
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Table 5 
Precision of line ratio measurements for selected line pairs 

Line pair Relative standard deviation of ratio (%) 

AwBLC Aw/oBLC ABS 

b/l 1.35 0.78 1.14 
b/2 1.13 0.75 0.75 
a/1 1.65 0.51 1.13 
a/2 1.57 0.58 0.75 
c/2 1.53 0.95 1.24 
c/3 1.62 0.45 1.04 

enclosed between this line and the peak 
contour. This possibility is preferred since 
it is free from the influence of  possible instru- 
mental drift. Integration without baseline 
correction (Aw/oBLC) measures the area 
under the peak, but above the line A = 0, 
and may include a large background compo-  
nent. 

Peak absorbance 
The true absorbance of  a peak (ABS) can be 

measured if the spectrum is first drawn using 
the X - Y  plotter, but this is rather time-con- 
suming. Alternatively, it is possible to work 
directly on-screen using the cursor. The "base-  
line" absorbance was read at two points, in 
the valleys on either side of  the peak, aver- 
aged and the mean subtracted f rom that  at the 
peak maximum. Such results (ABS)  were con- 
sidered to be the "real"  absorbances of  the 
lines and were also used for calculating the 
ratios. 

A comparison of  these three possible meth- 
ods of  quantitation, given as the precision of  
five measurements,  is shown in Table 5. The 
resolution used was 0.25 c m - t ,  the number  of  
scans was 100 and the working pressure was 30 
Tor r  in a 15 cm long gas cell. 

Table 5 shows that the best precision was 
obtained when working with areas without 
baseline correction but this apparently better 
performance is probably attributable to the 
rather large, but very constant, area below the 
base of  the peak and above the line of  zero 
absorbance. The precision referred to the area 
of  the peak itself, without the large instrumen- 
tal artefact, which is here called area with 
baseline correction (AwBLC), is poorer,  but 
more realistic. Moreover,  for the same reason, 
AwBLC is more sensitive to change in the 
isotopic ratio so it is more appropriate  for this 
determination. 

Choice o f  spectral lines 
Several line combinations (e.g. a for 34SO2 

and 3 for 32SO2) were measured and the area 
ratios were compared. The sensitivity would be 
poorer  if there were a significant peak in the 
32502 spectrum, arising, for example, from a 
hot band or an overtone, coinciding with the 
selected line in the 34SO2 spectrum. However, 
as the line pair ratios change by much the same 
for all combinations (see Table 6), there is no 
one line which seems to suffer significantly 
more or less than the others from this problem. 
The results are summarised in Table 6. 

Running the background 
A background spectrum was run at the be- 

ginning of  the session and then again immedi- 
ately after four replications for the sample. 
This method gave good precision and is also 
time-saving since the gas cell is filled only once 
with each sample. Additionally, possible errors 
derived from adjusting the position of  the gas 
cell in the cell holder or from reading the 
pressure when filling the cell a few times are 
avoided. Instrumental drift is also minimised 
since all the operations are carried out in the 
smallest interval of  time possible. 

Number o f  scans 
The signal-to-noise ratio depends on the 

square root of  the number  of  scans. The rela- 
tive standard deviations of  the line ratios were 
compared for 50, 100 and 200 scans with 30 
Torr  of  SO2. This comparison showed, as pre- 
dicted, that the performance was best for the 
highest number  of  scans, with RSD of  1.25%, 
1.03% and 0.63% respectively for the a/3 line- 
pair combination. 

However, it was decided to use only 100 
scans as a good compromise between precision 
and time needed for the analysis. The working 

Table 6 
Area ratios (AwBLC) for natural abundance SO2 and 
32SO2 

Ratio SO2, nat ~ -~2SO2 ~ Difference 
relative (%) 

a/3 1.214 (0.70%) 1.065 (I.03%) 14 
a/5 2.003 (1.49%) 1.734 (0.92%) 15.5 
c/5 1.140 (I.12%) 0.985 (1.31%) 15.8 
b/3 0.777 (1.66%) 0.680 (I.51%) 14.3 

The resolution was 0.25 cm- t for a sample pressure of 30 
Torr in a 15 cm cell. The number of scans was set at 100. 
"The RSD is given in parentheses. 
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Table 7 
Effect of sample size on the precision of the line area ratio 

Line pair Precision RSD (',4,,) ~ 

20 Torr 30 Torr 50 Torr 

a/2 1.61 1.50 1.00 
b/l 2.51 1.35 1.29 
b/2 2.05 1.13 1.04 

a n = 5 .  

time would be approximately doubled if 200 
scans were collected, which means, for five 
replications plus two background scans, nearly 
1 h longer for only a small improvement in the 
precision of  the measurement. 

Sample size 
Increasing the pressure of  a gas sample may 

result in band broadening, which could affect 
the measured line absorbance ratios. Data ob- 
tained for one sample run at 20, 30 and 50 
Torr  working with AwBLC are shown in Table 
7. The improvement in precision on going to 50 
Torr  was significant but not large, and in the 
interest of  minimising sample size it was de- 
cided to use 30 Torr  as working pressure 
(which means about 1.5 mg of  SO2 in the cell, 
and about double this to allow for filling the 
manometer on the line). 

The effect of  sample pressure on the ratio 
itself was then investigated, covering a smaller 
working range, from 25 to 37.5 Torr. ANOVA 
showed that the variance of  the line ratios 
between sample pressure was not significantly 
different from the variance at any one pressure, 
form which one may conclude that changes in 
pressure within this range do not have a notice- 
able influence on the ratios within reasonable 
margins. 

3.3. Calibration graphs 

Sulphur isotopic standards were prepared 
form elemental sulphur (using 99.9% 32S and 
92% 34S) by combustion on a vacuum line with 
vanadium pentoxide as solid oxygen donor. 
These standards covered the range form 3.5 to 
l0 at.% 34S. All the spectra were collected on 
the same day and in the shortest possible inter- 
val of  time. Lines were integrated between the 
limits chosen previously (valleys on either side 
of  the line), ratios calculated and the regression 
lines of  the calibrations plotted. 

4.0 

3.5 
M 

a. 3.0 

I | I I I I I I 

2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 

Atom%a4S 

Fig. 7. Calibrations for sulphur isotopic ratio determina- 
tions using line pairs a/6 and a/7. 

Several possible linear calibrations were ob- 
tained using AwBLC. The 34S 2 line at 560 c m -  
(designated as c in Fig. 4) did not give good 
results in most cases, possibly due to the fact 
that it is strongly affected by the background 
absorption of  the band. The line designated as 
b (552 cm -I )  gave good results in a number of  
cases, while it was with the one designated as a, 
located at 548 crn -I ,  that the best calibration 
lines were obtained. This is the most intense of  
those 34S 2 lines which appear reasonably free 
from intererence, and it is also the most sensi- 
tive to changes in the isotopic composition as 
can be seen from the fact that it gives, in 
general, the graphs with the largest slopes. Two 
such calibration lines are shown in Fig. 7. 

Parameters of  some calibration lines are 
shown in Table 8. The slopes are small but 
sufficient for the quantification of  modest en- 
richments of  MS. Relative standard deviations 
for the points which make up the calibration 
graphs were in most cases between 1% and 2%. 
Taken over the natural abundance of  the 34S 
isotope, this precision implies an uncertainty of 
0.16% (absolute) when determining isotopic ra- 
tios by this method. 

The intercepts of  these calibration graphs 
were found to vary with time. Although slopes 

Table 8 
Parameters of calibrations for sulphur isotopic abundance 
measurements 

Line pair Correlation Intercept Slope 
coefficient (% ~4S)- 

a/6 0.996 2.261 0.0906 
a/7 0.997 s 2.874 0.0909 
a/5 0.997 1.718 0.0719 
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Table 9 
Results for the analysis of labelled Aspergillus flavus 

Sample 34S in samples (% (m/m)) 

Mass FTIR Difference 
spectrometry (% absolute) 

Natural abundance 4.224 4.190 0.034 
Enriched in a4S 4.468 4.429 0.039 

were constant, the lines moved up and down 
with respect to each other. A similar situation 
was noticed by other workers when performing 
quantitative determinations by F T I R  [5,28]. A 
possible explanation for this change is to be 
found in the long-term instabilities of  the inter- 
ferometer. This phenomenon was studied by 
Van Karsten [29] and was thought to be due to 
slow thermal or material elasticity of  the inter- 
ferometer or non-uniformity in temperature or 
composition of  the purge gas. 

3.4. Sulphur isotope ratio measurements on a 
-~4S-labelled soil fungus  

To evaluate the proposed method on some 
real samples, a sulphur isotopic analysis of  a 
labelled fungus was carried out. The species 
chosen for this project was Aspergillus flavus 
which has a large sulphur requirement. It  was 
provided by Prof. K. Kilham from the Plant 
and Soil Science Department ,  University of  
Aberdeen (UK). Two sets of  samples were 
grown: one in a C z a p e k - D o x  nutrient medium 
containing natural abundances of  each sulphur 
isotope and the other one in a medium en- 
riched in 34S. The latter was prepared by corn- 
busting some pure 34S and absorbing the SO2 
in aqueous potassium hydroxide. 

Portions of  this (neutralised) solution were 
then used in the preparat ion of  the nutrient 
medium. Fungal spores were incubated in the 
nutrient medium for 1 week, on an orbital 
shaker, then the suspensions were analysed us- 
ing the procedure given under Section 2. Sam- 
ples were also analysed by isotopic ratio mass 
spectrometry with the aim of  compar ing  the 
results given by both techniques. These results 
can be seen in Table 9. 

It should be pointed out that the results 
given in Table 9 were obtained using a compro-  
mise set o f  conditions, and that by accumulat- 
ing 200 scans instead of  100, and by filling the 
cell to 50 Torr  instead of  30, a modest  im- 
provement  in precision could be attained. This 

would reduce the estimated uncertainty of  
0.16% (absolute) to around 0.1% (absolute) in 
the measurement of  4% (absolute) 34S. In the 
light of  these estimates, the agreement between 
the F T I R  values and the I R - M S  ratios seen 
from Table 9 - -  differences of  0.03-0.04% 
absolute - -  is very satisfactory. However, the 
RSD (%) obtained by the F T I R  method is 
larger than that obtained by mass spectrome- 
try. This fact does confirm that although F T I R  
cannot compete with I R - M S  when determin- 
ing sulphur isotopic ratios at natural levels, it 
could be used with a degree of  confidence to 
carry out this kind of  analysis when working 
with isotopically enriched samples. 
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Abstract 

A new combination of a flow/sequential injection method for the analysis of ammonia has been 
developed. Gaseous ammonia is selectively absorbed in a phosphoric acid coated glass tube and determined 
with Berthelot reagents by flow injection. The combination of the gas diffusion denuder sampler with flow 
injection makes this method very sensitive and selective. The limit of detection of 0.15 I~g NH3. 

1. Introduction 

Ambient air continuously receives ammonia 
through the decomposition of organic material, 
and human activity. Because ammonia is an 
important indicator of environmental pollution 
and a predominant gas-phase atmospheric 
base, it plays a paramount role in atmospheric 
chemistry [1]. Traditional colorimetric methods 
[2], as well as ion-selective electrode [1,3], pho- 
tothermal beam deflection [4] and fluorometric 
methods [5] have been used for the determina- 
tion of ammonia in aqueous solution. 

To determine ammonia in air with the meth- 
ods described above, gaseous ammonia must 
first be collected by a suitable solid or liquid 
phase. Among all the sampling methods, the 
diffusion-based samplers, such as the diffusion 
denuder tube, have the following advantages: 
low back pressure, high collection efficiency 
and enrichment factor, and no interference of 
particle-borne ammonium [6]. 

A diffusion denuder is a glass tube whose 
inner wall has been coated with a suitable 
sorbent for gaseous analytes. Stevens et al. [7] 
were the first to describe the use of a phospho- 
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rous acid coated tube for the collection of 
atmospheric ammonia. Oxalic acid [1] and cit- 
ric acid [8] coated tubes were used for the same 
purpose. Glass tubes coated with different 
chemicals have been used to collect other gases, 
e.g. HNO2 [9], HNO3 [9-12], HCI [13], SO2 
[13], and the simultaneous collection of several 
gases [9,12,13]. Although the diffusion denud- 
ers have the above mentioned characteristics, 
the coating, drying and washing are laborious 
procedures. Automating this technique will 
also improve the precision and reduce the risk 
of contamination. Bos [8] reported an auto- 
matic system in which three pumps were used 
and the washing solution was delivered to the 
measuring cuvette by gravity. 

More recently, much research has been 
devoted to the theoretical [14] and practical 
[15] aspects of membrane-based gas diffusion in 
flow injection analysis (FIA). The theory is 
based on two flowing streams (donor and ac- 
ceptor) which are physically separated by a 
hydrophobic membrane that allows only gases 
to cross. Thus, reactive gases can be deter- 
mined by monitoring the gas that crosses the 
membrane and accumulates on the acceptor 
side via reaction with the acceptor reagent. A 
gas-permeable membrane in combination with 

reserved 
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a pH indicator has been used for determination 
of ammonia in air [16], water [17,18] and fer- 
mentation medium [19]. The actual limit of 
detection for gaseous ammonia is 200 ppb [16], 
but acidic gases in sample air, such as CO2, 
NO2 and SO2, interfere with the determination 
of low ammonia concentrations. A more com- 
plex membrane-based diffusion denuder, called 
a diffusion scrubber or permeation denuder 
[20], was introduced by Dasgupta [21] for the 
continuous collection and analysis of water-sol- 
uble gases, such as NH3, SO2, H202 and 
HCHO. With a fluorescence detection system, 
the detection limit for gaseous ammonia is 
estimated to be 0.01 ppbv [22]. Unfortunately, 
the collection of gases in a diffusion scrubber is 
not 100% effective, and usually in the range 
5-30% [20]. The collection efficiency (fluores- 
cence response) depends on the length of the 
membrane, atmospheric pressure, temperature 
and relative humidity [22]. 

Our research has been focused on the devel- 
opment of a simple injection system which is 
capable of measuring gases at low concentra- 
tions (ppbv) without the influences of varying 
enviromental parameters and interferences 
from other gases. Ammonia is taken as a 
model for its important role in the atmosphere 
as mentioned above. The present paper is 
studying the feasibility of coupling a gas diffu- 
sion denuder with a flow/sequential injection 
system for the measurement of ammonia. 

2. Experimental 

2. I. Apparatus 

Fig. 1 provides a schematic diagram of the 
injection system used in this study. The flows 
were driven by an Alitea XV peristalic pump 
(Alitea USA, Medina, WA) with Masterflex 

13 pump tube (Cole-Parmer Instrument 
Company, Chicago, IL) and solutions were 
selected by an eight-port rotary selection valve 
V~ (Valco Instruments Co. Inc., Houston, TX). 
Unused ports were plugged with Upchurch 
fittings (Upchurch, Oak Harbor, WA). Valves 
V2 and V3 were three-port glass valves with 
inner diameter (i.d.) of 1.0 mm (Machine Shop 
of the Chemistry Department, University of 
Washington), both of which were switched 
manually. The diffusion denuder sampling tube 
(ST) was a 20 cm long Pyrex glass tube of 
1.0 mm i.d. The holding coil (HC) was 300 cm 

V2 ST V3 

' I  1 o 
R I - HzO 

W" [ R3 

R2 

SOUT 

Fig. I. Schematic diagram of the injection manifold: P, 
pump; HC, holding coil; Vi, V2, V.~, valve; RI, coating 
solution; R 2, hypochlorite solution; R~, phenate solution; 
ST, sampling tube; SIN and Sou- r, inlet and outlet of gas 
sample; D, flow through detector; W, waste. 

of 0.8 mm i.d. Teflon tubing (Upchurch, Oak 
Harbor, WA) and was connected to the com- 
mon port of the selection valve. Teflon tubing 
(0.8ram i.d.) and Teflon nuts and ferrules 
(Upehurch, Oak Harbor, WA) connected 
valves and the detection cell. The connections 
of the glass tube and valves were made with 
Masterflex # 13 pump tube (Cole-Parmer In- 
strument Company, Chicago, II) and the sec- 
tion was made as short as possible to reduce the 
contact of flows with the pump tubing. The 
detection cell was a sandwich cell made of two 
pieces of rigid PVC (30 mm x 30 m m x  12 ram) 
with a 1.0 mm Teflon spacer [23]. A Brinkmann 
colorimeter (PC-701, Brinkmann Analytical, 
Wesburg, NY) served as both the light source 
and the detector. The reflected light was passed 
through a 610 nm filter and was measured as 
the absorbance. The pump and valve VI and the 
data collection were controlled with Atlantis 
(Lakeshore Technologies Inc, Chicago, IL) and 
subsequent data processing was performed with 
Matlab (The Math Works Inc. Natick, MA). 

2.2. Chemicals 

All chemicals (except household bleach solu- 
tion) were reagent grade. All solutions were 
prepared in purified water (NANOpure II, 
Syborn Barnstead, Dubuque, IA). Calibrated 
gaseous ammonia standards were obtained 
from gas permeation tubes, part numbers 111- 
200-0140 (5730ngmin- '  at 30°C) and 112- 
010-0140 (288ngmin -~ at 30°C) from VICI 
Metronies, Inc., Santa Clara, WA. 

The coating solution was made by diluting 
5.0 ml of phosphoric acid and 5 ml of glycerol 
with water to 100 ml. An alkaline phenate solu- 
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tion was made by dissolving 5.0 g of phenol, 
12.0g of sodium hydroxide and 33ml of 
ethanol in water and diluting to 100 ml. Alka- 
line hypochlorite solution was prepared by dis- 
solving 2 g of sodium hydroxide and 2 g of 
sodium tetraborate decahydrate in 61 ml of 
household bleach solution (containing 5.25% 
active chlorine) and diluting to 100 ml. 

2.3. Procedure 

The standard gaseous ammonia used was 
from a calibrated gas permeation tube. The 
permeation tube bleeds a certain amount of 
ammonia per unit time a~t a specified tempera- 
ture, given by the calibration equation provided 
by the manufacturer. Ammonia from a perme- 
ation tube was diluted with zero air (house air 
purified with phosphoric acid impregnated sil- 
ica gel) in the permeation tube holder (VICI 
Metronics Inc. Santa Clara, CA) using a gas 
calibrator (GC Industries, Chatsworth, CA) at 
a flow rate of 300 ml min-I (unless otherwise 
specified). Since the amount of ammonia in the 
gaseous flow is time dependent, accurate 
amounts of ammonia are acquired by exact 
timing. 

The flow cycle typically followed the follow- 
ing scheme. With valves V,, V 2 and V3 open 
from the pump/holding coil to the detector 
(position 1), water was driven through valves 
VI and V2, the sampling tube, valve V a and the 
detection cell to wash all the system for 15 s at 
a flow rate of 0.6 ml min- '. Valve Va was then 
changed to position 2, and the pump was re- 
versed to remove water from the sampling tube 
while leaving water in the detector. When all 
the wash water was back to the holding coil, 
valve V z was switched to port R,, and the 
coating solution was aspirated into the holding 
coil for 20 s. Next, the pump was changed back 
to forward and at the same time valve V I was 
switched back to position 1. The coating solu- 
tion was driven through valves Vt and V2 to 
the sampling tube, and when the coating solu- 
tion arrived at valve V3, the pump was reversed 
to drive the coating solution back to the hold- 
ing coil. Following that, valve V 2 was changed 
to the sampling position (Si,) to start the sam- 
pling, and the gas sample flowed through the 
sampling tube and exited at V 3 (a real sample 
can be aspirated through the sampling tube by 
the connection of an air pump at the outlet of 
V3). Valve V~ was switched to port W and the 
pump was changed back to forward to push all 

the coating solution and wash water in the 
holding coil to the waste bottle. After a certain 
sampling time, valve V2 was turned back to 
position 1 to end the sampling, Valve VI was 
switched first to port R2 and then R 3 to  se- 
quentially aspirate hypochlorite solution and 
phenate solution for 4 s each, with the pump 
reversed, then valve V~ was switched back to 
position 1 and the pump back to forward. The 
phenate solution and hypochlorite solution 
were driven through the sampling tube. When 
the solution arrived at valve V3 (just to the far 
end of the hole in the valve), the pump was 
stopped for 45 s, and valve V3 was turned back 
to position 1. Finally, the pump was started to 
drive the colored liquid (including the sorbent) 
through the detection cell, the signals were 
collected at 2 Hz and the data were saved in 
Atlantis for further processing, and a response 
curve (as shown in Fig. 2) was obtained. 

3. Results and discussion 

3.I. Colorimetric determination 

When the air sample passes through the 
coated glass diffusion tube, gaseous ammonia 
diffuses to the wall of the tube and is converted 
to ammonium phosphate (NH4H2PO4). 
Nessler's reagent and the Berthelot reaction are 
the most frequently used colorimetric methods 
for the determination of ammonium and/or 
ammonia. Both have been utilized in flow in- 
jection systems [24-28]. We first attempted to 
use Nessler's reagent because only one reagent 
solution is needed. Unfortunately, it forms a 
precipitate with ammonia and some of the 
precipitate is adsorbed on the wall of the tube. 
Neither linear response nor reproducible results 
were obtained. With the Berthelot reagent, am- 
monia is oxidized by hypochlorite to form 
chloramine which then reacts with phenol to 
generate a blue indophenol dye. In the range 
0.15-4.0 ~tg ammonia, the absorbance of the 
indiphenol dye at 610 nm is quite linear with 
the amount of ammonia. In addition, the sensi- 
tivity and reproducibility of the Berthelot reac- 
tion are much better than with Nessler's 
reagent. Thus, the Berthelot reaction is chosen 
for the colorimetric determination of ammonia 
collected in the tube wall. 

The effects of the sequence of the addition of 
hypochiorite and phenate solutions on the for- 
mation and intensity of the color was checked 
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Fig. 2. Response curves for gaseous ammonia standards from a permeation tube: curve a, blank; curve b, 0.5 lag NH3; 
curve e, 1.0 lag NH3; curve d, 2.0 lag NH~; curve e, 3.0 lag NH3; curve f, 4.0 lag NH 3. Conditions: tube length, 20 mm; 
coating solution, 5% H3PO4 + 5% glycerol; gas flow rate, 300 ml rain-~; liquid flow rate, 0.6 ml min-~. 

by changing the orders in which the reagents 
were aspirated into the holding coil. The vol- 
ume and ratio of  the reagents, the flow rate of  
liquid flows and the time for color development 
were optimized, with the following results. 

(i) Reproducible results can be obtained only 
with the sequence described in the analytical 
procedure, i.e. the alkaline phenate zone should 
be the first solution passing through the glass 
diffusion tube. 

(ii) The peak height decreased slowly with 
increased reagent volumes in the range 20-  
100 lal. When the volumes of  hypochlorite and 
phenate solution are less than 20 lal, the repro- 
ducibility decreases dramatically. 

(iii) A ratio 1:1 of  the volume of  hypochlor- 
ite and phenate solutions gave the highest ab- 
sorbance. 

(iv) With fixed volume and ratio of  the 
reagents, the peak height did not change sig- 
nificantly with flow rate of  liquid flows in the 
range 0.4-1.0 ml rain-~, even though the peak 
width decreased with the increased flow. 

(v) The color intensity of  the indophenol dye 
increased with the time for color development 
very quickly in the first 20 s, then slowly, and 
after 40 s, the color development essentially 

finished and the increase of  absorbance was not 
significant. Instead of  a reaction coil between 
the glass diffusion sampling tube and detection 
cell, the pump was stopped for 45 s for color 
development. Thus the dispersion of  the col- 
ored indophenol dye was reduced. 

3.2. Sampling tube 

The diffusion sampling tube is a glass tube, 
the inner wall of  which has been coated with 
sorbent. Tubes with 3 - 5 m m i . d .  [1,8] were 
used for off-line batch analysis, but these tubes 
are not suitable for flow injection analysis be- 
cause of  their large inner diameter. Glass tubes 
with 1 mm i.d. were chosen in this study. When 
an air sample passes through the coated tube, 
gaseous ammonia diffuses to the tube wall and 
is absorbed by reaction with the coated sor- 
bent. The following equations have been used 
to describe the absorption of  ammonia in a 
coated tube [1]: 

C/Co = 0.819 e x p ( -  14.6272A) 

+ 0.0976 exp(-89.22A) 

+ 0.01896 exp( -212A)  (1) 
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Fig. 3. Effect of  tube length on the collection efficiency. Condit ions are the same as for Fig. 2 except the tube length. 

with a laminar gas flow (Re < 2000). 

A = 7rDL/4F (2) 

where C is the mean ammonia concentration in 
the gas leaving the tube, Co is the concentra- 
tion in the incoming gas, D is the diffusion 
coefficient, L is the length of tube, F is the gas 
flow rate, and Re is Reynolds number. 

It is readily apparent in these equations that 
the absorption efficiency of  a coated tube is a 
function of the gas flow rate and the tube 
length. The determination of the collection 
efficiency of tubes with different lengths was 
carried out in the following manner. Two glass 
tubes (1 mm i.d.) were connected in series. The 
length of the second tube was always 20 cm, 
but the first one was changed as needed. Both 
of the tubes were coated with the coating solu- 
tion, and 4 lag of ammonia from the perme- 
ation tube were aspirated through the tubes at 
a flow rate of 300 ml rain -~. The ammonia 
collected in the two tubes was separately deter- 
mined by the proposed method. Braman et al. 
[29] pointed out that there is a minimum tube 
length value after which Eq. (1) is valid. The 
equation was derived on the assumption that 
there was an infinite number of chemisorption 
sites, i.e. the tube is very long. Fig. 3 shows 
that theoretical calculation and the experimen- 
tal collection efficiencies of our system. The 
threshould tube length is about 10 cm, and a 

20 era glass tube was used in the proposed 
system. 

3.3. Coating solutions 

Two substances have formerly been used as 
sorbents for ammonia: oxalic acid, H 2 C 2 0  4 [1] 
and phosphorous acid, H3PO3 [7]. Although 
very effective, both of them are reductants and 
will probably interfere with the color formation 
and density for the reaction of  ammonia with 
Berthlot reagents [25]. Phosphoric acid was 
used in the proposed method as absorbent for 
gaseous ammonia and it was demonstrated to 
be very effective. The collection capacity of  the 
coated tube (20 c m x  1.0 mm i.d.) increases al- 
most linearly with phosphoric acid concentra- 
tion in the coating solution (shown in Fig. 4). 
For constant color development, a correspond- 
ing increase in sodium hydroxide concentration 
is needed as the acid concentration increased. 
Glycerol was added to the coating solution to 
increase the viscosity, thus aiding in the coating 
of  the tube wall. 

3.4. Gas f low rate 

Eq. (1) and (2) indicate that the collection 
efficiency of  a coated tube is a function of gas 
flow rate. The effect of  the gas flow rate on the 
collection efficiency was checked by aspirating 
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an accurate amount  (41~g) of  ammonia 
through the coated sampling tube at different 
flow rates and then determining the ammonia 
absorbed in the tube. No significant decrease in 
collection efficiency was observed with the gas 
flow rate in the range 200-1000 ml min - t  (data 
not shown). Flow rates higher than 
1000 ml min - j  have not been studied because 
they are not available with our gas calibrator. 
It is evident that the collection efficiency will 
decrease when the gas flow rate exceeds a 
certain limiting value, because the flow condi- 
tions in the sampling tube will not be laminar if 
the flow rates are larger than 1.45 1 min-~ [1,8]. 

3.5. Calibration curve and statist ics 

Fig. 2 shows typical response profiles of  
ammonia from the permeation tube. The peak 
height is proportional to the ammonia amount 
in the range 0.15-4.0 lag- The calibration curve 
from the data presented in Fig. 2 was 

Y= (0.243 AU l~g- I)X - 4.80 x 10 -3 AU 

( R  2 --- 0.997) 

The negative response of  the blank is due to the 
presence of  ethyl alcohol in the phenate solu- 
tion and its value depends on the mixing pro- 
cess of  the reagent with water. We have noted 
that less than 0.15 I~g of  ammonia can produce 
a positive signal, but these levels cannot be 

discriminated from each other. The actual LOD 
is 0.15 I~g ammonia. The LOD for an air sample 
depends on the gas flow rate and sampling time. 
If air sample was collected at 800 ml min -  ~ for 
5 min at 25 °C, the LOD for air was 50 ppb. 
Lower LODs can be achieved by increasing 
sampling time and/or  flow rate. The total time 
of  a single analysis also depends on the sam- 
pling resolution. The time of  a typical analysis 
shown in Fig. 2 is 5.0 min. The relative stan- 
dard deviations for the determination of  1.2 lag 
ammonia (n = 7) and 2.7 lag ammonia (n = 8) 
were 4.4% and 3.25% respectively. 

4. Conclusion 

The combination of  a gas diffusion denuder 
sampler and flow/sequential injection results in 
a selective and sensitive measurement of  
gaseous ammonia. The selective absorption of  
ammonia in the glass sampler eliminates the 
interference of  coexisting acidic gases, such as 
SO2, NO2 and CO2, which interfere with mem- 
brane and pH indicator systems. The high col- 
lection efficiency and enrichment factor of the 
sampler concentrates low levels of  ammonia in 
a large air sample into a very small amount of  
sorbent. In combination with SIA, only small 
amounts of  reagents are needed, and the devel- 
oped color is limited to a small zone of the 
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flow, making this method very sensitive. As an 
ongoing study, we will investigate the deposi- 
tion of  the particles at the inlet o f  the sampling 
tube which will probably happen when real 
samples are analyzed. Further, the system will 
be modified so that higher flow rates can be 
used and the effect o f  long-term sampling on 
the reproducibility of  the measurements will be 
studied. This system can be used for both 
online and offline analysis of  ammonia  and 
exploited for the determination of  other 
gaseous analytes, such as SO2, NO2 and H2S. 
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Abstract 

Chromatographic systems for the separation of amino acid mixtures on RP-18 as a stationary phase have 
been elaborated. The best results were obtained using methanol-water (1:1, v/v; 1:3, v/v; 1:5, v/v) as a 
mobile phase. 

The following amino acids have been examined: asparagine, arginine monohydrochloride, cystine, cysteine 
chloride, glycine, histidine monohydrochloride, hydroxyproline, isoleucine, leucine, lysine monochloride, 
methionine, ornithine monohydrochloride, phenylalanine, proline, threonine, tryptophan, tyrosine, serine, 
valine. Histidine (as monohydrochloride) and methionine were determined by first-, second- and third- 
derivative spectrophotometry in a mixture of several amino acids. 

Keywords: Amino acids; Spectrophotometry; TLC 

1. Introduction 

The analysis of amino acids as well as their 
chromatographic separation is still a current 
problem, especially in medical analysis. In the 
literature, several chromatographic systems, 
based on adsorption TLC, are described for 
chosen groups of amino acids. Separation has 
been carried out on silica gel [1-5] and cellu- 
lose [6,7]. Bidirectional adsorption chromatog- 
raphy has also been used [8]. Several works are 
concerned with the method of  detection of 
chromatograms [2-4]; ninhydrin is most often 
used. In the present work, reversed-phase parti- 
tion TLC (RP-18) was applied to separation of 
a chosen group of amino acids. Up to the 
present time, such separation has not been 
described. 

In addition to these investigations, derivative 
spectrophotometry was used. Spectrophotome- 

* Corresponding author. 

try is also frequently applied to the analysis of  
amino acids which form coloured compounds 
with various substances. Cystine and cysteine 
have been determined spectrophotometrically 
with Cu(II)-neocuproin reagent [9,10], and 
also with OsO4 in urine [11]. Amino acids have 
been analysed as compounds with carbon 
disulphide [12] and cystein as a compound with 
OPA [13]. p-Benzoquinoline has also been used 
for the determination of  amino acids [14]. The 
obtained results were not always satisfactory. 

The reason for applying derivative spec- 
trophotometry [15] is that it can be more sensi- 
tive and selective than zero-order spectro- 
photometry. A derivative spectrum is a graphi- 
cal dependence of  a value of  the differential 
of  absorbance with respect to wavelength on 
the wavelength. It can be described by the 
formula 

d'A 
d2" - "D~.~. - f ( 2 )  

SSD! 0039-9140(95)01569-8 
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Table 1 
Rf values of amino acids on bonded phase RP-18 and colour of spots after ninhydrin detection 

Amino acids Colour of Rr 
spot 

Methanol/water Propanol/water 

3:1 1:i 1:3 1:5 3:1 I:1 1:3 

Cysteine chloride Pink 0.79 0.86 0.87 0.96 0.76 0.89 0.94 
Cystine Pink 0.62 0.83 0.88 0.89 0.88 0.90 0.94 
Phenylalanine Violet 0.68 0.53 0.48 0.48 0.84 0.74 0.63 
Glycine Pink 0.80 0.89 0.91 0.93 0.84 0.94 0.96 
Hydroxyproline Yellow 0.85 0.9 0.90 0.93 0.86 0.95 0.95 
lsoleucine Pink 0.73 0.69 0.71 0.68 0.85 0.79 0.80 
Asparagine acid Pink 0.81 0.9 0.94 0.97 0.85 0.92 0.97 
Leucine Pink 0.73 0.68 0.66 0.66 0.86 0.79 0.76 
Methionine Pink 0.77 0.76 0.75 0.78 0.85 0.82 0.82 
Lysine monochloride Violet 0.90 
Arginine monohydrochloride Violet 0.80 
Histidine monohydrochloride Violet 0.84 
Ornithine monohydrochloride Violet 0.91 
Proline Yellow 0.76 0.79 0.81 0.82 0.81 0.91 0.89 
Serine Pink 0.82 0.91 0.95 0.95 0.85 0.96 0.96 
Threonine Pink 0.78 0.91 0.94 0.93 0.86 0.95 0.95 
Tryptophan Violet 0.69 0.44 0.34 0.29 0.85 0.79 0.50 
Tyrosine Pink 0.82 0.74 0.72 0.69 0.88 0.89 0.77 
Valine Pink 0.78 0.81 0.83 0.84 0.86 0.91 0.87 

1"0727 1 
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Fig. I. "Zero-order" spectra of histidine (I), arginine (2), asparagine (3), hydroxyproline (4), isoleucine (5), ornithine (6), 
proline (7). serine (8) and valine (9). 

where n is the derivative order,  and  "D~.~ is the 
value of  the n th -o rde r  derivative of  the absorp-  
t ion spectra of  a substance x at a certain wave- 
length a. 

Derivat ive spect rophotometry  is especially 
useful in improving  selectivity. T r y p t o p h a n  and  
tyrosine in synthetic peptides [16], and  aro- 
matic  amino  acids - -  t ryp tophan ,  tyrosine and  
phenyla lan ine  - -  in prote ins  [17], were 
analysed by the use of  second-order  derivative 
spectrophotometry.  

In the present  paper,  the de te rmina t ion  of  
hist idine and  meth ion ine  in the mixtures con-  
ta in ing  several amino  acids was elaborated.  

2. Experimental 

2.1. Equipment 

T L C  separat ion was done  on 10 x 20¢m 2 
glass plates covered with a 0.25 m m  layer of  
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Fig. 2. First-derivative spectra of histidine (I), arginine, ornithine, asparagine, proline, hydroxyproline, isoleucine, serine, 
valine and mixtures (2). 
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Fig. 3. "Zero-order" spectra of methionine (I), asparagine (2), hydroxyproline (3), isoleucine (4), orraithine (5), proline 
(6). serine (7) and valine (8). 

RP-18 (E. Merck, Darmstadt) in Shan- 
don's containers. The absorption spectra 
were recorded on a Hewlett Packard HP- 
8452A UV/vis spectrophotometer with 1 cra 
cells. 

2.2. Reagents 

All amino acids were produced by E. Merck, 
Darmstadt. 1 mg ml -  ~ aqueous solutions of  
amino acids were used, except in the case of  
cystine (0 .1mgmi  -~) and tyrosine (0.45mg 
ml-m), for TLC. Solutions containing 0.1 mg 
ml -m of  amino acids, except for histidine 

(0.05 mg ml-~), were used in derivative spec- 
trophotometry. 

2.3. Procedure 

All chromatograms were developed over a 
distance of  15 cm in Shandon's containers. The 
following developing mixtures were applied: 
methanol-water  (3:1, v/v; 1:1, v/v; !:3, v/v; 1:5, 
v/v) ,  propanol -water  (3:1, v/v; 1:1, v/v; 1:3, 
v/v) and acetonitri le-water (1:1, v/v). Chro- 
matograms were detected by a 0.25°/'0 solution 
of  ninhydrin in acetone. Derivative spectra 
were calculated by the use of  a standard soft- 
ware procedure. 
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Fig. 4. First-derivative spectra o f  methionine (i),  ornithine, asparagine, proline, isoleucine, hydroxyproline, serine, valine 
and mixtures (2). 

Table 2 
Parameters of  the straight line dependence and correlation coefficient o f  histidine and  methionine for first-derivative (D), 
second-derviative (2D) and third-derivative QD) spectrophotometry 

Histidine Methionine 

~. (nm) a b r 2 (nm) a b r 

D 224.6 - 1.97 x 10 -3  - 1.49 0.998 218.9 - 2 . 7 6  - 0 . 4 9  0.997 
2D 231.8 3.51 x l0 -5  0.14 0.997 224.6 - 2 . 0 9  0.03 0.996 
3D 236.4 1.39 x i0 -6  - 0 . 0 2  0.996 216.3 - 4 . 8 9  0.01 0.997 

3. Results and conclusions 

3.1. Thin-layer chromatography 

Some systems suitable for the separation of 
amino acids have been found (Table 1). The 
greatest differences between Rf values of inves- 
tigated compounds were obtained for the sys- 
tems containing methanol and water. The six 
amino acids cysteine chloride, isoleucine, phen- 
ylalanine, methionine, serine, tryptophan were 
separated in the mixture methanol-water (1:1, 
v/v); phenylalanine, methionine, threonine, 
tryptophan, tyrosine, valine were separated in 
the mixture methanol-water (1:5, v/v). 

The best results were obtained for the mix- 
ture methanol-water (1:3, v/v). Under these 
conditions, seven amino acids can be sepa- 
rated: asparagine acid, hydroxyproline, phenyl- 
alanine, leucine, methionine, proline, and 
tryptophan. 

In spite of the fact that the results obtained 
in the systems propanoi-water are not so 
good, monohydrochlorides and monochlorides 
of chosen amino acids can be separated in 

these circumstances. To the best of our knowl- 
edge, such separations are not reported in the 
literature. 

Spots of all amino acids were of good visibil- 
ity, with sharp edges against the white back- 
round of the plates. 

3.2. Derivative spectrophotometry 

Spectrophotometric determination of his- 
tidine was carried out by the use of derivative 
spectrophotometry to complete chromato- 
graphic separation and analysis of this amino 
acid in the mixture. The following amino acids 
were used in this determination: histidine, 
arginine, ornithine, asparagine, proline, hy- 
droxyproline, isoleucine, serine, valine (Figs. 1 
and 2). 

Zero-order spectrophotometry cannot be ap- 
plied in this case, while first-, second- and 
third-order derivative spectrophotometry al- 
lows histidine to be determined with a good 
accuracy at a concentration of 8 ~tg ml-  m. 

Methionine in a mixture with ornithine, as- 
paragine acid, proline, hydroxyproline, iso- 
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leucine, serine, val ine  was ana lysed  in the  same 
way  (Figs.  3 and  4). In  this  case it was also 
poss ib le  to  de te rmine  a me th ion ine  concen t ra -  
t ion o f  10~tgml  - t .  S t ra ight  line dependence  
was eva lua ted  for  a m i n o  ac ids  by  the use o f  
der iva t ive  spec t ropho tome t ry .  Pa rame te r s  o f  
the  equa t ion  

"D = ac  + b 

where  "D is the value  o f  der ivat ive ,  c is the  
concen t ra t ion ,  a is the  in tercept  a n d  b is the  
slope,  for  a pa r t i cu l a r  o r d e r  o f  der ivat ives  a n d  
sui table  co r re la t ion  coefficients for  his t id ine  
and  meth ion ine ,  a re  ga the red  in T a b l e  2. 
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A b s t r a c t  

Two novel biosensors for urea based on immobilized corynebacterium glutamicum 617 and corynebac- 
terium glutamicum ATCC13032 in calcium alginate gel coupled with an ammonia gas-sensing electrode, 
were designed and constructed. Calibration plots of measured potential difference (mV) vs. log of urea 
concentration were linear in the range of 5.6 x 10-3-1.4 x 10 -2 and 5.6 x 10-5-1.1 x 10 -~ mol 1 -~, with 
slopes of 59.2 and 61.3 mV per decade respectively, in pH 8.0, 0.1 moi 1-t phosphate buffer solution at 30°C. 
The relationship between the initial response velocity and the substrate concentration was also discussed. 
The results indicate that the kinetic response process of the reaction catalyzed by bacteria is similar to that 
by isolated enzyme. Using an Eadie-Hofstee plot, the apparent Michaelis constant Km and the maximum 
initial response velocity I'm for urease in the immobilized bacterial membrane were determined. The two 
urea biosensors were successfully applied for the actual measurement of urea in urine and were relatively 
stable for 20 and 40 days respectively. 

1. Introduction 

As the development of  enzyme electrodes is 
limited by the need to purify the required en- 
zyme and the demanding conditions for pre- 
serving it, and as the pure enzyme without any 
cofactors is not efficient enough to catalyze the 
expected biochemical reactions, a current trend 
in the development of  biosensors is the utiliza- 
tion of  novel biological materials as biocatalytic 
layers. Among these are living microorganisms, 
animal and plant tissues [l]. The use of  living 
microorganisms such as bacteria, because of  
their good catalytic behavior, abundant  source 
and lack of  seasonal limitations, as possible 
alternatives to highly expensive isolated en- 
zymes is a rapidly developing method. Divies 
designed the first amperometric  bacterial bio- 

* Corresponding author. 
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sensor [2], and the first potentiometric-based 
one was later reported by Rechnitz et al. [3]. 
Bacterial sensors sensitive to L-glutamine [4], 
L-cysteine [5], glucose [6], methane [7], L-aspar- 
tate [8,9], glutamic acid [10], sulfate [11], DL- 
phenylalanine [12], etc., have successively been 
reported by many workers. 

The determination of  urea by means of  
biosensors is of  importance in clinical and 
other areas. Several urea biosensors based on 
immobilized isolated urease were constructed 
by various groups [13-15] in the 1970s. A jack 
bean meal biosensor for urea was reported by 
Arnold and Scott [16] in 1984 to be a good 
alternative to the urease-based ones, but a de- 
mand of  fresh jack bean must be satisfied. With 
this in mind, living microorganisms containing 
abundant  urease would be considered. Proteus 
mirabilis was applied as a paste to the dialysis 
membrane and coupled with a gas-permeable 

reserved 
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electrode to constitute the biosensors for urea 
by Ihn and co-workers [17,18]. In this paper, 
we found two kinds of  corynebacterium glu- 
tamicum (617 and ATCC13032) containing 
abundant urease that can specifically catalyze 
the decomposition of  urea into carbon dioxide 
and ammonia. These two immobilized bacterial 
membranes in calcium alginate gel were held 
on an ammonia electrode to constitute the 
biosensor for urea. Both resulting biosensors 
showed a longer lifetime and linear detection 
range from a lower substrate concentration 
than that based on Proteus mirabilis. The rela- 
tionship between the initial response velocity 
and the substrate concentration was also stud- 
ied. The results indicate that the kinetic re- 
sponse process of the reaction catalyzed by 
bacteria is similar to that catalyzed by isolated 
enzyme [19-21]. The authors think this is just 
the theoretical basis on which bacteria can be 
used instead of  isolated enzyme. Corynebac- 
terium glutamicum, which can be cultured 
rapidly and used safely, is usually utilized in 
the fermentation industry. To our knowledge, 
the utilization of  corynebacterium glutamicum 
as a biocatalytic material for biosensors has 
not been previously described. 

2. Experimental 

2. I. Apparatus  and reagents 

A Hitachi 20PR-52D type high speed refrig- 
erator centrifuge was used to treat the cultured 
bacterium suspension liquid. All potentiometric 
measurements were made with a model PXS- 
215 ionic activity recorder (No. 2 Shanghai 
analytical instrument factory) in conjunction 
with a YEW type 3086 strip chart recorder. A 
model 501 ammonia electrode (Jiangsu Electro- 
analytical Instrument Factory, Taixian, China) 
was employed and modified as described be- 
low. Measurements were carried out in a ther- 
mostated stirrer. 

Analytical grade reagents were used to pre- 
pare all buffers and standard solutions. All 
solutions were prepared in freshly deionized 
water. The amino acids were obtained from 
Shanghai biochemical reagents store. Coryne- 
bacterium glutamicum 617 was obtained from 
the Genetics Institute of  Fudan University, 
and ATCC13032 from American Type Culture 
Collection. 

2.2. Procedure 

The medium for culturing bacteria was com- 
posed of  1.0%0 peptone, 0.5% yeast powder, 
1.0% sodium chloride and 0.004% nalidixic 
acid. This medium was autoclaved at 121°C, 
1.1 kgcm -2 for 20min. The solution was al- 
lowed to cool and the corynebacterium glu- 
tamicum was aspetically inoculated on this 
liquid medium. The inoculated medium was 
kept in a temperature controlled vibratile cul- 
ture case at 30°C for 20 h. The cells were 
harvested by centrifuge at 7000g for 6 min at 
4°C, washed twice with 0.1 tool 1-~ phosphate 
buffer solution and centrifuged. The cells were 
kept in a refrigerator at 4°C when not in use. 
90 mg of  the collected cells and 150 mg of  4% 
sodium alginate were completely mixed and 
spread on a glass plate to make a 6 x 1.5 cm 2 
membrane. This was immersed in a 4% calcium 
chloride solution for 1 h to immobilize the 
cells. A piece (weight 20 rag, thickness 0.2 mm, 
diameter 10 mm) of  such an immobilized bacte- 
rial membrane was cut off and washed with 
water, and then sandwiched between two piece 
of  cellulose acetate dialysis membranes and 
held on the gas-permeable membrane of  an 
ammonia gas-sensing electrode to construct the 
biosensor for urea (see Fig. 1). An internal 
reference solution of  0.1 mol l  -~ NH4CI was 
used. This prepared biosensor was stored in the 
0.1 mol 1 -~ phosphate buffer in a refrigerator 
when not in use. 

Potentiometric measurements of the steady- 
state response were carried out in the usual 
manner. An aliquot of  the 0.1 mol 1 -~ urea 
stock solution was pipetted into a 25 ml beaker 

a 

/ b 

c 

d 
e 
d 

Fig. I. Schematic diagram of the bacterial biosensor for 
urea: (a) ammonia-sensing electrode body; (b) pH-sensing 
glass electrode; (c) ammonia-sensing membrane: (d) cellu- 
lose acetate dialysis membrane; (e) bacterial membrane. 
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Fig. 2. pH profile for two urea biosensors in 0.1 mol I - I  
N a 2 H P O 4 - K H 2 P O 4  buffer solution at 30°C; [urea]= 
10 -3 mol I -~. 

containing 10ml of 0 . 1 m o l l - '  phosphate 
buffer. The solution was magnetically stirred 
and the steady-state potential was recorded. 
After a measurement, the biosensor was washed 
free of residual urea and ammonia with water 
until a stable blank potential was obtained. 

3. Results and discussions 

3.1. Working conditions 

The principal reactions of corynebacterium 
glutamicum to urea are 

u r ¢ ~  

NH2CONH2 + H20 ..... , CO: + NH3 

N H 3  + H 2 0  "-* NH~" + O H -  

The optimal pH value of the urease catalyzed 
reaction is from 6 to 7. However, the strong 
pH dependence of the enzymatic activity and 
the gas-sensing electrode make the solution pH 
a critical parameter. The effect of pH on the 
bacterial sensor response was studied at differ- 
ent pH values in 0 . 1 m o l l - '  Na2HPO4- 
KH2PO4 buffer. Fig. 2 shows the pH profile for 
the two biosensors. It can be seen that optimal 
biosensor responses are obtained at pH 8.0. 
Borax-potassium dihydrogen phosphate buffer 
solution was also tried as a working buffer 
system, but showed very poor response. This 
result indicates that the buffer system not only 
controls the pH value of the working solution, 
but also inhibits or activates the enzymatic 
activity of bacteria. Hence, the buffer solution 

o f p H  8.0, 0.1 mol 1- ' N a 2 H P O  4 -  KH2PO 4 was 
used throughout this paper. 

The variation in signal was only 5% as the 
temperature increased from 20 to 40"C. How- 
ever, at temperatures lower than 200C, the 
activity of the enzyme in the cells was rather 
lower and the response time was relatively 
longer. At temperatures higher than 35"C, the 
lifetime of the sensors was shortened. Taking 
both the lifetime and response time into con- 
sideration, 30"C was the selected temperature 
for this work. 

3.2. Biosensor response characteristics 
and lifetime 

Typical calibration curves were obtained 
from two biosensors (Fig. 3). A comparison of 
the response characteristics of the two urea 
biosensors is shown in Table 1. 

It can be seen that the biosensors based on 
both corynebacterium glutamicum 617 and 
ATCC13032 show good Nernstian behavior. 
The latter can provide a satisfactory repro- 
ducible potential even at lower concentrations. 
Thus, the nonlinear portion of its calibration 
curve could be used without significant error. 
Comparing these two sensors, that based on 
corynebacterium glutamicum ATCC13032 had 
a narrower linear range, but a lower detection 
limit, faster response and longer lifetime than 
the other. 

It took 1-5 and 3-7  min to obtain a 98% 
response for the biosensors based on corynebac- 
teria glutamicum ATCC13032 and 617 within 
the linear range of the sensors' response. It took 
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Fig. 3. Typical calibration curve for two urea bioscnsors. 
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Table I 
Comparison of the response characteristics of two urea biosensors 

Bacteria 

617 ATCC 13032 

Linear range (mol I - I )  5.6 x 10-5-1.4 x 10 -2 5,6 x 10-5-1.1 x l0 -2 
Slope (mV per decade) 59.2 61.3 
Detection limit (mol I -~) 2.0 x l0 -5 1.5 x l0 -5 
Response time (rain) 8-14 5-9  
Lifetime (days) at least 20 at least 40 

a longer time to obtain the steady-state response 
(see Table 1). 

After 28 days, the ATTCC13032 sensor slope 
reached a constant value of  58 mV per decade, 
and showed little change in the response and 
linear range. It continued to respond in a useful 
fashion after 40 days. In contrast, the 617 
sensor reached a remained constant value of  
45 mV per decade, and showed little change in 
the response and linear range after 12 days; it 
continued to be usable for up to 20 days (see 
Table 2). 

The biosensors based on both corynebac- 
terium glutamicum 617 and ATl'CC13032 
showed linear ranges from a lower substrate 
concentration and a longer lifetime than that 
based on Proteus mirabilis [17,18]. 

An isolated enzyme biosensor and a jack 
bean biosensor that display excellent response 
characteristics for urea have been reported by 
Mascini and Guilbault [15] and Arnold and 
Glazier [16]. However, isolated urease is consid- 
erably more expensive and it is not easy to 
obtain fresh jack bean. Corynebacterium glu- 
tamicum that can be cultured at any time at 
room temperature, which is usually used for 
producing glutamic acid by employing urea as 
a nitrogen source, is an effective replacement 
for pure urease. 

3.3. Selectivity and recovery 

Although urease is highly selective for urea, it 
is known that microorganisms sometimes con- 
tain certain kinds of  deaminases for amino 
acids. Hence, the interference that might be 
caused by them was investigated (see Table 3). 
The results indicated only six out of  all the 
usual amino acids were involved in interference 
for urea. Glucose, saccharose and some inor- 
ganic salts also gave rise to a bit of  interference. 
DL-Alanine, L-lysine, L-leucine, DL-threonine, 
L-proline, glycine, DL-methionine, L-histidine, 

L-tyrosine, DL-tryptophan, DL-phenylalanine, 
L-ornithine, L-cystine, L-glutamate, adenine 
monohydrochloride,  ZnSO4, NaSO4, MgSO4, 
Cd(NO3) 2 and NaAc gave no response. The 
bacterial urea biosensors based on immobilized 
corynebacterium glutamicum gave similar re- 
sults to those from Proteus mirabilis [17,18]. 

Interference, created in particular by amino 
acids, is a problem which is hard to avoid 
owing to living bacteria usually containing 
more than one kind of  enzyme. However, this 
does not obstruct the successful measurement 
of  some real world samples containing a much 
higher concentration of  urea than its interfer- 
ence substances or no main interference (see 
Table 4). Further studies are being carried out, 
employing enzyme inhibitors or HPLC, on the 
selectivity of  bacterial urea biosensors based on 
immobilized corynebacterium glutamicum at 
this laboratory. 

The recoveries of  six urea samples with con- 
centrations of  1.0 x 10-4-1.0  x 1 0 -2 m o l l  - I  
were determined by a calibration curve method. 
The average recoveries of  the two sensors were 
in the range 94.0-103%. 

3.4. Determination o f  urea in urine 

A standard addition method was used for the 
determination of  urea in urine by employing the 
two urea biosensors (617 and ATCC13032, see 
Table 4). The procedure was the same as de- 
scribed above. The raw urine samples were 
measured without any pretreatment by mixing 
0.2ml of  urine with 10ml of  0.1 mol l  - t  phos- 
phate buffer in the thermostated cell. The po- 
tential was recorded under stirring, until a 
steady-state reading was established. 0.2 ml of  
0.1 mol l  - t  urea standard solution was then 
added and the new steady-state potential 
recorded. The urea concentration was deter- 
mined from the calibration curve. Correspond- 
ing experiments were carried out on an 
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Tab le  2 
Stabi l i ty  of  the two urea b iosensors  

Bacter ia  

617 A T C C  13032 

20 days  28 days  40 days  60 days  

Slope 
(mV per  decade)  43.1 39.4 56.9 
Linear  range 
( m o l l  - I  ) 1.4 x l0  - 4 - 1 . 0  x l0  -2  3.0 x 1 0 - 4 - 8 . 0  x l0  -~  1.2 x 1 0 - 4 - 9 . 6  x 10 -~  

55.0 

3.2 x 1 0 - 4 - 8 . 1  X 10 -~  

Tab le  3 
Select ivi ty o f  the two  urea  b iosensors  

Response  r a t i o "  

617 A T C C  13032 

Response  ra t io  b 

617 A T C C  13032 

Urea  100 100 
L-Glu tamine  13.3 11.5 
L-Arginine 6.7 14.3 
L-Asparagine  1.2 45.1 
L-Aspar ta te  I. i - 
L-Serine - 2.0 
L-Valine 4.2 - 
NaCI  2.4 4.3 
KBr  3.1 3.2 
D-Glucose - 2.4 - 5.5 
Saccharose  -- 3.4 - 4 .  l 

100 100 
20.0 13.4 
10.6 17.2 
3.8 51.0 
2.7 

- 6.4 
8.8 
1.7 1.3 
1.1 2.2 

- 2 . 1  - 3 . 7  
- 1 . 8  - 2 . 0  

"[subs t ra te ]  = 10 -3  mol  I - I .  b [substrate] = 10 -2  mol  I - i .  

ASTRA-8 automated stat/routine analyzer (the 
Auto-Analyzer) by a local hospital, for which 
the same samples had to be urease-treated and 
diluted 100-fold throughout. 

As shown in Table 4, the analytical results 
using the bacterial urea biosensors correspond 
to those using this kind of Auto-Analyzer. 
However, the method using the urea biosensors 
described here does not require such sophisti- 
cated equipment, or the elimination of proteins 
and coloration for the conventional spectro- 
photometric method and any other pretreat- 
ment. Therefore, it is an easy, quick and pre- 
cise means of determining urea. 

Table  4 

The  results  o f  urea de t e rmina t ions  in urine 

3.5. Kinetic response process 

Fig. 4 shows the relationship between the 
initial response velocities (V, dE/dt) and the 
substrate concentration ([S]) for two urea 
biosensors. It can be seen that when [S] < 6.0 x 
10-4 mol I -~, V increased rapidly and linearly 
with [S]. However, when IS] was higher than this 
concentration, V rose more and more slowly 
towards a maximum, indicating that the urease 
in the bacterial cells was gradually saturated by 
the substrate urea. Such a kinetic response 
process is similar to that of  the reaction cata- 
lyzed by isolated enzyme [19-21].  This is just 

Sample  By the b iosensor  617 
No. 

[urea]* Recovery  (%) 

By the b iosensor  A T C C I 3 0 3 2  

[urea]* 

By the A u t o - A n a l y z e r  

Recovery  (%) lurea]* 

1.19 x 10 - I  
1.75 x 10 - I  
1.59 x 10 -  I 
1.34 x 10 -  i 

95.7 
94.8 
96. I 
96.9 

1.22 x 10 - I  
1.71 x 10 - I  
1.67 x 10 - I  
1.31 x 10 - I  

98.9 1.24 x 10 -  
97.3 1.76 x 10 -  i 
96.4 1.62 x 10 - I  
97.5 1.37 x 10 -  i 

[urea]*: mol  I -  ~. 
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Fig. 4. Relationship between [S] and V for two urea 
biosensors. 

ac t iv i ty  within co rynebac t e r ium g lu t amicum 
ATCC13032  was higher  than  tha t  within 
co rynebac t e r i um g lu t amicum 617. Similarly,  
the b iosensor  ATCC13032  had  a longer  life- 
t ime. U n d e r  identical  exper imenta l  condi t ions ,  
the  act ivi ty  o f  identical  enzymes in different 
bac te r ia  should  be relat ive to the na ture  o f  the 
bac te r ia  themselves  in which the enzyme exists. 
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Table 5 
The kinetic data for two biosensors 

Bacteria K m mol I-  ~ Vm (mV min- ~) 

617 2.8 x 10 -3 49.1 
ATCC13032 1.4 x 10 -3 73.2 

the  theore t ica l  basis  on  which bac te r ia  can take  
the  p lace  o f  i sola ted  enzyme as  a b ioca ta lys t .  
This  p h e n o m e n o n  shows tha t  the enzyme in the 
whole  bac ter ia l  cell cou ld  di rect ly  ca ta lyze  the 
subst ra te .  I t  c o m b i n e d  with  the  subs t ra te  to  
give a k ind  o f  t rans ient  s ta te  [19,20]: 

F i r s t  step: B(E) + S ~-~ B(E)"  S 

Second step: B(E) .  S ~-- B(E) + P 

where  B(E) represents  the enzyme in the whole  
bac ter ia l  cell. 

F r o m  the M i c h a e l i s - M e n t e n  equa t ion ,  
V =  (Vm[S])/(Km + [S]), using an E a d i e - H o f s -  
tee plot  [19,20], V =  V m -  Km(V/[S]), the maxi-  
m u m  response  veloci ty I'm (dE~dr, mV min - I )  
and  the a p p a r e n t  Michael i s  cons t an t  Km for  
urease in the  bac ter ia l  m e m b r a n e  o f  sod ium 
alginate  were de te rmined .  F o r  the same sub-  
s t rate ,  the h igher  the ra te  a t  which the enzyme 
ca ta lyzes  a given b iochemica l  react ion ,  the 
grea ter  the act ivi ty  o f  the  enzyme.  A c o m p a r i -  
son o f  the  kinet ic  d a t a  o f  the  two urea  b iosen-  
sors  is shown in Tab le  5. The  results  indicate  
tha t  the b iosensor  ATCC13032  had  a lower  Km 
and  higher  response  velocity,  i.e. the  urease 
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Abstract 

A fractai analysis is presented for the binding of pyrene in solution to p-cyclodextrin attached to a 
fiber-optic chemical sensor. The specific (km) and non-specific binding rate coefficients and the fractal 
dimension (Df) (specific binding case only) both tend to increase as the pyrene concentration in solution 
increases from 12.4 to 124 ng ml -I. Predictive relations for the binding rate coefficient (specific as well as 
non-specific binding) and for Dr (specific binding case only) as a function of pyrene concentration are 
provided. These relations fit the calculated kj and Df values in the pyrene concentration range reasonably 
well. Fractal analysis data seem to indicate that an increase in the pyrene concentration in solution increases 
the "ruggedness" or inhomogeneity on the fiber-optic biosensor surface. The fractal analysis provides novel 
physical insights into the reactions oecuring on the fiber-optic chemical surface and should assist in the 
design of fiber-optic chemical sensors. 

Keywords: Binding rate coefficient; Chemical sensor; Fractal dimension 

1. I n t r o d u c t i o n  

There is an increasing demand for sensitive 
detection systems which are required to detect 
analytes in often very dilute and diverse cir- 
cumstances. Fiber-optic biosensors have re- 
cently gained a lot of  interest, and different 
'schemes" have been proposed and applied to 
detect a wide variety of  analytes [1-16]. 
Biosensors are finding increasing application 
nowadays. The ant ibody-ant igen or enzyme-  
analyte recognition or reaction provides the 
basis for the sensitivity and/or  selectivity of  the 
reaction. The transduction of  the biochemical 
signal to an electrical signal is often a critical 
step wherein a large fraction of  the "signal 
loss", for example, fluorescence (by quenching) 
may occur. This leads to deleterious effects on 

' Visiting Faculty at Oak Ridge National Laboratory. 
* Corresponding author. 

the sensitivity and selectivity of  the biosensor, 
besides decreasing the quality of  the reproduci- 
bility of  the biosensor. 

The above "sensing pdneiples'~ proposed ini- 
tially for biosensors have recently been ex- 
tended to a "chemical sensor" [17]. Here the 
analyte molecule that has to be detected is 
"sequestered" in fl-cyclodextrin molecules im- 
mobilized on the distal end of  the fiber-optic 
chemical sensor. Cyclodextrins are sugar 
molecules that possess the structure of  a trun- 
cated cone with a hydrophobic cavity (see Fig. 
1). It is in this hydrophobic cavity that the 
analyte is eomplexed and placed in a hydro- 
phobic environment. This leads to fluorescence 
quenching protection (for example, from wa- 
ter) that can lead to a fluorescence enhance- 
ment effect [18]. 

The complexation of  the analyte by fl-cy- 
clodextrin (p-CD) is influenced by the van der 
Waals interaction, hydrogen bonding, displace- 

SSDI 0039-9140(95)01607-4 
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Fig. 1. Elementary steps involved in the binding of the pyrene (analyte) in solution to the fl-cyclodextrin (fl-CD) 
immobilized to the chemical sensor surface (dual-step binding). 

ment of high energy molecules from the cavity, 
and release of the strain energy of  the fl-CD on 
inclusion of the guest molecule [19,20]. Fur- 
thermore, the hydrophobicity of  the guest 
molecule plays a critical role in the stability of  
the complex. Considering the different factors 
that are involved in the formation of  the com- 
plex, it is reasonable to assume that, in the real 
situation, one obtains a distribution (Gaussian 
or otherwise) or inhomogeneity of the "se- 
questered" analyte states in the fl-cyclodextrin 
cavity. Furthermore, the sequesteration of an 
analyte molecule may very reasonably influence 
the complexation of the analyte by nearby 
fl-cyclodextrin molecules (the "nearest neigh- 
bor" effect). Also, it has been emphasized that 
the extent of  complexation, which is directly 
connected to the sensitivity is strongly depen- 
dent on analyte geometry as well as on func- 
tional group orientation [16]. It has been 
indicated [21] that these types of  surface irregu- 
larities or inhomogeneities may be character- 
ized using Mandelbrot 's non-Euclidean fractal 
geometry [22]. 

Fractal analysis has provided novel physical 
insights into the diffusion-limited reactions oc- 
curring at the ant ibody-antigen interface 
[23,24]. It is worthwhile extending the fractal 
analysis concept for ant ibody-antigen systems 
for biosensor applications to fl-cyclodextrin- 
analyte systems for chemical sensor applica- 
tions. More generally, one may extend the 
analysis to "receptor-analyte" systems. It has 
been emphasized that when too many parame- 
ters are involved in a reaction, the fractal di- 
mension for reactivity may be useful as an 
"integrated" or " lumped" parameter [25]. 
There is no reason to believe that the fractal 
analysis should be restricted only to ant ibody-  
antigen reaction systems. The capture of differ- 
ent molecules by fl-cyclodextrins immobilized 
on a chemical sensor surface may also, as 
indicated above, in the general sense, be ana- 
lyzed by the treatment presented below. 

Fractals are disordered systems which can be 
described in terms of non-integral dimensions 
[26]. The fractal dimension is a global property, 
and is insensitive to structural or morphologi- 
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cal details [27]. As long as surface irregularities 
show scale invariance (that is, dilatation sym- 
metry) they can be characterized by a single 
number, the fractal dimension, Dr [27]. 

Antibodies are heterogeneous and their im- 
mobilization on a fiber-optic surface, for exam- 
ple, would exhibit a certain degree of 
heterogeneity. Similarly, the immobilization of 
fl-cyclodextrins on a silica optical fiber by Arm- 
strong's method [28] would also exhibit some 
degree of heterogeneity. In this method a 
silanized silica gel is obtained with thermal 
epoxy, alkene, or haloalkyl groups by reacting 
by anhydrous organic solvent containing C2-2o 
silanes with a high purity particulate silica gel. 
These are good examples of a "disordered" 
system, and a fractal analysis is appropriate for 
such systems. In this type of diffusion-reaction 
system, the diffusion is conventional in the 
sense that it follows the classical diffusion equa- 
tion. It is the boundary condition on the fractal 
surface (chemical sensor surface in our case) 
that is complicated. The cyclodextrin-analyte 
reactions on the surface are good examples of a 
low dimension reaction system in which the 
distribution tends to be "less random" [29]. 

In this paper the fractal dimension values for 
the kinetics of the binding of pyrene molecules 
(analyte) to immobilized fl-cyclodextrin in a 
chemical sensor system is presented and ana- 
lyzed. The influence of a variable (pyrene con- 
centration) on the fractal dimension value is 
also presented and analyzed. 

2. Theory 

The binding of the antigen in solution to the 
antibody on the surface has been described 
previously [30,31]. It is briefly presented here as 
a model example since no formal presentation 
of  fl-cyciodextrin-analyte binding kinetics pre- 
sumably is available in the literature. It is 
anticipated that the general form of the "cap- 
ture kinetics" of  molecules in solution by "re- 
ceptors" immobilized on a chemical sensor 
surface would also exhibit similar characteris- 
tics (kinetics). 

2.1. Analyte  in solution~receptor on the surface 
[321 

Dual-step binding 
The modeling of  binding of  an analyte in 

solution to a "receptor" immobilized on the 

surface is done in a two-step process. The 
elementary steps involved in the reaction 
scheme are shown in Fig. 1. Here Fo is the total 
concentration of the receptor sites on the sur- 
face, Fj is the surface concentration of recep- 
tors that are bound to a single analyte at any 
time t, Cs is the concentration of the analyte 
close to the surface, k, and k: are the forward 
reaction rate constants, k_,  and k_~ are the 
reverse reaction rate constants, and F2 is the 
surface concentration of  the receptor which 
binds two analyte molecules. For initial bind- 
ing kinetics, it has been shown that the rate of 
binding can be described by Eq. (1) [31]: 

dFi /d t  = krc~2Fo (1) 

3. Variable rate coefficient 

Kopeman [29] has recently indicated that 
classical reaction kinetics are sometimes unsat- 
isfactory when the reactants are spatially con- 
strained on the microscopic level by either 
walls, phase boundaries, or force fields. Such 
heterogeneous reactions, for example bioenzy- 
matic reactions, that occur at interfaces of  
different phases, exhibit fractal orders for ele- 
mentary reactions and rate coefficients with 
temporal memories. In such reactions, the rate 
coefficient exhibits a form given by 

k~ = k ' t  -h 0 <<,b <<, 1 (t >i 1) (2) 

In general, kt depends on time, whereas 
k ' =  k~(t = 1) does not. Kopelman [29] further 
indicates that in three dimensions (homoge- 
neous space), b equals zero. This is in agree- 
ment with the results obtained in classical 
kinetics. Also, with vigorous stirring, the sys- 
tem is made homogeneous and b again equals 
zero. However, for diffusion-limited reactions 
occurring in fractal spaces, b > 0; this yields a 
time-dependent coefficient. 

Havlin [33] has briefly reviewed the role of 
the diffusion of reactants towards fractal sur- 
faces and indicates that the diffusion of  a par- 
ticule (for example, analyte) from the 
homogeneous solution to a solid surface (the 
chemical sensor surface) where it reacts to form 
a product (analyte-"receptor" complex) is 
given by [34-36] 

' t { 3  - -  D r ) : 2  = I t ,  t < tc 
(Analyte-receptor) oc at ~,2 t > t~ 

(3) 
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Table 1 
Experimental and predicted values o f  the fraetal dimension Dr and the integrated binding rate coefficient k~ for a 
fl-cyclodextrin fiber-optic chemical sensor 

Pyrene k~ 
concentration 
(ng m l - ) )  Experimental Predicted 

p Df 

Experimental Predicted 

(a) 
12.4 207.1 _ 11.04 222 .9+5 .50  0 .2766+0.029  2 .4468+0.058 2 .4433+0.048 
62.0 1104+75.23 1115+27.50  0.2121 +0.038 2 .5758+0.076 2.5803+0.0511 
99.8 1899+ 152.2 1794+44.27 0.1991 +0.045 2 .6018+0.090  2 .6223+0.0519 

124 2152+179 .5  2229+55.01 0 .1684+0.047 2 .6332+0.094 2 .6417+0.0526 

(b) Non-specific binding studies: no ~-¢yclodextrin immobilized 
12.4 62.86 + 21.18 54.97 + 0.0997 0.2036 + 0.206 2.5928 _ 0.412 - ~ 
62.0 286.9 + 136.0 274.8 + 4.981 0.1484 + 0.294 2.7032 + 0.588 - ~ 
99.8 449 .7+206.7  438 .6+8.018  0 .1527+0.285  2 .6946+0.569  4 

124 534 .0+248  549.7+9.962 0.1481 +0 .289  2 .7038+0.577 - a 

a Not predicted. 

where Dr is the fractal dimension of  the surface 
and p is a coefficient. Havlin indicates that the 
cross-over value tc (where the fractal nature is 
lost) may be determined by tc ~ r~. Above the 
characteristic length re, the self-similarity of the 
surface is lost and may be considered homoge- 
neous. Note that the product (analyte-recep- 
tor) in the reaction, analyte + receptor-* 
(analyte-receptor), on a solid fractal surface 
scales with p = ( 3 -  Dr)/2 at short time scales, 
and p = I/2 at intermediate time scales. The 
equation is associated with the short-term 
properties of a random walk on a fractal 
surface. Also, note that in perfectly stirred 
kinetics on a regular surface, k~ is a con- 
stant, and is independent of  time. The appear- 
ance of  the exponent p = - b  different from 
p = 0 is the consequence of two different phe- 
nomena: the heterogeneity (fractality of the 
surface), and the imperfect mixing (diffusion- 
limit) condition. 

filter selecting the fluorescence wavelength. The 
current from the photomultiplier tube was 
measured with a picoammeter and recorded on 
a strip chart recorder. 

The fibers were derviatized with fl-CD as 
previously described [17]. In this case, the fibers 
were pulled to a 25nm tip using a Sutter 
Instruments model P-2000 fiber puller prior to 
derivatization with/?-CD. 

4.2. Measurements 

All measurements were performed as follows. 
The fiber was placed in distilled H20 to deter- 
mine the baseline and background signal. The 
fiber was then placed in the pyrene solution and 
the fluorescence signal was monitored periodi- 
cally over the 10min incubation period. All 
curve-fittings procedures were performed using 
SigmaPlot (Jandal Scientific, San Rafael, CA). 

4. Experimental 

4.1. Optical configuration 

The optical system configuration has been 
described previously [17]. Briefly, the 325nm 
line of an H e - C d  laser was passed through a 
beam splitter consisting of  a mirror with a 
2 mm pinhole through its center. The laser 
beam was then focused into the distal end of  
the optical fiber. The fluorescence emitted was 
transmitted back through the fiber, reflected by 
the mirror and focused into the photomulti- 
plier detector with a 400_+ 10nm bandpass 

5. Results 

Alarie and Vo-Dinh [17] have developed a 
CD-based fiber-optic chemical sensor with fl- 
CD immobilized at the distal face of an optical 
fiber. Their process combines the selectivity of 
the CD along with enhancement of the fluores- 
cence of the complexed molecule, pyrene. De- 
tailed studies of the capture of pyrene present 
in different initial concentrations in solution by 
fl-CD immobilized on an optical fiber were 
performed (Table l(a)). In this study the influ- 
ence of  non-specific binding (no fl-CD immobi- 
lized on the optical fiber) was also analyzed 
(Table l(b)). 
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In the pyrene concentration range studied 
(12.4-124ngml -~) an increase in the pyrene 
concentration in solution increases Dr or the 
inhomogeneity (disorder) on the surface. Table 
l(a) shows the values (along with the error 
bars) of the fractal dimension Df and the bind- 
ing rate coefficient kj(t = 1). An increase in the 
pyrene concentration by a factor of 10 from 
12.4 to 124 ng ml-1 increases the fractal dimen- 
sion by 7.6% from 2.4468 to 2.6332. The high 
values of Dr obtained indicate a significant 
amount of spatial inhomogeneity at the ana- 
lyte-receptor interface. The fractal dimension 
Dr may provide a useful integrated parameter 
for evaluating sensor performance and a pre- 
dictive equation for D r was generated in an 
attempt to understand (a) the nature of Dr and 
(b) how Dr changes with pyrene concentration. 
In the pyrene concentration range studied, Df 
may be represented by 

Dr = (2.243 _ 0.04438)[pyrene] °°'91 ± o.oo4s (4) 

Different functional forms were attempted such 
as the linear form, etc. Eq. (4) accurately pre- 
dicts within 1% the Df  values obtained in the 
pyrene concentration range studied. Note the 
functional form of the slight dependence (of 
"empirical" power 0.034) of Df on the pyrene 
concentration. This non-integer dependence in- 
dicates mechanistic complexities at the reaction 
interface, and also points towards or lends 
support to the fractal nature of the surface. 
Further studies are required to delineate the 
significance of this power dependence, pre- 
sumably by unraveling the elementary steps 
involved in the reaction mechanism, and/or by 
making more quantitative the extent of disor- 
der or inhomogeneity that exists on the surface. 
It is also of interest to note that an increase in 
pyrene concentration in solution leads to in- 
creases in both the Dr and k~ values. In other 
words, higher degrees of inhomogeneity on the 
surface also yield higher binding rate co- 
efficients, in this case. Previous work on anti- 
body-antigen systems also shows this type of 
behaviour [37]. Further experiment along the 
theoretical modeling is required to "tie-in" the 
changes in the fractal dimension with biosensor 
performance parameters such as sensitivity, 
stability, response time, and reproducibility. 

Fig. 2 shows the fit of Eq. (3) for the amount 
of pyrene in solution bound to the fl-CD. Once 
again, the model is able to fit the experimental 
data with a high degree of accuracy. A model 
involving a constant binding rate coefficient kl 

cannot fit the data (especially the curve nature 
at later times); thus this is a simple way of 
justifying (pictorially) why a time-dependent 
(temporal) coefficient works better than a con- 
stant kt. Besides, the fractal and changing na- 
ture of the surface warrants the utilization of a 
temporal binding coefficient vis-a-vis a con- 
stant binding coefficient. One notes that an 
increase in the pyrene concentration in solution 
increases the kl value. An increase in the 
pyrene concentration by a factor of 10 from 
12.4 to 124 ngml -I increases km by a factor of 
10.38 from 207.1 to 2152. In the pyrene con- 
centration range studied, k~ may be represented 
by F_,q. (5): 

k I = (17.98 _+ 0.4436)[pyrene] (5) 
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Fig. 2. Fit of the model (Eq. (3)) to the binding of  different 
initial pyrene concentrations in solution to the p-CD im- 
mobilized to the chemical sensor surface: (A) e,  
12.4ngml-'; &, 62ngml-'. (B) @, 99.Sngml-'; &, 
124 ngml-'. 
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where [pyrene] is the concentration (ng ml-I). 
The predicted values of kz (Table 1) obtained 
from Eq. (5) are within 8% of the experimental 
k~ values obtained by the curve-fitting proce- 
dure. Predictive equations for the binding co- 
efficient would be of considerable assistance in 
the design of biosensors, besides helping to 
understand better the reactions and kinetics at 
the interface. 

Non-specific binding can play a significant 
role in the development of effective fiber-optic 
biochemical and chemical sensors since it 
affects the sensitivity, stability, response time, 
and reproducibility of these sensors. Often, 
only estimates of the amount of non-specific 
binding relative to the amount of specific bind- 
ing are available in the literature. 

Table l(b) shows the values (along with er- 
ror bars) of the fractal dimension D r and the 
binding rate coefficient for non-specific bind- 
ing, k,~. As seen in Table 1, the error bars for 
Dr are four to six times the change in the Dr 
values obtained. This makes it impossible to 
develop accurately a functional form for Dr. 
For all practical purposes, considering the er- 
ror bars, there is hardly any change in Dr as the 
pyrene concentration in solution changes by a 
order of magnitude from 12.4 to 124 ng ml- t. 
Strictly speaking, there is no "chemical" driv- 
ing force to the chemical sensor surface, i.e. 
there is no complexation. Apparently, in this 
case the extent of inhomogeneity or disorder 
on the surface is "dominated" by the charac- 
teristics of the non-specific binding, with "mi- 
nor" contributions coming in due to increased 
pyrene concentrations in solution. Note that in 
this case the pyrene is not "permanently" ad- 
sorbed. The removal of the chemical sensor 
from the pyrene solution and placing it in 
water yields a very small residual signal. In the 
fl-CD case, a strong signal remains from the 
complexed pyrene-fl-CD. 

Fig. 3 shows the fit of Eq. (3) for the amount 
of pyrene in solution "reversibly" adsorbed to 
the fiber-optic chemical sensor with no fl-CD 
immobilized to the fiber-optic surface. Once 
again, Eq. (3) is able to fit the experimental 
data reasonably well. An increase in the pyrene 
concentration increases k,~ (as also observed 
for the specific binding rate coefficient k~). An 
increase in the pyrene concentration by a factor 
of l0 from 12.4 to 124 ng ml -~ increases k,~ by 
a factor of 8.5 from 62.86 to 534. Note the 
relatively high values of the error bars for kn, 
values for all of the pyrene concentrations 

800 

700 - 

600 - 

500 

~ 4 0 0  

i~ 300 

200 

100 

0 

I I i 1 i 

0 2 4 6 8 10 

Time (rain) 

Fig. 3. Fit of  the model (Eq. (3)) to the binding of  different 
initial pyrene concentrations in solution directly to the 
chemical surface (with no fl-CD attached - -  non-specific 
binding): 0 ,  1 2 . 4 n g m l - t ;  &, 62ngml -~ ;  I1, 99.8ng 
ml-~;  ,e,, 1 2 4 n g m I - L  

studied. Presumably, this reflects a characteris- 
tic (at present, undetermined) of the non-spe- 
cific binding of the polycyclic aromatic 
hydrocarbon in solution directly to the fiber- 
optic surface. In the pyrene concentration 
range studied, kns may be represented by Eq. 
(6): 

k.s = (4.433 + 0.08034)[pyrene] (6) 

Eq. (6) fits the k.~ values in the pyrene concen- 
tration range studied within 13%. 

6. Conclusion 

The fractal analysis of the fl-cyclodextrin- 
pyrene reaction occurring on the chemical sen- 
sor surface provides a semi-quantitative 
indication of the state of disorder and inhomo- 
geneity of the system at the "receptor-analyte" 
surface. 

The data presented in Table l(a) and Table 
l(b) provide valuable physical insights by 
providing a "semi-quantitative" measure of the 
degree of disorder or inhomogeneity that exists 
on the chemical sensor surface. The influence 
of the pyrene concentration in solution on the 
specific kl and non-specific k,~ binding rate 
coefficients and on the fractal dimension Dr 
could be correlated. When fl-CD is immobi- 
lized on the fiber-optic surface, one notes that 
an increase in the pyrene concentration in solu- 
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tion increases both the kl and Df values. It is of 
interest to note that an increase of the spatial 
inhomogeneity or disorder on the surface (in- 
creasing Dr values) with higher pyrene concen- 
trations in solution leads to higher kt values. 
"Predictive type" relations suggested for Dr 
and kl are of considerable value in helping to 
design biosensors and in understanding the ki- 
netics. These equations do seem to fit the calcu- 
lated values of kl and Df respectively well. 

When no fl-CD is attached to the fiber-optic 
surface (non-specific binding studies), one 
notes that an increase in the pyrene concentra- 
tion in solution increases the non-specific bind- 
ing rate coefficient k,s values. The high error 
bars obtained for k,s values indicates pre- 
sumably a characteristic of non-specific bind- 
ing, at least for this case. More data of this 
type and for other chemical sensor systems are 
required to help further validate and/or modify 
the above for chemical sensor applications. 
Further studies on the complexation of pyrene 
and of other analytes of interest by ~-CD will 
be undertaken in this laboratory in the near 
future to delineate further the reaction com- 
plexities and the degree of inhomogeneity that 
exists at the chemical sensor surface. 

The fractal analysis of the fl-CD-pyrene 
chemical sensor application helps provide novel 
physical insights into the conformational states 
of the ,8-CD-pyrene binding complex on the 
chemical sensor surface. The analysis of differ- 
ent chemical sensors taken together would help 
form a framework, wherein the data on differ- 
ent chemical sensors may be compared. The 
build-up of the database on conformational 
states should also assist in helping to improve 
the sensitivity, stability, reproductibility, and 
reaction time of fiber-optic chemical sensors. 
Predictive relations for kj, Df and for other 
important parameters are particularly appeal- 
ing, and should be of considerable assistance in 
the design of chemical sensors. It may be rec- 
ommended that further similar studies (both 
theoretical as well as experimental) be carried 
out to delineate further the conformational 
states of the "receptor-analyte" on chemical 
sensor surfaces. 
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Abstract 

A fluorimetric procedure for the determination of hydrogen peroxide, based on the oxidation of 
acetaminophen with hydrogen peroxide in acidic medium, is described. The calibration graph was linear in 
the range 5.0 x 10-8-2.4 x 10 -5 M hydrogen peroxide at an emission wavelength of 333 nm with excitation 
at 298 rim. The method has been applied to the determination of hydrogen peroxide in rain water, and the 
recoveries in milk samples were good. 

1. Introduction 2. Experimental 

Hydrogen peroxide is produced by photo- 
chemical reactions in the atmosphere. Acid rain 
may possibly form when hydrogen peroxide 
reacts with SO2 [1]. Therefore the chemistry of  
hydrogen peroxide is very important in the 
field of  environmental science. In addition, its 
carcinogenicity has raised interest in recent 
years. A rapid, simple method for its microlevel 
determination is needed. Fluorimetric methods 
for the determination of  hydrogen peroxide 
have been reported [2-4]. Some of  the methods 
require very expensive reagents. 

The use of  acetaminophen as a fluorescent 
reagent for the determination of  Ce(IV) has 
been developed [5]. In this paper, a new fluori- 
metric method, based on the oxidation of  non- 
fluorescent acetaminophen to a fluorescent 
compound by hydrogen peroxide in 0 .12M 
H2SO4, is described. The method possesses dis- 
tinct advantages over other fluorimetric meth- 
ods with respect to simplicity, expense, and 
determination range. 

* Corresponding author. 

2. I. Apparatus 

An RFo540 spectrofluorimeter (Shimadzu, 
Kyoto,  Japan) was used. 

2.2. Reagents 

Analytical-grade reagents and distilled water 
were used throughout. 

A solution of  hydrogen peroxide was pre- 
pared by dilution of  a 30% solution and was 
checked by permanganimetry. 

Acetaminophen stock solution (0.01 M) was 
prepared by dissolving 0.3780g of  ac- 
etaminophen in warm water, stirring for 10 min 
and diluting to 250 ml in a calibrated flask 
after cooling. 

Sulphuric acid solution of  concentration 2 M 
was used. 

2.3. Procedure 

To a 25ml  volumetric flask were added 
2.5ml of  acetaminophen solution (1.0 x 1 0  - 2  

M), 1.5 ml of  sulphuric acid solution (2 M) and 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights reserved 
SSDI 0039-9140(95)01603- I 
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a suitable working solution of  hydrogen perox- 
ide. The flask was placed in a boiling-water 
bath for 40 min, then it was cooled under tap 55 
water and diluted to the mark  with water. The 
fluorescence intensity resulting from an excita- ...-50 
tion wavelength of  298 nm and an emission 
wavelength of  333 nm was measured against a ! 
reagent blank. 4 5  

3. Results and discussion 

3.1. Fluorescence spectra 

The excitation and emission spectra of  the 
system investigated are shown in Fig. 1. The 
fluorescent species has excitation and emission 
maxima at 298 nm and 333 nm, respectively. 

3.2. Effect of  acetaminophen concentration 

The effect of  acetaminophen concentration 
on the fluorescence intensity of  the system was 

40 

20 

(a) 

260 

(b) 

2' 

300 300 350 
Wavelength 

Fig. I. Fluorescence spectra: (a) excitation, 298 nm; (b) 
emission, 333 nm. Curves ! and 1', acetaminophen-H2SO4 
system (reagent blank): curves 2 and 2', acetaminophen- 
H,O2-H:SO4 system. Conditions: [H:O2], 4.0 x 10 -6  M; 
[acetaminophen], 1.0 x 10 --a M; [H2SO4], 0.12 M. 

40 6 7 8 9 10 11 " 

C acetaminophen (x 10 "4 M) 

Fig. 2. Effect of  acetaminophen concentration. Conditions 
as in Fig. I. 

studied. It was found that a maximum and 
constant fluorescence intensity was obtained 
for acetaminophen concentrations in the range 
8.0 x 10-4-1.1 x 10 -~ M. An acetaminophen 
concentration of  1.0 x 1 0 - 3 M  was selected 
(Fig. 2). 

3.3. Effect of  sulphuric acid concentration 

The experimental results indicated that when 
the concentration of  sulphuric acid was be- 
tween 0.08 and 0.16 M, the fluorescence inten- 

5 0  

40 

30 0.()4 0.08 0.12 0.16 0.20 0.24 
C suiphuric acid (M) 

Fig. 3. Effect of  sulphuric acid concentration. Conditions 
as in Fig. I. 

Table ! 
Tolerance limits for interfering ions" 

Ion Ratio to H202, (w/w) 

F -  200 
K +, Mo(VI) 150 
Ca 2+, Sr 2+, Mg 2+, Zn 2+ 100 
Be 2 +, Cd 2 +,  C20 ~ - 50 
Sn(IV), Pb 2 +,  l - ,  C I -  30 
Cu 2 +, EDTA 20 
Cr(lII) 5, 100 b 
Fe(lll) 3, 50 b 
Hg(ll), Cr(VI) 1, 80 b 

H202, 1 ~g per 25 ml. 
b In the presence of  0.02 M EDTA. 
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Fig. 4. Effect o f  heating time. Conditions as in Fig. I. 

3. 7. Application 

The proposed method was used to assay 
hydrogen peroxide in rain water. The samples 
were collected and filtered before analysis. A 
suitable volume of rain water was transfered to 
a 25 ml volumetric flask. The determination 
was carried out by the procedure described 
above. The results obtained are presented in 
Table 2. The recovery of hydrogen peroxide in 
rain water was 96-102%. 

In addition, the recovery of hydrogen 
peroxide in milk was tested. To 1 ml of 
pasteurized milk were added 0.1 ml of glacial 
acid and 2.5 lag, 5.0 lag, or 12.0 lag of hydrogen 
peroxide. The solution was mixed and 
centrifuged, and the supernatant was assayed. 
The recovery was good (95%, 98%, and 102%, 
respectively). 

3.8. Luminescence mechanism 

sity reached a maximum. A sulphuric acid 
concentration of 0.12 M was chosen (Fig. 3). 

3.4. Effect of  temperature and time 

Optimal reaction conditions of temperature 
and time were investigated for the assay of 
hydrogen peroxide, and a standard procedure 
was established, involving standing for 40 rain 
at 100°C (Fig. 4). 

3.5. Calibration graph 

A linear calibration graph of fluorescence 
intensity of the system vs. hydrogen peroxide 
concentration was obtained, covering the 
ranges 5.0 x 10-s-2.8 x l0 - 6 M  and 2.0 x 
10-6-2 .4x  10-SM. The detection limit is 
1.5 x 10 -s M, the blank plus three times the 
standard deviation of the blank [6]. 

3.6. Effect of  diverse ions 

The influence of diverse ions on the determi- 
nation of 1 lag per 25 ml of hydrogen peroxide 
was examined, and the tolerance limits were 
taken as the amounts that caused about a 
+ 5% error in the fluorescence intensity. Table 
I shows that only Fe(III), Hg(II), and Cr(VI) 
caused severe interference, because of their oxi- 
dizing nature. These ions can be masked by 
adding EDTA. 

Sultan et al. [7] reported that acetaminophen 
is oxidized by Ce(IV) to form p-benzoquinone, 
which has been used for the spectrophotomet- 
ric determination of acetaminophen (paraceta- 
mol). In this system, acetaminophen might be 
oxidized to p-benzoquinone. In order to inves- 
tigate the nature of the reaction product of the 
system, the ultraviolet and fluorescence spectra 
of the acetaminophen-H2SO4-H202 and p- 
benzoquinone-H2SO4 systems were studied. 
Fig. 5 shows that p-benzoquinone in 0.12 M 
sulphuric acid solution has excitation and emis- 
sion maxima at 298 nm and 333 nm, respec- 
tively. This is similar to those of the 
acetaminophen-H2SO4-H202 system. The ul- 
traviolet spectra show that the absorption 
bands of the two systems are also very similar 
(Fig. 6). These results indicate that a product 
might be p-benzoquinone. The reaction be- 
tween acetaminophen and hydrogen peroxide is 
as follows: 

Table 2 
Determination of  8202 in rain water 

Sample 8202 found (lag m l -  ~) 

Proposed method Other method = 

1 0.38 0.40 
2 0.56 0.61 

Using HPMQ (N - (4'-hydroxyphenyl)-N-(4-methyl- 
quinolinyl)-amine) as the fluorescent reagent (Ref. [4]). 
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NHCOCH 3 

OH 

H.( 
NH 2 

) 
OH 

O 

H202 ' I ~  

O 

~ + H20 + NH 3 

20 

(a) 1 

0 = 
250 300 

l 

20, 

0 ., 

Wavelength (nm) 

1 I 

300 350 

Fig. 5. Fluorescence spectra: (a) excitation, 298 nm: (b) emission, 333 nm. Curves 1 and 1', p-benzoquinone-H2SO 4 
system. ([H2SO4], 0.12 M.) 

1.0t (a) 

< 0.5 

0 -  1 
190 400 

(b) 

190 400 
Wavelength (nm) 

Fig. 6. Ultraviolet spectra: (a) H202 (excess)-acetaminophen-H2SO4 system; (b) p-benzoquinone-H2SO 4 system. 
([H,SO4], 0.12 M). 
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4. Conclusions 

In s u m m a r y ,  this r e p o r t  p resen t s  a new 

f luo r ime t r i c  m e t h o d  useful  fo r  the  d e t e r m i n a -  

t ion  o f  h y d r o g e n  p e r o x i d e  in ra in  wate r .  T h e  

m e t h o d  is rap id ,  s imple  and  inexpens ive .  
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Abstract 

The preparation, composition and structure of copper hexacyanoferrates have been investigated. Three 
methods were used: precipitation, local growth in an aqueous solution, and growth in a gel. Four 
compounds were obtained, either in powdered form or as single crystals: Cun2Fen(CN)6"xH20, 
Cu~l[Fem(CN)6]2 • xH20, Na2CunFen(CN)6 • 10H20 and K2CunFen(CN)6. Powders of 
Cu~IFen(CN)6 • x H 2 0  and CulI[Fe m (CN)612 • xH20 are easily prepared by precipitation and can also be 
obtained by local growth. They crystallise generally with cubic symmetry, in space group Fm~m, and are 
structurally disordered. The mixed copper hexacyanoferrates of general formulae MtCunFen(cN)6 or 
M~CunFem(CN)6 (here M ~ is Na, K) were not obtained by precipitation. The appropriate method was local 
growth for the preparation of powders of K2CunFen(CN)6. Single crystals of Na2CunFen(CN)6 were 
obtained by growth in a gel, and their study using single crystal X-ray diffraction revealed a new monoclinic 
structure. 

1. Introduction 

Transition metal hexacyanoferrates are well 
known for their high affinity towards caesium 
in a wide range of  pH [1,2]. They have numer- 
ous applications in analytical chemistry for the 
concentration of radioactive caesium and the 
measurement of  radioactive fail-out in the 
environment [3-5]. They are primary candi- 
dates for caesium removal from radioactive 
liquid wastes. They are also efficient for the 
recovery of  silver and palladium from dilute 
solutions [6-8]. The concentration of  these ele- 
ments could be useful for analytical purposes 
or for recovery from liquid wastes. Hexacyano- 
ferrates(II) and (III) with several different tran- 
sition metals were studied for the removal of  
caesium [9-12]. The question concerning the 

* Corresponding author. 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights 
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best compound is still pendant. One of  the 
reasons for this uncertainty is that these com- 
pounds exhibit a great variety of  compositions 
and structures. Several kinds of  compound 
may be observed with the same transition 
metal, depending on the preparation method. 
It is therefore difficult to establish a relation- 
ship with the sorption properties. In an effort 
to clarify this situation, we performed a sys- 
tematic study of  the preparation methods, 
compositions and structures of  zinc and nickel 
hexacyanoferrates(II) [13,14]. More recently we 
started with copper hexacyanoferrates(II) and 
(III). These compounds not only exhibit a 
strong affinity for caesium [15-17], but they 
are also of  potential interest for the fixation of  
palladium and other precious metals [7,18]. 
The applications of  such products in analytical 
chemistry and for industrial separations are 
strongly connected with obtaining reproducibly 

reserved 
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defined compounds• Their use would be greatly 
facilitated if they could be produced under the 
form of hard granular solids mechanically sta- 
ble in ion exchange columns. 

Before undertaking a systematic study of the 
exchange properties of these compounds, it was 
essential to define a few preparative methods 
which lead to reproducible chemical composi- 
tions and structures• Certain general features 
may be deduced from a review of the literature 
[19]. Copper hexacyanoferrates(II) exhibit sev- 
eral compositions and structures. They belong 
to at least two families, having formulae 
Cu~lFen(CN)6 and K2CuIIFeU(CN)6 . Methods 
leading to these compounds have been de- 
scribed [20,21]. Other definite mixed hexa- 
cyanoferrates(II) such as K2Cu~I[Fen(CN)6]2 
[22,23], have often been reported but their exis- 
tence is questionable. Copper hexacyanofer- 
rates(III) have been less studied, and the 
formula generally presented is Cu3[Fe m- 
(CN)612 [24-28]. In a few cases, potassium has 
been found in this compound [25,28,29]• 

Since the first publication by Keggin and 
Miles [30], hexacyanoferrates of divalent metals 
such as Cu, Ni and Co [31-33] have frequently 
been described as cubic, space group Fm3m, 
with ao ~ 10 A. This a0 value is equal to twice 
the length of the F e - C - N - M "  group• These 
compounds seem to remain isostructural when 
alkali metal ions are incorporated into them 
[26,34,35]. One potassium copper hexacyano- 
ferrate(II) departs from this cubic structure 
[21]. In previous studies, we ascribed several 
different structures to compounds belonging 
to the zinc hexacyanoferrate group. Zn2- 
FeU(CN)6 • 2H20 was found to have a trigonal 
structure P3ml, M~Zn3[Fen(CN)6]2 • xH20 
(here M I is Na, K, Cs) has a rhombo- 
hedral arrangement R~c [36-39] and Zn 3- 
[Fem(CN)6]2. xH20 is either cubic Fm3m or 
rhombohedral R]c (x = 2) [40,41]• 

However, several questions still remain. 
Apart from the compounds of end composi- 
tions Cu~tFen(CN)6 and K2CunFeU(CN)6, 
what are the regions of alkali metal ion content 
in mixed copper hexacyanoferrates? Do solid 
solutions really exist? If not, what are the 
formulae of the other mixed alkali-metal cop- 
per compounds of defined composition? 

We have tested various methods of prepara- 
tion and have characterised the products ob- 
tained in each case. We report here results 
concerning the composition, granulometry, 
yield of various particle sizes, and the struc- 

ture of four compounds: CuUFe'I(CN)6, Cu~ I- 
[Fem(CN)6]2, K2CunFeU(CN)6 and Na2Cu n- 
FeU(CN)6 . Single crystals of Na2CunFeU(CN)6 
(main dimension larger than 100/zm) were pre- 
pared for the X-ray diffraction studies. 

Practical interest in copper hexacyanofer- 
rates includes the production of sorbents with 
good mechanical properties for use in columns. 
One of the aims of this study was to find a 
preparation process which controls the grain 
size and produces granular materials suitable 
for this purpose. We have tested a new process 
that leads to the formation of beads [42,43]• 

2. Experimental 

2.1. Reagents 

The alkaline hexacyanoferrates Na4FeU(CN)6 
• 10 H20, K4Fen(CN)6 • 3 H20, K3Fem(CN)6, 
mineral acids and copper sulphate were of 
reagent grade and were supplied by Prolabo 
(France). Cupric nitrate and granular cuprous 
chloride (Cu~C1) were obtained from Carlo 
Erba Farmitalia (Italy), Dowex 50 W-X8 resin 
and tetramethoxysilane from Fluka (Switzer- 
land), and sodium metasilicate from Baker 
(Netherlands). 

2.2. Synthesis 

New synthetic procedures were developed 
and compared with published methods• The 
three principal preparation modes can be 
classified as: precipitation, local growth and gel 
growth• 

2.2.1. Precipitation methods 
The preparation conditions are described in 

Tables 1 and 2. For compounds that have been 
described previously, we quote the main refer- 
ence for the experimental procedure. 
H4Fen(CN)6 solution was prepared by the ion 
exchange of Na4Feit(CN)6(0.125 M) on Dowex 
50 W-X8 resin in the H ÷ ion form. The solu- 
tion was used immediately• The solution turns 
blue on standing. 

A solution of Li4Fen(cN)6 was prepared 
from Na4Fen(CN)6(0.6M) using a Dowex 
50W-X8 resin in the Li ÷ form (H ÷ form 
treated with LiNO~(1 M) until no H ÷ ions were 
detected in the eluted solution). The concentra- 
tion of the hexacyanoferrate ions in the solu- 
tions prepared was measured by iodometric 
titration [44], and was then adjusted by dilution. 
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Three procedures were used: (i) and (ii) are 
classical laboratory processes, which differed 
mainly in the washing methods and the reagent 
addition rates; and (iii) was used for the prepar- 
ation of  larger quantities (up to a few kilo- 
grams). 

(i) Solutions of  the appropriate reagents 
were mixed in a 6 i round-bottomed flask by 
slow simultaneous addition at speeds between 
0.5 x 10 -3 and 2.25 × 10 - 3  mol h -1, with gen- 
tle mechanical stirring. The temperature was 
maintained constant with a water bath. The 
slurries were washed with deionised water by 
decantation at least eight times using a total 
washing volume of  at least 1.7 1. The precipi- 
tate was allowed to dry in air and was weighed 
(giving the total yield) after which 200, 100 and 
25/~m sieves were used to separate the frac- 
tions having particles sizes above and below 
25/lm. The fractions were dried in air between 
20 and 40°C and were weighed (giving the 
above 25 / lm yield). 

(ii) The rate of  addition was varied from 
0.15 x 10 -3 to 2.25 × 10-3 mol h - t .  If not oth- 
erwise stated, the slurries were then allowed to 
stand for 48 h at 70°C, filtered (0.2 ltm) and 
dried at 40°C in air. The powders were then 
washed with water, decanted, dried in air at 
temperatures below 50°C and weighed (giving 
the global yield). 

(iii) One solution was rapidly added to the 
other with stirring. Small particles (~b < 
100/am) recovered from sieving a previous 
preparation were added to this solution, which 
was allowed to stand for 20 h. The slurries 
were then filtered under pressure for 2 h. They 
were washed on the filters with 0.006 M nitric 
acid and filtered before drying on a warm 
surface (80°C) for 48 h. The product was 
ground. The particles with dimensions less than 
I00/~m were separated and those with dimen- 
sions above 500/~m were ground again. 

2.2.2. Local growth method 
This method was developed with the aim of  

preparing beads having particles of  controlled 
size [45]. This procedure was used when the 
above precipitation methods led to colloidal 
solutions. 

The preparation conditions are given in 
Table 3. Crystals of the corresponding alkali 
metal hexacyanoferrate were placed in a con- 
centrated solution of  copper nitrate or, alterna- 
tively, crystals of copper sulphate were placed 
in a concentrated solution of  alkali metal hexa- 

cyanoferrate. Under defined conditions of con- 
centration and temperature, a film of insoluble 
hexacyanoferrate appears around the crystal, 
the thickness of which increases until the start- 
ing solid is completely consumed. This proce- 
dure is described more in detail in Ref. [42], 
while the growth mechanisms are discussed in 
Ref. [43]. 

2.2.3. Growth of  single crystals in gels 
The preparation of single crystals is required 

for a complete structural determination by X- 
ray diffraction. Single crystals of zinc hexa- 
cyanoferrates have previously been obtained by 
slow diffusion of  the reagents [46]. The details 
of the syntheses are given in Table 4. In order 
to slow down the speed of  diffusion of  copper 
ions, copper tartrate crystals were used, pre- 
pared by diffusion of  a copper nitrate solution 
through a tetramethoxysilane gel containing 
tartaric acid. The copper tartrate crystals were 
placed at the bottom of  a test tube and covered 
by a metasilicate solution neutralised to vari- 
ous pH values with a 1 M acetic acid solution. 
After formation of a metasilicate gel, an alka- 
line hexacyanoferrate solution was introduced 
and allowed to diffuse slowly (for at least 1 
month) [47]. 

The crystals were individually separated 
from the gel using a binocular magnifier and 
glass capillaries and were washed several times 
in a drop of  water. 

2.3. Chemical analysis 

Non-destructive neutron activation analyses 
were performed for the determination of the 
concentration of  the elements Na, K, Cl, Cu 
and Fe using the facilities of the Pierre SiJe 
Laboratory. Analyses were performed in dupli- 
cate when the discrepancy between the two 
results was less than 5%, otherwise one more 
analysis was made. The compositions represent 
the mean values of the results. The water con- 
tent was deduced by difference, and consider- 
ing that one Fe atom is bound to six cyanide 
groups. For  a complete determination of the 
anions, some products were analysed at the 
Service Central d'Analyses of the CNRS, Ver- 
naison, France. 

Due to the small quantities available, single 
crystal compositions were determined during 
observation with a scanning electron micro- 
scope by analysis of  the secondary X-ray beam. 
We used a Quantum detector, a Kevex analysis 
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T a b l e  4 
P r e p a r a t i o n  c o n d i t i o n s ,  m o r p h o l o g y  a n d  s t r u c t u r e  type  o f  c o p p e r  h e x a c y a n o f e r r a t e  c rys t a l s  o b t a i n e d  by  the  gel m e t h o d  

Reference Gel pH Solution Crystal Composition Structure type 

SI Na,SiO~" + copper tartrate 10.5-11 Na~Fe(CN)~, 0.125 M Platelike, red Na~ ~oCulc~)Fe(CN)~ s Na_,Cu"Fe"(CN)~ 
brown, >_ 100 p m  ~ Na,9~Cu~jN)Fe(CN)~ j 

$3 Na,SiOQ + c o p p e r  tartrate 10.5 K4Fe(CN)~, 0.125 M Aggregates of KL ~Cu~ (~)Fe(CN),~ K2Cu"Fe"(CN)~ 

20 pm crystals, red: 
$4 Li.,SiOat' + copper tartrate 10.6 K4Fe(CN),, 0.125 M Aggregates of 20 K2o~Cut ~x)Fe(CN)6 ~ K2CuHFeH(CN)~ 

pm crystals, red" 
A90-25 Na_,SiO~ ~ + KaFe(CN) 6 5 Cu(NO3)_, Cubes, .g 2 pm Na~ ~4Cuj ~vFe(CN)~ • 5 H_,O ) Cu~I[Fem(CN)6], 

A90-26 Na_,SiO 3' + KaFe(CN)6 6 Cu(NO~)2 Cubes, <_ 2 lain ' Nao i~Cu~ 7oFe(CN)~ • 9 H_,O ' Cu~[FemICN)~]_, 

C o n c e n t r a t i o n  10 g per  100 ml. 
b C o n c e n t r a t i o n  20 g per  100 ml. 

W a s h e d  wi th  de ion ised  wa te r .  

W a s h e d  wi th  a 10% H F  so lu t ion ,  d r ied  in a i r  a t  51"C.  
r N e u t r o n  ac t i va t i on  ana lys i s .  

g E n e r g y  d i spe r sed  X - r a y  s p e c t r o m e t r y .  

system and the XPP software [48] to calculate 
the relative atomic percentages. The determina- 
tion of the compositions is semiquantitative 
because of the uncertainty of the geometry 
between the surface sample and the detector. To 
confirm these results, a few milligrams of single 
crystals were also analysed by neutron activation 
analysis; some other crystals were analysed by 
the secondary X-ray beam method. No dis- 
crepancies greater than 5% in the Cu/Fe and 
Na/Fe ratios were found (see S! in Table 4). 

2.4. Morphology 

Optical microscopy and scanning electron 
microscopy were used to characterise the mor- 
phology. 

2.5. YieM 

The product yield was calculated as the ratio 
of the quantity of iron or copper in the product 
obtained to that introduced with the minor 

3 1 0  s . . . .  [ . . . .  I . . . .  I . . . .  I . . . .  

(1)  Cu 93.3 
• ~ 2.5 I 0  s"  ( 2 )  C u  93.5 

(3) Cu 90 .31  

2 I 0  s 

1.5 IO  s 

2,1 ~ '  1 1 0  s 

5 1 0 4  

0 . . . .  I 
20 

15 20 25 30 35 40 

Fig.  1. S u p e r p o s i t i o n  o f  the  X - r a y  p o w d e r  d i f f r ac t ion  p a t -  
t e rns  o f  C u 9 3 - 3  (Cu_,Fe(CN)6),  C u 9 3 - 5  ( K 2 C u F e ( C N ) 6 )  
a n d  Cu90 .31 ,  a m i x t u r e  o f  the  f o r m e r  phases .  

reagent. The global yield refers to the quantity 
of dry product obtained after decantation (pre- 
cipitation by method (i)) or filtration (precipi- 
tation by methods (ii) and (iii)). The yield of 
the fraction composed of particles whose sizes 
are above 25 pm is also given when possible. 

2.6. X-ray crystallographic analyses 

A Siemens diffractometer D500 and an Enraf 
Nonius CAD4 diffractometer were used for 
studies on the powders and single crystals, 
respectively. 

The identification of the phases present was 
made by reference to the ICDD database (re- 
lease 1993). X-ray powder diffraction was sim- 
ulated using Cerius z (release 1.5) software from 
Molecular Simulations Incorporated. 

3. Results and discussion 

3.1. Composition and yield of preparation 

We indicate in Tables 1-4 the main experi- 
mental conditions, the compositions, as they 
result from the chemical analyses, the overall 
yield of each product and the yield for particles 
of sizes greater than 25 pm. We also give the 
solid phases detected by X-ray diffraction by 
reference to the ICDD database. 

The water content was deduced from the 
elemental analysis by difference. An excess of 
cations with respect to the hexacyanoferrate 
complex anion was frequently observed; this 
was particularly noticeable when high concen- 
trations of the starting salts were used and with 
the local growth method. The presence of other 
anions resulting from the adsorption of the 
starting compound (nitrate, sulphate or chlo- 
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Table 5 
Fractional atomic coordinates and site occupancy parameters for Na2CulIFe't(CN)6 • 10 H20, Cu~l[Fem(CN)6], • xH20 
and Cu~lFell(CN)6 .xH20 

Atom Atomic coordinates Site occupancy 

Part 5a. Na2CunFe"(CN)6 • 10 H20 ~ 
Cu 0 0 0 
Fe 1/2 1/2 0 
Nal 1/2 0 I/2 
Na2 0 0 1/2 
CI 0.314 0.310 0.019 
NI 0.199 0.197 0.030 
C2 0.583 1/2 0.191 
N2 0.641 1/2 0.307 

Part 5b. Cu~l[Fem(CN)6]2 • xH20 b. 
Fe 4(a) 0 0 0 
Cu 4(b) 1/2 0 0 
C 24(c) 0.186 0 0 
N 24(c) 0.298 0 0 

Part 5c. Cu~ IFell(CN)6 • xH20 ¢ 
Fe 4(a) 0 0 0 
Cul 4(b) 1/2 0 0 
Cu2 8(c) 1/4 1/4 1/4 
C 24(c) 0.186 0 0 
N 24(c) 0.298 0 0 

2/3 
1 
2/3 
2/3 

2/3 
1 
0.1667 
2/3 
2/3 

P2/m: a = 6.998/~; b = 7.055 A; C = 9.889 A; fl = 97.56*; - = 1. b Fm~m; a ~ 10.10/~; z = 1 + 1/3. c Fm~m: a ~ 10.0 A.; 
z = 2 + 2/3. 

ride), as occurs in nickel and zinc hexacyano-  
ferrates [14], was confirmed by chemical analy- 
sis. In a few cases, we observed a deficit o f  
cations. Cu  H solutions are acidic (pH about  3), 
and the in t roduct ion o f  pro tons  into the solid 
c o m p o u n d s  could account  for  this apparent  
reduct ion in the copper  content.  

3.1.1. Precipitation 
The results obtained by using the precipita- 

tion method  (i), (ii) and (iii) are given in Table 
1. The c o m p o u n d s  resulting f rom the use o f  
lithium, hydrogen,  sodium and potassium hex- 
acyanoferrates(II)  are presented successively. 

A very general feature o f  our  results is that, 
for lithium and sodium hexacyanoferrate(II)  
solutions, low concentra t ions  o f  alkaline metals 
are incorporated into the precipitate. The only 
exception to this rule is sample 90-15 .  How-  
ever, in this last case, we observe an excess o f  
cations, which may  be explained by sorpt ion o f  
sodium salts on a precipitate with very small 
particles: the washing process used during 
filtration (ii) seems to be less effective than in 
the multiple decanta t ion method  (i). When  
potassium hexacyanoferra te(I I )  solutions are 
used, a more  alkaline element is incorpora ted  
into the precipitate (Cu93-6, F e C u A R ,  FeCul). 
In the case o f  H4Fe(CN)6,  it seems that  some 

pro tons  are incorporated into the precipitate 
(Cu93-13), as a deficit o f  cations has been 
measured (Na  and Cu). 

A general rule is that, in all our  experiments, 
the only crystalline phase detected by X-ray 
diffraction is the cubic Cu~IFen(CN)6 ( I C D D  
1.0244), with, however,  some discrepancies 
concerning the positions o f  the diffraction lines 
and their intensities. 

The highest yield was obtained starting f rom 
lithium hexacyanoferrate(II)  (Cu93-10). The 
use o f  ferrocyanhydric  acid leads to an overall 
yield o f  55% (Cu93-13). This precipitate is not  
stable and turns rapidly to a navy-blue colour.  

In the case o f  sodium hexacyanoferrate(II) ,  
the main parameter  influencing the yield seems 
to be the copper- to- i ron ratio. Fo r  ratios o f  1 
or  less, very small particles are obtained al- 
though  the yield is close to zero (Cu93-25 and 
90-15). The yield can be increased by adding a 
salt such as NaNO~ to the solution (Cu93-2). 
For  Cu/Fe  above 2, a rather good  yield is 
obtained (Cu93-3 to 90-21). 

Using potassium hexacyanoferrate(II) ,  a 
high K / C u  ratio also leads to very small parti- 
cles and to a low yield (90-25). Higher  yields 
are obtained by using lower K/Cu  ratios 
(FeCu 1) or  by adding KNO3 (Cu93-6). By 
compar i son  to other  alkali metals, a significant 
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quantity of potassium is incorporated into the 
solid. The phase detected by X-ray diffraction 
is Cu~lFell(CN)6 (Cu93-6 to FeCu 1). The pres- 
ence of another phase containing potassium is 
not excluded, but this phase is not detected by 
X-ray diffraction, because of too-small crystal- 
lites or amorphous particles. 

The poor yield of some preparations may 
probably be explained by the formation of a 
copper hexacyanoferrate(II) including alkali 
metal ions in a colloidal form or in very small 
particles. The higher the alkaline-metal-to-cop- 
per ratio, the higher the proportion of this 
small particulate hexacyanoferrate(II), and the 
lower the yield. For potassium, it seems that a 
non-negligable part of this alkali metal con- 
taining hexacyanoferrate(II) is mixed with the 
separated solid phase (Cu93-6 to FeCu 1), but, 
nevertheless, in no case is any alkali metal 
containing hexacyanoferrate(II) detected by X- 
ray diffraction. 

These results may be compared with those of 
Shabandeh and Streat [49] who reported a 
Nao.47Cul.77Fe(CN)6 composition but an X-ray 
diffraction pattern similar to that of Cun:Fe ~- 
(CN)6. To the best of our knowledge, Gellings 
[21] described the only case in the literature 
where a potassium copper hexacyanoferrate(II) 
phase was detected by X-rays. We could not 
reproduce this result, probably because our 
experimental conditions were different. The be- 
haviour of lithium is different from that of the 
other alkali metals. This element does not seem 
to incorporate into hexacyanoferrates [50], thus 
leading to the precipitation of Cu~'Fe~I(CN)6 
with a 100% yield. 

The solids obtained starting from soluble 
hexacyanoferrates(III) are given in Table 2. 
Potassium hexacyanoferrate(III) was the only 
available salt. Ferricyanhydric acid was pre- 
pared from this by ion exchange. In all the 
solids studied, only cubic Cu~l[FeIll(CN)6]2 
could be detected (ICDD 13.0214), despite the 
presence in the solid of varying amounts of 
potassium. The Cu/Fe ratio is close to 1.5, 
although generally slightly lower. As for cop- 
per hexacyanoferrates(II), it is probable that 
a phase containing the alkali element is re- 
moved with the liquid phase. A small part of 
this solid phase may also be mixed with 
Cu~ i [Fem(CN)6]:~. 

3.1.2. Local growth from a solid compound 
In this method of preparation, the choice of 

reagents, of their state (solid or in aqueous 

solution) and of the concentration in solution 
is limited to a narrow range suitable for ade- 
quate osmotic pressures and favourable growth 
conditions [43]. The compositions of the solids 
obtained are strongly dependent on the experi- 
mental conditions (Table 3). Interpretable X- 
ray diffraction patterns were not always 
obtained, owing to the small sizes of the crys- 
tals, the possible mixture of phases and the 
lack of reference spectra. 

When NaaFe(CN)6 is used as the solid 
reagent, chemical analysis and X-ray diffrac- 
tion show the presence of Cu~FeH(CN)6 
(Cu90.6). If CuSO4 is used as the solid reagent 
in a solution of K4Fe(CN)6, much more alkali 
element is incorporated into the solid (Cu89.9 
to Cu90.31). A pure K2CuHFeII(CN)6 phase is 
detected (ICDD 20.0875) with a chemical com- 
position close to this formula (Cu89.9 to Cu93- 
24). Such a phase could not be obtained alone 
by precipitation. In some cases, we also 
obtained mixtures of Cu~IFelI(CN)6 and 
K2Cu"Fea(CN)6, as revealed by X-ray diffrac- 
tion (Cu93-26 and Cu90.31) (Fig. 1). 

Local growth from solid cuprous chloride 
was also attempted. Copper seems to be partly 
oxidised in the product obtained, but the com- 
position is close to K2Cu~Fen(CN)6 (Cu93-19 
and Cu93-20). 

Using solid potassium hexacyanoferrate(III), 
a Cu~l[Feln(CN)6]2 phase was detected (Cu90.3 
and Cu89.13). Using solid CuSO4 in a solution 
of K3Fem(CN)6, a composition close to 
Cu[~[Fem(CN)6]2 was obtained, but the yield 
was low (Cu93-30, Cu93-31, Cu90.34). The use 
of cuprous chloride led to irreproducible re- 
sults, probably on account of oxidation 
(Cu90.38, Cu90.42). 

3.1.3. Preparation of single crystals by the gel 
method 

The results are presented in Table 4. The 
largest crystals were obtained in a sodium sili- 
cate gel containing copper tartrate in contact 
with a Na4Fe(CN)6 solution (S1). This pro- 
duced a compound of composition 
Na2CuilFen(CN)6 • 10H20 with a novel struc- 
ture. The yield could be estimated as 20%. A 
sodium or lithium silicate gel containing copper 
tartrate in contact with a K4Fe(CN)6 solution 
leads to K2CunFen(CN)6 • x H20 ($3, $4). The 
X-ray powder diffraction patterns of $3 and 
Cu89.9 to Cu93-24 are similar and do not 
reveal a tetragonal structure, contrary to 
Gellings [21]. Cu~I[Fe'n(CN)6]2 ' xH20 was ob- 
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tained in a gel containing sodium silicate and 
potassium hexacyanoferrate(III) in contact 
with a cupric nitrate solution (A90-25, A90-26). 
Cu~IFen(CN)6 was not obtained using this 
method. 

3.1.4. Reproducibility of the preparations 
In the cases when Cul21Fen(CN)6 or 

Cu[t[Fem(CN)6]2 were obtained with a good 
yield, it was easy to repeat the experiments. 
For example, starting from Li4Fen(CN)6, we 
always obtained Cu~IFeu(CN)6 (see Cu93.10); 
starting from K3Fem(CN)6, a composition 
next to Cu~l[Fem(CN)6]2 was reached (see 
Cu93.28; Cu90.20; Cu93.29). 

Using the local growth method, it was more 
difficult to prepare a single-phased 
K2CunFeH(CN)6 product. In many cases, we 
could detect a small percentage of the 
CunFen(CN)6 phase. The factors affecting the 
results are numerous, such as the quantities of 
the reactants, the size of the crystals of the 
starting solid and the volume of water used for 
washing the precipitates. 

3.2. Morphology 

3.2.1. Precipitation 
On the laboratory scale (total amount below 

100g), the particles formed have dimensions 
ranging between 10 lam and 1 mm. For prepa- 
rations concerning larger quantities (about 
20kg), drying was performed up to 80°C, 
which causes the particles to agglomerate, and 
the fraction of particles larger than 1 mm is 
high. The mechanical strength of these aggre- 
gates when they are shaken in solution is ques- 
tionable. Observations by electron microscopy 
did not permit the observation of the crystal- 
lites in the products obtained by the precipita- 
tion. The crystallite sizes have been determined 
by X-ray diffraction and the Cerius software, 
the dimensions are between 100 and 200 A. 

3.2.2. Local growth method 
Particles prepared by growth on solid copper 

salts or alkaline hexacyanoferrate crystals differ 
from those obtained for nickel or zinc hexa- 
cyanoferrates [42]. The large particles (100 ~tm 
or above) are irregular in shape with a rough 
surface. In the cases of the zinc and nickel 
salts, spheres of diameters related to the 
starting crystals sizes were obtained. In 
Cu90.31, a mixture of Cun2Fen(CN)6 and 
K2CunFen(CN)6, the crystallite sizes are 100 A 
and 300 A, respectively. 

3,2,3. Single crystals obtained by the gel 

The dimensions and main morphological 
characteristics are indicated in Table 4. Single 
crystals of Na2CunFen(CN)6 " 10HzO up to 
500 ~tm in size were obtained. An example of 
the dimensions is 272 x 273 x 16lam 3. These 
single crystals are destroyed by dehydration, 
leading to a stack of thinner plates. 

3.3. Crystal structure determination 

Compounds of composition closest to stoi- 
chiometric Cu~IFelI(CN)6, Na2CunFeU(CN)6 
and Cu~I[Fem(CN)6]2 were selected for the 
structure determination. Crystal models were 
built with the Cerius 2 software and compared 
to the experimental diffraction patterns. 

The powder pattern of Na2CunFe~(CN)6 
• 10 H20 is not reported in the ICDD data- 
base, and a complete determination on a single 
crystal showed the presence of a new structural 
arrangement [47]. NazCunFen(CN)6 • 10H20 
crystallises in the monoclinic system, with 
space group P2/m (Table 5, part a). The 
Fe(CN)6 and Cu(CN)4 units are linked into 
layers, which lie parallel to the ab plane, 
through bridging cyano groups. Chains of hy- 
drated Na ions -(H20)2-Na-(H20)2-Na- run 
parallel to the hexacyanoferrate/tetracyano- 
cuprate sheets, and water molecules above and 
below the plane of these chains serve to com- 
plete the coordination spheres both of sodium 
and copper, and to link the cyanometallate 
layers together. Na2CunFeI~-(CN)6 • 10 H20 
dehydrates spontaneously in air with a con- 
comitant loss of single crystal character. 

Cu~I[Fem(CN)6L • xH20 is cubic Fm]m and 
with z = 1 + 1/3, leading to a disordered struc- 
ture. FeC6 octahedra and planar CuN4 units 
are linked by cyanide bridging, leading to the 
usual parameter of about 10 A (Table 5, part 
b). 

Cu~IFeU(CN)6 -x H20 is cubic Fm]m 
(z = 2 + 2/3) and is also a disordered structure. 
The distribution of copper in the cell is quite 
different from that of Cu~l[Fem(CN)6]2 (Table 
5, part c). 

Determinations of the structure (from a 
Rietveld refinement of powder X-ray diffraction 
data) of Cu~lFeu(CN)0 and Cu~t[Fem(CN)6]2 
are to be published [47]. Powder diffraction 
patterns correspond to ICDD 1.0244 and ICDD 
23.0214 respectively, but with some discrepan- 
cies. 
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In the case of K2CuIIFeII(CN)6, the diffrac- 
tion patterns have only a few lines and hence are 
difficult to index. Intensities and reflections are 
somewhat different from those published by 
Gellings (ICDD 20.0875) and do not corre- 
spond to the quadratic structure mentioned [21]. 

4. Conclusion 

Three methods were evaluated for the prepa- 
ration of copper hexacyanoferrates(II) and (III): 
precipitation, local growth and growth in a gel. 
The aim of the two former methods was to 
obtain powders, while the latter was used to 
produce single crystals for structure determina- 
tion. A systematic and accurate study by X-ray 
diffraction has been performed. Four com- 
pounds, identified by their chemical analysis 
and X-ray diffraction patterns were obtained, 
either in powdered form, or as single crystals: 
Cu~I-FeII (CN)6,  Cu l I [Fem(CN)6]2 ,  N a 2 C u l t F e H  

(CN)6 and K2CuHFen(CN)6. The structure of 
the last compound remains undetermined as yet 
because of the lack of single crystals. However, 
its X-ray powder diffraction pattern does not 
correspond to the reported cubic [31] or tetrag- 
onal structures [21]. 

Cu~ZFeil(CN)6 and Cu~I[FeHI(CN)6]2 powders 
are easily prepared by precipitation and by 
local growth. They are cubic Fm3m and present 
disordered structures. These two compounds 
differ from each other in the positions of the 
copper atoms. The distribution of copper could 
be an important parameter for the fixation of 
caesium: the sorption of caesium on 
Cu~t[Fem(CN)6]2 is very low compared to that 
on Cu~IFe11(CN)6. 

Although cited in the literature, the mixed 
copper hexacyanoferrates of general formulae 
M~CunFen(CN)6 or MlCunFem(CN)6 (where 
M x is Na, K) could not be synthesised by 
precipitation as pure phases, in a form easily 
separated from the solution and detected by 
X-ray diffraction. However, the presence of 
such compounds in the form of colloids or very 
small particles is not excluded, except in the case 
of lithium. The most appropriate method for the 
preparation of K2CunFen(CN)6 powders was 
local growth. Single crystals of Na2CuHFe ~- 
(CN) 6 • 10 H20 were obtained by growth in a 
gel. The complete X-ray crystallographic char- 
acterisation of this compound has shown a new 
structural arrangement whereby the Cu(CN), 
and Fe(CN)6 groups are linked into layers. 

In all cases, X-ray diffraction revealed a lim- 
ited number of compounds of defined composi- 
tion. Mixed non-stoichiometric compounds 
such as M~,. Cu~!,. Fen(CN)6 were not observed, 
and their very existence is questionable. 

The aim of our work is the selection of the 
product presenting the highest affinity for cae- 
sium and at the same time stable enough for 
long term storage. Disordered and layered 
structures could be involved in quantitative 
sorption of caesium. The basic data presented 
here are fundamental for our studies concerning 
the mechanisms of the fixation of caesium on 
these compounds and their further analytical 
and industrial applications. 
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Abstract 

A microwave digestion technique using a mixture of H F +  HNO3 + HCl+ H3BO 3 was found to be 
effective for the rapid dissolution of various silicate rock and sediment reference samples. From the solutions 
thus prepared, it was possible to determine quantitatively trace and ultratrace amounts of yttrium, thorium, 
uranium and the lanthanides by inductively coupled plasma-mass spectrometry (ICP-MS) without any 
separation of matrix elements or preconcentration. In the ICP-MS determinations, oxide and non-spectral 
interferences on individual masses of the rare earth element ions were corrected by the method of algebraic 
approach of elimination and dilution, respectively, and measurement drift was controlled by ruthenium and 
rhenium internal standards. The method yielded excellent results comparable with "recommended", "con- 
sensus" and "working" values of the literature for the specified elements on various well-known interna- 
tional reference materials such as andesite (AGV-1), basalts (BCR-I, BHVO-I, BIR-1 and BE-N), granites 
(G-2 and NIM-G), syenite (SY-2), gabbro (MRG-I), diabase (W-2 and DNC-I), marine mud (MAG-I), 
river sediment (NBS 1645), lake sediments (LKSD-I-LKSD-4) and stream sediment (GSD-I, GSD-5, 
GSD-6 and STSD-1-STSD-4)). New values for Er, Gd, Ho, Pr and Tm in LKSD-I-LKSD-4 and 
STSD-I-STSD-4, and Er, Ho, Lu, Nd, Pr, Tb, Tm and Yb in NBS 1645 are first reported in this work. 

I. Introduction 

The rare-earth elements (REEs) play an im- 
portant role in geochemistry for modelling 
earth's crustal and mantle evolutionary pro- 
cesses and for dating ages of  rocks. Their appli- 
cations in industry varies from uses in 
electronics to the manufacture of  superconduc- 
tors, supermagnets and cathode ray tubes. A 
knowledge of  their behaviour and abundances 
in aqueous environment helps to devise effec- 

*Geological Survey of Canada contribution number 
40594. 
* Corresponding author. Present address: 6074 Meadow- 
glen Drive, Gloucester, Ont., K1C SR6, Canada. 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights 
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tive ways of  disposal of  nuclear wastes since 
they are produced in nuclear generators during 
the fission of  uranium and polonium. 

Since Y and the REEs are a group of  closely 
related elements having similar physical and 
chemical properties, their terrestrial and ex- 
traterrestrial abundances being very low, spe- 
cial preconcentration procedures such as 
solvent extraction [1], co-precipitation [2-5] or 
ion exchange separation [2,4-11] are needed 
before their determination by instrumental 
methods. Some early examples of  the utiliza- 
tion of  these preconcentrations techniques are 
found in their determinations by flame and 
electrothermal atomic absorption spectrometry 
[2-4], X-ray fluorescence spectrometry [5,6], 

r~sel'vod 



1596 J.G. Sen Gupta, N.B. Bertrand/Talanta 42 (1995) 1595-1607 

neutron activation [7], spark source mass spec- 
trometry [9], isotope dilution mass spectrome- 
try [8-12], inductively coupled plasma-atomic 
emission spectrometry (ICP-AES) [12,13], di- 
rect current plasma-atomic emission spec- 
trometry [14], and inductively coupled plasma- 
mass spectrometry (ICP-MS) [1,15,16]. 

Since the use of a preconcentration proce- 
dure before determination by an instrumental 
method is laborious and time-consuming, 
some workers have used silicate rock sample 
solutions prepared by acid digestions in open 
vessels with or without fusion of any insoluble 
residue for the direct determination of the 
REEs by ICP-MS [15,17,18], Bailey et al. [19] 
determined Th and U in basalts by ICP-MS 
after digestion in an open vessel with acids. 
Pin et al. [20] used the isotope dilution ICP- 
MS method to determine Th and U in silicate 
rocks after decompositions with acids and ion- 
exchange separation of the matrix elements. 

The sample dissolution procedure used in 
most ICP-MS laboratories involving open ves- 
sel digestions with acids, repeated evapora- 
tions to expell HF and/or HCIO4, dissolution, 
filtration and subsequent fusion of any insolu- 
ble residue is very tedious and slow for the 
routine analyses of a large number of geologi- 
cal materials in a day, There is, therefore, a 
need for an alternative technique which is less 
labour-intensive and faster with respect to the 
sample dissolution procedure to improve pro- 
ductivity. 

A microwave digestion procedure which in- 
volved heating the sample with H F + a q u a  
regia + H3BO 3 + EDTA in a Teflon pressure 
vessel was used by Sen Gupta and Bouvier 
[21] for the direct determination of some trace 
and ultratrace elements in geological materials 
by multielement Zeeman-effect graphite fur- 
nace-atomic absorption spectrometry (GF- 
AAS). The same decomposition procedure 
found relatively fast and environmentally 
friendly compared to the conventional open 
vessel digestion procedures [22] was used in 
this work for preparation of solutions of some 
geochemical reference materials. Since the sen- 
sitivities of Y, Th, U and most REEs were not 
sufficient for their direct determination from 
rock solutions by multielement GFAAS, it 
was decided to determine these elements by a 
much more sensitive ICP-MS method. This 
paper describes the results of such a study. 

The accuracy and precision of the proposed 
microwave digestion and direct ICP-MS deter- 

mination procedure for the specified elements 
were evaluated by four to five replicate an- 
alyses of United States Geological Survey 
(USGS) reference rock BCR-1 (basalt) and 
Canadian Certified Reference Materials Pro- 
ject (CCRMP) reference rocks SY-2 (syenite) 
and MRG-1 (gabbro). The analytes were also 
determined from 21 other international geo- 
chemical reference materials, mostly in dupli- 
cate. The results were then compared with 
"consensus" [23,24], "working" [25], or "rec- 
ommended" [26] literature values. In most 
cases, excellent agreement was found with the 
"working" values of Govindaraju [25]. In 
some cases the results of this work were 
within the statistical range of "consensus" or 
"recommended" values of Gladney et al. 
[23,24,26]. 

2. Experimental 

2. I. Apparatus 

A Perkin-Elmer/Sciex model 5000 ICP-mass 
spectrometer equipped with an AS-91 au- 
tosampler and an IBM PS/2 (model 70) com- 
puter was used for multielement mass spectral 
analysis. The mass spectrometer operating 
conditions and the data acquisition parame- 
ters are given in Table 1. 

A Milestone microwave oven (model MLS- 
1200 MEGA) equipped with six 100 ml Mile- 
stone pressure decomposition Teflon vessels, a 
micrwave digestion rotor (model HPR 100016) 
and a remote control panel was used for the 
decomposition of the samples. 

Table 1 
Instrumental operating conditions and 
parameters 

data acquisition 

Condition/parameter Result 

ICP mass spectrometer 
R.f. power (kW) 1.0 
Plasma argon gas flow rate (I ra in-  ~) 15 
Auxiliary argon gas flow rate (I min-~)  0.9 
Nebulizer argon gas flow rate (1 rain -~) 0.9 
Sampler skimmer Nickel 

Data acquisition 
Dwell time (ms) 100 
Scan mode Peak hopping 
Points across peak 1 
Sweeps reading- t  10 
Number of  replicates 2 
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A Hamilton digital diluter was used for 
diluting all sample solutions. 

2.2. Reagents and standard solutions 

T~tble 2 
MilestOne microwave oven operating programmes 

Power Time Vent 
(W) (min) (min) 

All reagents used were of  A.C.S. grade, and 
ultrapure water (ASTM type 1) prepared by 
reverse osmosis with a Millipore apparatus 
was used throughout the procedure. 

Synthetic standard solutions were prepared 
by diluting 10 lag ml -~ mixed high purity ICP- 
MS standard solutions (Delta Scientific Labo- 
ratory Products Ltd., Mississauga, Ont.) with 
3% (v/v) nitric acid to obtain solutions of  ele- 
mental concentration range 20-100 ng ml-~. 
Ruthenium and rhenium were added (as inter- 
nal standards to control drift) to each stan- 
dard solutions to give a final concentration of  
50 ng ml-~ of  each. Also, 2 drops of  concen- 
trated hydrofluoric acid were added to each 
standard solution before making up the final 
volume in order to approximately match the 
concentration of  hydrofluoric acid in the mi- 
crowave-digested sample solution. 

To prepare a mixed solution of  boric acid 
(2.2%) and ethylenediaminetetraacetic acid 
(EDTA; 0.165%); in a 1 1 borosilicate beaker, 
1.65 g of EDTA were treated with concen- 
trated ammonia solution dropwise with stir- 
ring until the solution became clear. To this 
solution 22 g boric acid were added, the mix- 
ture was diluted with water to 500 ml and the 
beaker was heated on a hot plate with stirring 
until the solid dissolved. The solution was 
then diluted with water to 1 1. 

All solutions were stored in Nalgene bottles 
fitted with screw caps. 

2.3. Procedure 

Details of the sample decomposition proce- 
dure are given in a previous paper [21]. 
Briefly, the method involved heating 0.5 g of  
the finely powdered sample in a Teflon pres- 
sure vessel with a mixture of  2.5 ml of 27 M 
HF, 3ml  of  16M HNO3 and 3ml  of  12M 
HCI in a Milestone microwave oven for 
16min using Program 1 of  Table 2. After 
cooling, 30 ml of  the boric acid and EDTA 
mixture were added, and then the vessel was 
further heated for 8 min using Program 2 of  
Table 2. After bringing to room temperature 
by cooling in a cold water bath, the contents 
of  the vessel were quantitatively transferred to 
a 50 ml graduated polypropylene tube by rins- 

Program I 
250 2 

1000 2 
600 2 
250 I 0 

Program is ready, 
power is off 

Program 2 
1000 3 
250 5 

Program is ready, 
power is off 

ing with 2% (v/v) nitric acid and the volume 
was made up to 50 ml. A clear solution was 
obtained at this stage for most silicate rocks 
and sediments. An aliquot of  this solution was 
diluted 10 times in the digital diluter with 3% 
(v/v) nitric acid containing ruthenium and rhe- 
nium internal standards, and the solution was 
transferred to a 15 ml polypropylene tube 
equipped with a stopper. The concentration of  
Ru and Re in the final diluted solution was 
50 ng ml- I  of  each. A reagent blank was run 
throughout the procedure. 

2.4. Multielement ICP-MS determination 

The calibration curves were prepared with a 
blank and three synthetic mixed standard so- 
lutions with concentrations as follows. 

Standard 1, 20 ng ml - t  of  each element. 
Standard 2, 50 ng ml -  ~ of  each element. 
Standard 3, 100 ng ml -  ~ of  each element. 
In constructing these calibration curves, in- 

strumental operating parameters given in 
Table 1 and isotopic masses listed in Table 3 
were used, and corrections for isobaric oxides 
(Table 4) were made using the method of  alge- 
braic approach of  elimination [27]. 

The unknown sample solutions (ten fold di- 
luted solutions of  concentration l ngml  -I  
each and containing 50 ngml - t  each of  Ru 
and Re internal standards) were run in a 
group of six through the automatic sampler. 
Each group of  these six samples was preceded 
by and followed by the reading of  the concen- 
tration of  a 20 ng mi-~ synthetic standard to 
check the recovery. The accuracy of  the re- 



1598 J.G. Sen Gupta, N.B. Bertrand / Talanta 42 (1995) 1595-1607 

Table 3 
List of  isotopes of  yttrium, rare earth elements and tho- 
rium together with ruthenium and rhenium employed in 
this work 

Group  I Group  2 

sgy 

t 39La 
i ' ~ C e  
~4tpr 

14~Nd 
147Sm 
tOlRua 

I5~Eu 
i SgTb 
tU~Gd 
163Dy 
165H0 
*66Er 
169Tm 
174yb 
175Lu 
232Th 
23s U 
tSSRe b 

" Used as an internal s tandard to correct for instrumental  
drift and matrix effects on Group 1 elements. 
b Used as an internal s tandard to correct for instrumental  
drift and matrix effects on Group  2 elements. 

suits was also checked at intervals of six sam- 
ples and the said synthetic standard by analyz- 
ing three USGS geochemical reference rocks 
(AGV-1, BCR-1 and BHVO-1), solutions of 
which were prepared identically to the un- 
known sample solutions. The use of ruthenium 
and rhenium internal standards automatically 
corrected for instrumental drift and matrix 
effects. 

The instrument software automatically per- 
formed blank subtraction, calibration, oxide 
correction, drift control, and calculation of ele- 
mental concentrations of the synthetic stan- 
dard, unknown samples and the reference 
materials. From the print-out of these concen- 
tration data, the recovery of the 20 ng ml -t 
synthetic standard was checked, and, if re- 
quired, a correction factor was applied to the 
results for the unknown samples and the refer- 
ence materials. If the final data of the reference 

Table 4 
Spectral overlap o f  bar ium and rare earth element oxides 
on rare earth elements E u - Y b  

Mass Element Interferences 

151 Eu 135Ba160 
160 Gd (21.6) i't4Nd]60 
159 Tb (I00)" la3NdD60 
163 Dy (25.0) 147Sml60 
165 HO (I00) a 149Sml60 
166 Er (33.4)" |5°Nd160 
174 Yb (31.8)" 158Gbl60 

" M a j o r  naturally occurring isotope. 

materials thus obtained fell within the range of 
"consensus values" [23,28], then the data for 
the unknown samples were considered accept- 
able for reporting. In actual practice, this pro- 
cedure worked well since the data for the 
specified reference materials obtained in this 
way were always within the range of acceptable 
literature values. 

3. Results and discussion 

The ICP-MS determination limits of this 
work were Y, Pr, Sin, Eu, Gd, Tb, Dy, Ho, Er, 
Tm and Lu 0.02~gg-~; La, Ce and Nd, 
0.10 ~gg-~; Yb, 0.05 ~gg-t .  

Interferences in the determination of the 
REEs by ICP-MS have been discussed by other 
workers [15,17,27,29]. In the analysis by 1CP- 
MS the analyte ion M ÷ may also be distrib- 
uted among several other species such as MO ÷, 
MOH + or M 2+. This will cause spectral 
interferences due to mass overlaps or isobaric 
interferences. For the REEs the spectral inter- 
ferences are principally due to oxide-forming 
elements which cause isotopic mass overlaps as 
shown in Table 4. However, in choosing the 
isotopic masses of the REEs in this analysis, 
only those isotopes were selected for which 
isotopic mass overlaps due to oxide-forming 
elements were at a minimum. The method for 
isobaric oxide correction used in this work was 
mentioned earlier in Section 2.4. The contribu- 
tion of MOH ÷ in the REE analysis by ICP-MS, 
representing about 1/10th of the oxide correc- 
tion, was negligible. Also, no correction for a 
doubly charged ion (M 2÷) was required in the 
lanthanide determination. 

Tables 5-7 show the results obtained by the 
proposed method for some geochemical refer- 
ence materials of the USGS (AGV-1, BCR-I, 
BHVO-1, BIR-I, W-2, DNC-1, G-2 and 
MAG-1), the CCRMP (MRG-I, SY-2, LKSD- 
I-LKSD-4 and STSD-1-STSD-4), the Na- 
tional Institute of Metallurgy, South Africa 
(NIM-G), the International Working Group, 
France (BE-N), the Institute of Geophysical 
and Geochemical Exploration, China (GSD-1, 
GSD-5 and GSD-6) and the National Bureau 
of Standards (NBS 1645). The mean and stan- 
dard deviations of four replicate determina- 
tions of BCR-I and of five replicate 
determinations of MRG-I and SY-2 are given 
in Tables 5 and 6, respectively. For most other 
samples the results for two independent 
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determinations are given (See Tables 5-7). 
These results are then compared with the 
"consensus" [23,24,28], "recommended" 
[26,30], "working" [25] or "provisional" [31] 
literature values. It should be pointed out 
here that these "consensus", "recommended", 
"working" or "provisional" literature values 
were derived by the respective workers from a 
compilation of data from many laboratories 
and then subjecting them to rigorous selec- 
tions in which very low or high values, called 
outliers, were rejected and a cluster of values 
at the median, where the majority of data 
converged, were accepted for the statistical 
calculation. Therefore, for any method devel- 
opment work a comparison of the recovery or 
"accuracy of elemental concentrations" for 
natural geochemical reference materials cannot 
be made with "absolute" values. It should be 
sufficient if the results of the proposed method 
fall within a "median" statistical range of val- 
ues. Bearing this in mind, an attempt will be 
made to discuss the results of this work and a 
correlation with the literature values. 

The data of Tables 5-7 (mean values) are 
plotted in Figs. 1 and 2 for a quick assess- 
ment of the nature of the correlation between 
the results of this work and the literature val- 
ues. It is found that excepting two Ce values 
higher than 150 ~tg g-i ,  there is a fairly good 
correlation between the two sets of values for 
each element since the 45 ° line passes through 
the majority of the points. 

The microwave digestion ICP-MS 
(MDICPMS) data from this work (mean val- 
ues), normalized to the C1 chondritic abun- 
dance data of Sun and McDonough [32] are 
plotted in Figs 3 and 4. Yttrium was plotted 
between Dy and Ho because of its similar 
chemical properties to those of the REEs, its 
ionic radius (0.0893 nm) being close to those 
of Dy (0.0908 nm) and Ho (0.0894 nm). Ex- 
cepting negative anomalies for europium in 
SY-2, G-2, BCR-I, NIM-G and sediment 
samples (Eu +2) and a few minor anomalies 
for Ce in some samples, these figures show 
very smooth patterns for Y and most REEs, 
fitting the curves, thereby providing support 
to the accuracy of the MDICPMS data. 

A more detailed discussion of the data for 
individual sample would be pertinent at this 
point. In Table 5 excellent agreement between 
the MDICPMS results and the literature 
range of values is noted for all elements in 
BCR-1. Satisfactory agreement between the 

results of this work with the range of other 
values is also noted for other samples in Table 
5. For MRG-1 and SY-2 (see Table 6), al- 
though initially the results for some REEs 
from various laboratories were few and scat- 
tered, as found in the compilation of data by 
Abbey et al. [33], more representative data 
became available much later through the com- 
pilation of Gladney and Roelandts [26]. The 
MDICPMS replicate data for MRG-I (see 
Table 6) agree very well with the "recom- 
mended" values [26]. For SY-2, except for 
somewhat lower mean values for Ce and La, 
there is very good agreement with the "recom- 
mended" values for the other REEs. However, 
the chondrite-normalized plot for SY-2 in Fig. 
3 shows no scatter for Ce and La, thereby 
supporting the validity of the results. 

For lake and stream sediment samples (see 
Table 6), the MDICPMS data could be com- 
pared with the "provisional" values of Lynch 
[31] only for Ce, Dy, Eu, La, Lu, Nd, Sm, Tb, 
Th, U, Y and Yb. It is found that the 
MDICPMS results for these elements are 
within the range of the literature values. New 
data for Er, Gd, Ho, Pr and Tm obtained by 
MDICPMS in this work are given in Table 6. 
These data fit well in the chondrite-normalized 
plots (see Fig. 4). 

Since for NIM-G, BE-N, GSD-1, GSD-5, 
GSD-6 and NBS 1645 (Table 7) recommended 
values are not available in the literature, a 
comparison of the MDICPMS values is made 
with the "range of other values" [34] (NIM- 
G) and/or Govindaraju's "working" [25] val- 
ues. Except for Ce in BE-N, the MDICPMS 
data for these samples either fall within the 
range of other values or agree well with 
Govindaraju's working values in most cases. 
However, in the chondrite-normalized plot of 
BE-N (Fig. 3), MDICPMS data for Ce seem 
to fit well between La and Pr, supporting its 
acceptability. 

For NBS 1645, new values for Er, Ho, Lu, 
Nd, Pr, Tb, Tm and Yb are first reported in 
this paper. The data for these elements give a 
smooth pattern in the chondrite-normalized 
plot (see Fig. 4). 

From the data of Tables 5-7 it would ap- 
pear that the "recommended" or "working" 
values for certain elements (e.g. Pr in AGV-I, 
W-2 and NIM-G; Gd in NIM-G and BE-N; 
Er in SY-2, NIM-G and BE-N) may require 
revision since they are either low or there are 
significant standard deviations from the mean 
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Fig. 1. Correlation plots for the microwave digestion ICP-MS results versus the literature values for Y, La, Ce, Pr, Nd, 
Sm, Eu and Od in some international reference samples of  rocks and sediments (coocentmtion is given in micrograms per 
gram). 



1604 J.G. Sen Gupta, N.B. Bertrand / Talanta 42 (1995) 1595-1607 

,--1 

> .  

F.-, 
. <  

[.T..1 
E--, 

,--.1 

3o525 oil 
2.0 

1.5 

1,0 

0.5 

0 .0  I i 

o.o o'.~ ,.o ,'.s ;.o ~.~ ;.o ~.~ 

2O 

15 

10 

, r 

5 10 15 20  

4,5 

4.0 

3.5 

3,0 

2 5  

2 0  

1.,5 

1,0 

0.5 

0.0 
0 

1 

.o o//O 

/ /  
I I l I 

1 2 3 4 

14 

12 

10 

8 

6 

4 

2 

0 

'E£ . . . .  / ~  

i I I I I I 

2 4 6 8 10 T2 114 16 

3.0 

2.5 

2,0 

1.5 

1.0 

0.5 

0 .0  
0 .0  

2.5 :20 

2.0 
1,.5 

1.5 

I0~" 

1.0 

V * i i i 

o.5 f 
0.0 0 ~ t J 

0.0 0.5 1.0 1.5 2.0 2.5 0 

6 . 3 -  i / 
L u  ! Th  

o15 ,:o ,i~ 2.0 21~ 3.o 

Y 

5 10 1B 

3.5 '°l 
! 

2O 

U 

:°i / 

,o I ~ e " -  . 
0 ~ r ' ' I 

0 10 ~ 20 .3'~ 40 SO 

"1 

] 
6O 

2~L / 

15 

, j 

$ 

0 i 
0 S ~0 ~S 20 25 

/ 

I 

30 35 

MICROWAVE DIGESTION ICP-MS 

Fig. 2. Correlation plots for the microwave digestion ICP-MS results versus the literature values for Tb, Dy, Ho, Er, Tin, 
Yb, Lu, Th and U in some international reference samples of rocks 'and sediments (concentration is given in micrograms 
per gram). 



J.G. Sen Gupta, N.B. Bertrand / Talanta 42 (1995) 1595-/607 1605 

400 [_1,,,,~ • ® AGV-1 
3 0 0  ~ - BCR-1 

A BHVO-1 
200 ~ L " ~ ' ~  • BIR-1 

<> SY-2 .-~ 100 

Ig, 0 - - -  

e g  
- . I  ,F-  

. J  ~ ~ - -  

3 

A ~  ® W-2 - 
300 ~ ~ • DNC-1 _ 

._E ~ ~ " ~ "  • BE-N - 
= .= ~ ~ D MAG-, 

c "  O ~ 

- 

L i 

4 I 

La Ce Pr Nd Sm Eu Gd Tb Dy (Y) Ho Er Tm Yb Lu 
57 58 59 60 62 63 64 65 66 39 67 68 69 70 71 

Atomic number 

Fig. 3. Chondrite-normalizcd Y and REE patterns for the international reference rocks AGV-I, BCR-I, BHVO-I, BIR-1, 
G-2, SY-2, W-2, DNC-I, MRG-I, BE-N and NIM-G, and a marine sediment MAG-I. 

values. From the above discussion and the data 
presented, it may be concluded that direct ICP- 
MS determination of Th, U, Y and the lan- 
thanides in common rocks and sediments is 
possible with acceptable accuracy and precision 
after the decomposition of the samples by mi- 
crowave digestion with acids and the complex- 
ation of excess HF and fluorides with boric 
acid and EDTA. The method is reasonably 
fast, less strenuous compared to open vessel 

digestion and fusion methods, and environ- 
mentally friendly since no evaporation of acids 
is required. 
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Abstract 

The feasibility of chromium(VI) preconcentration on to activated alumina in a continuous flow system 
with spectrophotometric detection was investigated. Chemical and flow variables, and the influence of 
concomitant species were studied both with and without preconcentration systems. The best results were 
obtained by using a 2.5 cm long, 1.6 mm i.d. alumina minicolumn, and selecting 1 x 10 -4 M nitric acid as 
the preconcentrating medium and 0.1 M ammonium hydroxide as the eluent. The eluted chromium(VI) was 
mixed with diphenylcarbazide in acidic medium and the absorbance of the colored complex was measured 
at 540 nm. Linear calibrations for 5, 25 and 50 ml sample volumes were established over the concentration 
ranges 10-50 lag ! -  ~, 2-10 lag I -  ~ and 1-5 lag 1- ~ with sensitivity enhancements of 44, 196 and 392 and 
detection limits (3a) of 3.0 lag 1-J, 0.3 lag 1-~ and 0.2 lag 1 - t  respectively. The method is relatively fast and 
cheap. Natural waters were analyzed with use of the developed procedure. 

Keywords: Activated alumina; Chromium(VI) determination; Chromium(VI) preconcentration; Flow analy- 
sis; Spectrophotometry 

1. Introduction 

Chromium(II I )  is considered an essential mi- 
cronutrient for humans [1], whereas chrom- 
ium(VI) is a potential carcinogenic agent [2]. 
This leads to a great interest in the speciation 
and determination of  chromium in biological 
and environmental samples, especially chrom- 
ium(VI), due to its potential toxicity. 

Vast quantities o f  chromite ore are used for 
the production of  stainless steel, chrome-plated 
metals, pigments and chemicals [3]. The main 
chromium emissions into surface waters are 
from metal-finishing processes such as electro- 
plating, pickling and bright dipping. Uncon- 
trolled emissions are potential contaminating 
sources in fresh waters, especially with regard 

* Corresponding author. 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights 
SSDI 0039-9140(95)01613-9 

to the toxic chromium(VI).  Other discharges of  
chromium(VI) are related to additives in circu- 
lating cooling waters, laundry chemicals and 
animal glue manufacture [3]. 

Several techniques have been utilized for 
chromium determination, such as inductively 
coupled plasma-atomic emission spectrometry 
(ICP-AES), flame atomic absorption spec- 
trometry (FAAS), electrothermal atomic ab- 
sorption spectrometry (ETAAS), and spectro- 
photometry,  the latter being favored for rapid 
analysis in view of  its ease of  automation and 
simple and low-cost instrumentation. The 1,5- 
diphenylcarbazide (DPC) method is used 
worldwide, and is highly sensitive and selective. 

Flow injection analysis (FIA) is a very fast, 
multipurpose analytical technique which re- 
duces the use of  volumetric glassware and man- 
ual sample manipulation [4,5]. Also, the 

reserved 
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Table 1 
A summary of FIA procedures for the spectrophotometric detection or speciation of chromium 

Analyte Analytical range Main conditions I n t e r f e r e n t s  Appl ica t ions  Reference 
(~tg ml- I) 

Cr(VI) 1-20 Single line Not related Soil extracts [16] 
FIA/DPC 
RSD, 1.3%; 70 h- 

Cr(VI) 0.05-5 Single line Not related - [17] 
F1A/DPC 
RSD, 1.2%; 120h -t 

Cr(V1) and total Cr - F1A/DPC Not related - [18] 
Cr(III) 0-4 FIA/DPC Fe 3÷, Mo 6+, Synthetic [19] 
Cr(VI) 0-3 Hg 2+, V 5+, Cu 2+ mixtures and 

effluent waters 
Cr(VI) 0.1-20 Sequential Not related Synthetic sea 

FIA/DPC water 
1-50 AAS; 120 h -~ 
0.2-8 Sequential and 
- simmultaneous 

FIA/DPC 
RSD, 0.8%; 40 h- 

Cr(llI) 0.5-3 rFIA Not related - [22] 
Cr(VI) 0.2-1.3 
Total Cr 0.5-10 FIA/DPC Not related - [23 l 

RSD, 1%; 40h -~ 
Cr(VI) 0.3-10 FIA sandwich Not related - [24] 

60h -) 

Total Cr 
Cr(VI) 
Total Cr 

[2o1 

S 2-,  Hg 2+, NO~- - [21] 

implementation of  separation/preconcentration 
procedures in a continuous flow mode has 
gradually superseded their manual  batch coun- 
terparts [6]. Several solid/liquid interfaces using 
ion exchange [7], chelating resins [8,9], precipi- 
tation/dissolution [10-12], C-18 bonded silica 
[13], functionalized cellulose [14] and activated 
carbon [15] have been exploited for the precon- 
centration of  metal species. FIA systems with 
spectrophotometric detection proposed for 
chromium determination and/or speciation are 
summarized in Table 1 [16-24]. Some of  them 
take advantage of  the fact that chromium(Il l ) ,  
being kinetically inert, is easily oxidized to 
chromium(VI) in order to determine chrom- 
ium(VI) and total chromium. The concentra- 
tion of  chromium(III )  is then obtained by 
difference. These procedures have seldom been 
applied to real samples and the sensitivity is 
not sufficient for trace concentration determi- 
nation. Fo r  the latter separation/preconcentra- 
tion steps are needed. 

Activated alumina has often been used for 
chromatographic  purposes. The possible mech- 
anisms of  the retention of  inorganic salts on 
activated alumina were discussed in early 1949 
by Saeeon i  [25]. Schmitt and Pietrzyk [26] in 
1985 pointed to ion exchange as being the 
major  factor contributing to the retention of  

inorganic ions from aqueous solutions. Acti- 
vated alumina can then behave as a cation 
exchanger in basic medium and as an anion 
exchanger in acidic medium. More recently, 
Cox et al. established FIA procedures for 
chromium determination with desirable on-line 
separation/preconcentration on activated alu- 
mina. In the first method [27], 0.01 M nitric 
acid was used as the carrier and chromium(Il l )  
(neutral or cationic) was not retained; chrom- 
ium (VI) (anionic) was preconcentrated and 
both ions were detected by ICP-AES. In the 
second method [28], chromium(Il l )  was pre- 
concentrated on an activated alumina mini- 
column in the basic form and detected by 
ICP-AES. This procedure was successfully ap- 
plied to human urine. Sperling et al. [29] ex- 
ploited alumina's  amphoteric characteristics to 
preconcentrate and determine both chromium 
species with a flow injection system with FAAS 
detection. Using a 50 lal microcolumn, recover- 
ies o f  90-106% (20, 50 and 100 lag of  chromium 
(III)  and chromium(VI)) were achieved for 
spiked natural water samples. 

Also, m o d e m  automated techniques such as 
adsorptive cathodic stripping voltammetry 
(ACSV) [30], high-performance flow atomic 
spectrometry (HPF-AS) [13], anodic stripping 
vol tammetry (ASV), a flow system interfaced 
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with inductively coupled plasma-mass spec- 
trometry (ICP-MS) [31] and high-performance 
liquid chromatography (HPLC) coupled to di- 
rect current plasma-atomic emission spec- 
trometry (DCP-AES) [32] have been used for 
chromium(VI) determinations. 

The aim of  this work was to study activated 
alumina as a preconcentrator of  the toxic an- 
ionic chromium(VI) in natural water analysis 
in continuous flow. The effect of  concomit- 
ant species typically found in waters was 
also studied in depth in order to establish an 
inexpensive, fast, reproducible and accurate 
flow system for the determination of  toxic 
chromium(VI), including a minicolumn for on- 
line preconcentration and spectrophotometric 
detection. 

2. Experimental 

2. I. Reagents and solutions 

All solutions were prepared using distilled 
water and analytical reagent grade chemicals. 

Chromium(VI) stock solution, 1000 ~tg ml-1, 
was prepared by dissolving 2.8287g of  
K2Cr207 in water and diluting to a final vol- 
ume of  1 1. Working solutions were prepared 
daily by dilutions of  the stock in 1 x 1 0 - a M  
nitric acid. 

The reagent solution, 0.05% (w/v) 1,5- 
diphenylcarbazide, was prepared by dissolving 
0.125 g of  1,5-diphenylcarbazide in 12.5 ml of  
acetone and diluting to 250 ml with water. This 
solution was prepared daily. 

The eluent solution was 0.1 M ammonium 
hydroxide, the acidifier solution was 0.7 M ni- 
tric acid, and the cartier solution was 
1 x 10 -4M nitric acid. 

Activated alumina, acid form, Brockman 
grade 1, particle size range 63-100 ~tm (Merck, 
Germany), was used as received. 

2.2. Apparatus 

A Desaga PLG peristaltic pump furnished 
with Tygon and silicone rubber tubes, and a 
Micronal B 380 spectrophotometer equipped 
with a Hellma 178.011 flow cell (80~tl inner 
volume, 10 mm optical path) and connected to 
a Phillips PM 8251 single pen recorder were 
used. The manifolds were constructed with 
0.8 mm i.d. polypropylene and PTFE tubing 
and both Tygon and silicone rubber connec- 

tors. To commutation, a proportional injector 
[33], manufactured by Perspex, was used. A 
minicolumn made of  silicone rubber (length, 
2.5 cm, 1.6 mm i.d.) was packed with 50 ~tl of  
activated alumina. 

3.  R e s u l t s  a n d  d i s c u s s i o n s  

3.1. Flow system without preconcentration 

With the intention of  studying the spec- 
trophotometric 1,5-diphenylcarbazide method, 
a flow system was built, as can be seen in Fig. 
1A. In this system, the sample (S; 901al) is 
introduced into the carrier stream (C, 
5.10ml min -~) and merges immediately with 
the reagent (R; 0 .36mlmin- I ) .  The color is 
developed in the 100crn reaction coil (RC), 
and the passage of  the colored zone through 
the flow cell results in a transient signal mea- 
sured at 540 nm. The peak height was used for 
all calculations. 

A 
I 

S . . . .  W 

R • 

* W  

B 
I 

S . . . .  W 

A • 

R • 

~ W  

Fig. 1. Flow diagrams. (A) Flow system without precon- 
centration: S, sample (90~1); C, carrier solution (0.1 M 
nitric acid, 5.10mlmin-~; R, reagent (0.05% DPC, 
0.36mlmin-~); RC, reaction coil (100cm); SP, spec- 
trophotometer; l, proportional injector; W, waste. (B) 
Flow system with preconccntration: S, sample, 
(5. l 0 ml min - J); E, clucnt solution (ammonium hydroxide, 
2.73mlmin-~); A, acidifier solution (0.7M nitric acid, 
0.92 ml min-~); R, reagent (0.05% DPC, 0.76 ml min-~); 
MC, activated alumina minicolumn; RC, reaction coil 
(100cm); SP, spectrophotometer; l, proportional injector: 
W, waste. 
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Table 2 
Relative signals obtained for chromium(VI) in the presence of  interferents using the flow system without preconcentration 
(Fig. IA) 

Interferent Interferent concentration (lag m l -  ~ ) 
species 

100 50 10 5 1 0,1 

CI - 1.02 . . . .  
B o } -  1.00 . . . . .  
sio~- 1 . o 2  . . . .  
e o ~ -  1.00 . . . . .  
so? , -  1.13 l.lO 1.00 I.O0 1.03 1.02 

Chemical and flow variables were studied in 
order to obtain the best sensitivity. This study 
was carried out by the univariate method, a 
0.5 ~tg ml-1 Cr(VI) solution always being intro- 
duced into the system in triplicate. 

The influence of  the pH was studied within 
the 0 - 4  range. The best results were obtained 
at pH 1, which is in agreement with Sandell's 
[34] description of  the batch process but not 
with the results of  other FIA workers [16,17]. 
Next 0.1 M nitric acid was chosen as the reac- 
tion medium and as the carrier stream. The 
DPC concentration was studied in the range 
0.01-0.2% (w/v), and the best sensitivity was 
obtained with a concentration of  0.05% (w/v), 
in agreement with literature data [18-23]. The 
proportion of  acetone in the reagent was inves- 
tigated in the range 5-20% (v/v), and no 
changes in the analytical signals were observed. 
A 5% (v/v) concentration was then chosen in 
order to use less organic solvent in the solu- 
tion. The influence of  the ionic strength was 
studied by using analytical solutions containing 
0.1-3.0 M potassium nitrate, all in 0.1 M nitric 
acid. No effect due to variations of  this 
parameter was found, so the ionic strength did 
not need to be regulated. 

The reactor coil (RC; Fig. 1A) was place in a 
thermostated bath at temperatures from 26 to 
67"C. The signal increased constantly with the 
increase in temperature. At 67°C the signals 
were 30% higher than at 26 °C. However, am- 
bient temperature was used in all measure- 
ments in order to simplify the system design. 

The reagent flow rate was varied from 0.18 
to 1.76 ml min- t  keeping the carrier flow rate 
at 1 .76mlmin - t .  No changes in the ab- 
sorbance signals were observed and therefore a 
flow rate of  0.36 ml min-~ was chosen, yielding 
enough reagent for the reaction. The carrier 
flow rate was studied between 0.76 and 
5 .85mlmin  -~. From 0.76 to 5 .10mlmin -~, 

the absorbance signals remained constant, but 
a slight decrease at higher flow rates was ob- 
served (at 5.85 ml min - t  the decrease in signal 
was only 10%). Therefore a flow rate of  
5.10 ml min -I  was chosen because it allowed 
good sample throughput. 

In order to verify the effect of concomitant 
species, some anions were tested as potential 
interferents. Solutions containing each interfer- 
ent alone at a concentration of  1001agml-'  
were prepared and introduced into the flow 
system. Also, solutions containing 0.5 ~tg ml -  1 
of  chromium(VI) and 100 lag m1-1 of  each in- 
terferent individually, were measured. As a 
control, chromium(VI) analytical solutions 
containing 0.5 lag ml -  1 were measured also. In 
this way, the maximum ratio of  analyte: inter- 
ferent tested was 1:200. Phosphate, chloride, 
silicate, borate and sulphate were investigated. 
The results are shown in Table 2. Only sul- 
phate displays some interference at concentra- 
tions higher than 50 lag m i -  

This flow system without preconcentration 
(Fig. 1A) shows such typical calibration equa- 
tions as A = - 0 . 0 0 2 + 0 . 1 0 5 2  [Cr(VI)] where 
[Cr(VI)] is in micrograms per milliliter with 
r=0 .999 .  The relative standard deviation 
(RSD) when introducing 0.5 lag ml -~ Cr(VI) 
solutions, was below 1% for triplicate measure- 
ments. The flow system dispersion coefficient 
measured with the aid of  a dye was 2. 

3.2. Flow system with preconcentration 

In Fig. 1B a schematic diagram of  the mani- 
fold with a preconcentration column can be 
seen. The sample (S, 5 .10mlmin -I)  flows 
through an activated alumina minicolumn 
(MC) during the time of  preconcentration. By 
switching the proportional injector (I), the 
minicolumn with adsorbed chromium is in- 
serted into the eluting stream (E) and chromi- 
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um(VI) is then displaced by ammonium hy- 
droxide. At the point x this solution coalesces 
with the acidifier solution (A) for suitable pH 
adjustment. The sample zone merges with the 
reagent stream (R), at point y, the color is 
developed in the reaction coil (RC) and the 
transient signal is measured at 540 nm. 

Both the chemical and flow variables were 
studied in this flow system in order to improve 
the preconcentration step. This study was also 
carried out by using the univariate method 
employing 50 lag 1- J Cr(VI) solution. 

The influence of  the sample pH was tested in 
the range 1-5. The best analytical signals were 
observed with 1 x 10 -4M nitric acid (pH 4). 
At pH values below and above 4 reductions in 
the signal were observed, and all subsequent 
studies were carried out at pH 4. The possibil- 
ity to using a buffer to keep a constant pH of  
4 was investigated using sodium acetate/acetic 
acid from 0.05 to 0.2 M for both species (pH 
adjusted to 4 with nitric acid). When this buffer 
system was used, a considerable drop in sensi- 
tivity was noted (at a 0.05 M buffer concentra- 
tion, a drop in signal of  30% was observed and 
at 0.2 M this reduction was 50%). This effect 
probably occurs due to anionic competition 
between acetate and chromium(VI) ions. 
Therefore, buffer was not used further. The 
eluent concentration was investigated by using 
0.01-2.0 M ammonium hydroxide streams. Be- 
tween 0.01 and 0.1 M NH4OH, the signals 
improved significantly but in the range 0.1-  
1 M they remained constant. The concentra- 
tions higher than 1 M showed a significant 
decrease in signal; therefore, 0.1 M was chosen 
as the eluent concentration. Also, higher eluent 
concentrations should be avoided in order to 
avoid Schlieren noise. Sodium hydroxide was 
also tested as eluent at the same concentra- 
tions, but the signals were lower and not repro- 
ducible, probably due to a modification of  the 
alumina surface by strong alkali. This effect 
was also observed by Cox et al. [27] when using 
potassium hydroxide. As the colorimetric reac- 
tion takes place in acidic medium and elution 
requires basic media, the use of  an acidifier 
solution (A, Fig. I B) became necessary. For  
this task, nitric acid was tested in the range 
0.1-2.0 M. As between 0.6 and 2.0 M the sig- 
nal variations were insignificant (about 3%), 
0.7 M nitric acid was chosen. 

The eluent flow rate was studied between 
1.76 and 5.10ml m i n - ' .  Lower flow rates, be- 
low 2 . 2 6 m i m i n - ' ,  were not enough to per- 

form effective elution thereby causing smaller 
signals. From 2.73 to 5.10ml min -~ the peak 
heights were the same and total elution was 
obtained, without a memory effect. For  that 
reason, 2.73 ml min-  ~ was chosen as the eluent 
flow rate. The flow rate of the acidifier solution 
was changed from 0.28 to 1 .76mlmin - t .  
Smaller signals at reduced flow rates (25% at 
0 .28mlmin  -~) due to an insufficient acid 
amount were observed. At flow rates of  
0.55 ml min-~ upwards, the signals were 
highest and constant. Thus, a 0.92 mlmin  -~ 
flow rate was chosen. Analytical solutions in 
1 x 10 -4M nitric acid at flow rates ranging 
from 3.8 to 6.0 ml min -~ were introduced into 
the system. No analytical signal variations were 
observed, and a flow rate of  5.1 ml min-~ was 
then selected. The reagent flow rate was exam- 
ined within the 0.55-3.80 ml min-~ range. The 
signals were constant up to a flow rate of  
1.54 ml m in -L  At 3.80 ml rain - t  a decrease in 
the signal occurred probably due to the in- 
crease in dispersion. A 0.76 ml min -~ reagent 
flow rate was chosen. The volume of  the reac- 
tor coil, needed for the completion of  the spec- 
trophotometric reaction, was investigated from 
125 to 1350pl. With volumes from 125 to 
400 lal, the signals did not change but with 
volumes above 400 lal they decreased (a 20% 
reduction in the signal with an 800 pl reactor 
coil was observed). A 200 pl reactor was cho- 
sen (100 cm, 0.5 mm i.d.). The length of  a coil 
placed immediately after the point of  introduc- 
tion of  the acidifier solution (point x, Fig. I B) 
was also investigated. The best results were 
obtained without this coil, although the reactor 
coil (RC, Fig. 1B) is suitable for all reagent 
mixtures and reactions. 

The length of  the activated alumina column 
was investigated between 2.5 and 10cm (50-  
200 pi). In the analytical range of  this work, an 
increase in the activated alumina amount  did 
not improve the preconcentration and recovery 
of chromium(Vl). Both the retention and elu- 
tion were the same and because of  this a mini- 
column 2.5 cm long was selected. 

3.3. Interference studies 

When considering the utilization of  activated 
alumina as preconcentrator for chromium(VI) 
in water analysis, the following potential inter- 
ferents were examined: chloride, borate, sili- 
cate, phosphate, sulphate, fluoride, bicarbonate 
and iron(III). Solutions containing the interfer- 
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Tab le  3 
Rela t ive  s ignals  ob t a ined  for  c h r o m i u m ( V l )  in the 

(Fig.  IB)  

presence of  in terferents  us ing the flow system wi th  p reconcen t ra t ion  

ln ter ferent  ln ter ferent  concen t ra t ions  (tag m l -  ~) 

species 
0.1 1.0 5.0 10 25 50 100 

C I -  0.98 0.98 0.97 0.96 - " 0.95 - 
B O ~ -  1.01 1.02 1.01 1.01 - 1.01 - 
S iO~-  - 0.99 1.02 1.01 1.04 1.05 0.25 

P O ~ -  1.01 0.97 0.89 0.91 - 0.62 - 
SO 2 -  1.02 0.98 0.97 0.98 - 0.90 - 
H C O ~  1.00 1.02 1.01 1.03 - 1.08 1.08 
F -  1.03 1.05 1.04 1.00 - 0.96 - 
Fe 3÷ 0.98 0.83 0.44 0.31 - 0.18 0.14 

o - ,  BO}-, 
SiO~4-, P O ~ -  - 1.00 0.99 1.01 0.17 0.06 - 

so~-, HCO; 

• N o t  tested. 

ents individually at several concentrations, and 
binary solutions of analyte interferent were 
prepared and introduced into the flow system, 
always with volumes of 5 ml. Table 3 shows the 
results. Chloride, borate, silicate, bicarbonate 
and fluoride did not exhibit any interference at 
the 50 lag ml -~ level. Sulphate, phosphate and 
iron(III) showed interferences at the 
50 lag ml -  ~ level. Sulphate concentrations up to 
10lagml -~ (200 times the analyte concentra- 
tion) revealed no influence on the signal. Phos- 
phate interference was more severe and a level 
of 1 lag ml-~ (20 times the analyte concentra- 
tion) only allowed in the solution. The results 
of McLeod et al. [35] corroborated this obser- 
vation that activated alumina has a great 
affinity for phosphate ions. Sperling et al. [29] 
also observed hard phosphate interference al- 
though they used phosphate buffer for the pH 
experiments, concluding that the signal disap- 
peared in this medium. These concomitant ion 
effects could only be explained in terms of 
ion-exchange competition between the chrom- 
ium(VI) species (CrO]- or other chromium(VI) 
anionic species) and the concomitants. The 
most severe interference is due to iron(III). Its 
presence reduces drastically the absorbance sig- 
nals. Only concentrations below 0.1 tag ml - t  
(twice the analyte concentration) can be 
present. This fact cannot easily be explained 
unless by the presence of any anionic species 
containing iron(III) or as being due to the 
formation of an anionic complex containing 
both species. Interferents present individually, 
even at the highest concentrations, did not give 
rise to analytical signals. As activated alumina 

has a distinct affinity for anionic species in 
acidic medium, the species compete with the 
anionic chromium(VI), impairing its retention. 
Analytical solutions with 50 lag 1-~ of chrom- 
ium(VI) and all the interferents with the excep- 
tion of iron(III) and fluoride present at levels 
up to 10 lag ml -  ~ did not show any interference 
(ratio of analyte:interferent of 1:200). However, 
from a level of 25 lag ml - t  upwards, a sharp 
signal reduction, proportional to the interferent 
concentrations, was observed. Also, an analyti- 
cal solution containing all these interferents at 
a level of 50 lag ml -~ without chromium(VI) 
did not show any analytical signal (Table 3). 

It was verified that daily use of the preconcen- 
tration system with the activated alumina mini- 
column (Fig. 1B) for 6 months, with analytical 
chromium(VI) solutions as samples, does not 
change its efficiency. However, when working 
with more complex matrices than water (geo- 
logical or biological matrices which contain 
higher concentrations of iron(III) and anionic 
interferents), its efficiency gradually diminished, 
and replacement of the activated alumina 
was needed. Several analytical curves were con- 
structed for different preconcentration vol- 
umes. These analytical characteristics as well 
as the enrichment factors can be seen in Table 
4. Also, in a test involving the introduction of 
a solution containing 2lagl-n Cr(VI) in 
1 x l0 -+ M nitric acid, from 10 to 200 ml sam- 
ple volumes the analytical curve was linear 
(Abs = 0.002 + 0.000980 [volume]) where the 
volume is in milliliters, showing preconcentra- 
tion is possible even when larger sample vol- 
umes are used. 
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Table 4 
Analytical features of the flow system with preconcentration 

Injected Concentration Equation a RSD Detection Enrichment Sampling 
volume range (%) limits factors b rate 
(ml) (p.g I -t) (p.g I -j ) (h -t) 

5 10-50 Abs : 0.002 + 0.00338 [Cr(VI)] 0.6 3 44 40 
25 2-10 Abs = -0.002 + 0.0207 [Cr(VI)] 2.5 0.3 196 10 
50 I-5 Abs : -0.001 + 0.0412 [Cr(VI)] 4.7 0.2 392 5 

Chromium(Vl) concentration given in micrograms per liter. 
b Enrichment factors were calculated by slope relationship compared to the flow system without preconcentration. 

3.4. Sample p H  and preservation 

The sample pH and sample preservation are 
very important in the trace chromium determi- 
nation. Sperling et al. [36] found an optimum 
sample pH of  9 for the preconcentration of  
chromium(VI) on C-18 bonded silica reverse- 
phase sorbent with ETAAS. According to these 
workers, the reduction of  chromium(VI) to 
chromium(III) can occur due to the presence of  
various substances in river water, and it can be 
eliminated by using pH 9 and also by the 
addition of  1 drop of  5% (w/v) potassium 
permanganate to the river water before spiking. 
These workers also recommend avoiding con- 
ventional sample preservation with nitric acid 
for the speciation of  chromium. The same pH 
9, but using carbonate buffer and ethylenedi- 
aminetetraacetic (EDTA), was found to be op- 
timum for the preservation of  chromium(VI) 
by Pavel et al. [37]. Also, pH 4 was considered 
safe by Sperling et al. in their work [29], which 
included preconcentration on alumina. In the 
present work the water samples were preserved 
with nitric acid at pH 4 at the time of  sam- 
piing. 

3.5. Application to real samples 

Water samples were introduced into the flow 
system with the minicolumn (Fig. I B) accord- 
ing to the procedure described elsewhere. Ana- 
lytical solutions, blanks and samples were 
similarly run. Recovery tests showed that even 
for samples with relatively simple matrices, the 
presence of  interferents reduced or eliminated 
the chromium(VI) signals, due to the competi- 
tion between the anionic species. In order to 
circumvent this drawback, it was decided to 
carry out all determinations by using the stan- 
dard additions method. The results are shown 
in Table 5. This determination could only be 
carried out successfully for some water sam- 

pies, due to low chromium concentrations or 
interferences. These limitations have been often 
reported by other workers [29,36,38]. 

4. Conclusions 

The flow system with preconcentration stud- 
ied here is suitable for preconcentrating 
chromium(VI) from diluted solutions. Depend- 
ing on the volumes introduced, concentrations 
as low as 1 lag 1 -~ can easily be determined, 
and precise results are obtained (RSD < 4.7% 
for three measurements). Sample throughput is 
relatively high and depending on the sample 
volume, a preconcentration of  5 ml of  water 
takes only 1.5 rain until the signal measurement 
(40 h -  ]). The spectrophotometric method is in- 
expensive and therefore can be used by any 
analytical laboratory. The detection limits 
found with the developed methodology (3-  
0.2lagl -~) are very good owing to enhanced 
sensitivity when using the preconcentration sys- 
tem, and were of  the same order of  magnitude 
as those in the literature [14,27,29]. 

However, an interference study emphasized 
serious interference effects which reduces the 
chromium(VI) retention. In this work, the pres- 
ence of  more than 10 lag ml-~ of  sulphate or 
1 lag ml -~ of  phosphate has an effect on the 
analytical signals. These results agree with the 
affinity order of  sorption of  anions on acid 
alumina [39]. Other "ion exchangers", such as 
functionalized cellulose, show the same inter- 
ference effects; the presence of  10 lag ml -~ of  
sulphate causes a significant decrease of  
chromium(VI) sorption [14]. 

In the study of  Sperling et al. [29] the toler- 
ance level was 500 lag ml -~ for sulphate and 
10 lag ml - j  for phosphate. The effect of  phos- 
phate was very drastic when phosphate buffer 
was used to control the pH. Aspects of  this 
work and the work of  Sperling et al. [29] which 

TN. 4~z 11,-0 
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Table 5 
Results obtained in the determination of  chromium(V1) in water 

Sample Introduced Cr(VI) found 
volume (lag I - l )  
(ml) 

Additions 
c u r v e  

slopes 

Mineral water I 5 <3 0.00501 
Mineral water I 25 1 0.00170 
Mineral water 1 50 1 0.0108 
Mineral water 2 25 <0.3 0.0194 
Mineral water 3 25 <0.3 0.00297 
Mineral water 4 25 3.4 0.00173 
Drinking water 25 <0.3 0.00193 

differ are probably the sample compositions 
and the analytical range. In the work of  Sper- 
ling [29] the analytical range varied from 20 to 
100lagl -~, while in this study the analytical 
range varied from 2 to 10 lag 1-J, i.e. ten times 
lower. Also, the samples were always spiked 
with 20 lag 1- ~ of  chromium(VI) before analysis 
in the work of  Sperling et al. [29]. Cox et al. 
[27] established a similar FIA ICP-AES 
methodology for preconcentrating and deter- 
mining chromium(VI), which performed well 
but was not applied to real sample analysis. 
Recent work [40] described an interlaboratory 
comparison for chromium determinations in 
water samples. The two laboratories that em- 
ployed alumina as preconcentrator did not ob- 
tain good results for the analysis of  water 
samples spiked with 9.3lagl -I  of chrom- 
ium(VI) (analytical range similar to that used 
in this work). 

In the flow system studied for chromium(VI) 
preconcentration and determination, the most 
relevant problem was iron(Ill) interference. Its 
effect on the decreasing chromium(VI) signals 
could not be easily explained. Atomic absorp- 
tion tests with the preconcentration system re- 
vealed that even at a level of  1000 tag ml -I ,  
iron(Ill) is not retained on the activated alu- 
mina. All the iron(Ill) passes through the mini- 
column in the preconcentration step, because 
the elution step does not give rise to any sig- 
nals. Otherwise, AAS recovery tests show that 
the presence of  iron(Ill) impaired the quantita- 
tive recovery of  chromium(VI). Any chemical 
interaction between chromium(VI) and 
iron(Ill) could take place in the solution envi- 
ronment, promoting poorer recovery in the 
flow system. 

In the majority of  papers, found in the litera- 
ture concerning activated alumina or other 
sorption methods, the workers were not able 

to detect chromium(VI) in natural water sam- 
pies, either due to the lower concentration or 
to the interference effects of  concomitants 
[13,14,29,36]. 

In conclusion, continuous flow methodology 
using activated alumina could be used in real 
sample analysis with appropriate care. Also, to 
minimize interferences, the standard additions 
method should be utilized. To succeed well 
with methodologies involving chromium(VI) 
preconcentration on activated alumina appear 
to be more difficult, especially when more com- 
plex matrices and lower chromium(VI) concen- 
trations are involved. Apparently, this means 
that better results will be achieved by eliminat- 
ing or reducing the effects of  the main interfer- 
ents. 
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Abstract 

A novel chemiluminescent system, fluorescein-NH2OH-OH-, was developed for the determination of 
copper(II) in serum. A weak light emission arises from hydroxylamine in the presence of the organic reagent 
fluorescein in basic aqueous solution. Under the conditions of 1.2 x10-3 mol l -~ NH2OH and 
5 x 10 -3 mol 1-3 fluorescein, the light intensity is linearly dependent upon the concentration of copper(II) 
within the range 1-20 ppb. The relative standard deviation of the determination of copper(II) is 4.2% 
(n = 13) and the detection limit is 0.5 ppb. The system is highly selective for copper except in the presence 
of iron(II,III) and cobalt(II). In conjunction with potassium fluoride as masking agent, the method was 
successfully applied to the determination of microamounts of copper(II) in serum. A mechanistic study of 
the chemiluminescence reaction is also discussed. 

1. Introduction 

The determination of  copper in body fluids 
such as serum is of  increasing clinical impor- 
tance. A number of  investigations regarding 
the use of  chemiluminescence have been pro- 
posed [1-3]. Most analytical methods for cop- 
per using liquid-phase chemiluminescence are 
based on the reaction of  chemiluminescent 
reagents (such as luminol, lecigenin, lophine, 
and oxalate esters) with H202 catalysed by 
copper, which results in poor  selectivity. In our 
laboratory, we have developed two new sys- 
tems for copper determination without chemi- 
luminescent reagents [4,5], both of  which were 
used for tap water [4] or sea water [6]. The 
application of  fluorescein as a chemilumines- 
cent reagent has been reported previously [7], 
and recently it was also used for the determina- 

*Corresponding author. Fax: (81)426-77-2821; e-maih 
A911067 @ ibm 3090.comp.metro-u.ac.jp 
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tion of  ultratrace amounts of  copper(II) [8], 
unfortunately, which were also concerned with 
luminol or horseradish peroxidase, respectively. 
In the course of  our studies on the application 
of  the chemiluminescence method to the deter- 
mination of  copper, we found that in alkaline 
aqueous solution, a trace amount  of  copper 
can lead to hydroxylamine luminescence, which 
can be enhanced by adding an appropriate 
amount of  fluorescein solution. Among 20 co- 
existing ions tested, only iron(lI,IIl) and 
cobalt(II) showed interferences when their con- 
centrations exceeded by two fold that of  cop- 
per(II). Based on this finding, we have 
proposed a highly selective chemiluminescent 
system for the determination of  copper(II). Ex- 
perimental variations such as pH values, reac- 
tant concentrations and the effects of  coexisting 
ions have been studied. The application of  this 
method to the determination of  copper in 
serum gave a good result. A possible mecha- 
nism for the chemiluminescence of  the Cu 2+-  

reserved 
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NH2OH-fluorescein system has been dis- 
cussed. It was thought that the emission was 
from the excited molecular oxygen species and 
the light arose either from the deactivation of 
the excimer oxygen species or was emitted from 
the excited organic molecules generated by en- 
ergy transfer. 

sample injection system. The chemilumines- 
cence signals were then recorded. 

3. Results and discussion 

3.1. Primary experiment for chemiluminescence 
reaction 

2. Experimental 

2.1. Apparatus and reagents 

A home-made biochemiluminescence detec- 
tor was used. Details of the construction and 
principles of the apparatus have been described 
elsewhere [9]. A Shimadzu C-E3A Chromato- 
pac instrument (Kyoto, Japan) was used for 
the measurement of the chemiluminescence sig- 
nals. 

A copper(II) standard solution was prepared 
by dissolving 0.25 g of analytical-reagent-grade 
copper chloride in 100 ml of 0.05 mol 1 -~ HC1 
solution to give a concentration of about 
1 mgml  -~ of copper. The concentration of 
copper in the solution was determined by 
EDTA titration. A working solution was pre- 
pared by dilution of the stock solution with 
water just before use. Fluorescein (FL) was 
purchased from Merck; a stock solution was 
prepared by dissolving0.3323 g of FL in 5 ml 
of 0.2mol 1 -~ KOH-50% ethyl alcohol solu- 
tion, then adding water to 100mi. Diluted 
solutions were prepared from the stock solu- 
tion. Hydroxylamine hydrochloride was pre- 
pared by dissolving an appropriate amount of 
NH2OH • HCI in water to obtain the requisite 
concentration before use. 

All chemicals were analytical-reagent-grade 
and were used as received. Redistilled water 
was used throughout the experiment. 

2.2. Procedure 

To the luminescence cell, 100~tl of 
0.01 mol 1 -~ fluorescein solution, 500 lal of 
0.10 mol 1 -~ borate buffer solution (pH 12.00) 
and 170 ~tl of 1.25 x 10-3mol l  - '  NH2OH so- 
lution were added by means of micropipettes. 
The cell compartment was then transferred into 
the dark room of the chemiluminescence meter 
and the light gate was opened for passage of 
light through the cell. Finally, 100 lal of stan- 
dard copper(II) solution or sample solution are 
injected into the luminescence cell from the 

By using the home-made biochemilumines- 
cence meter, we studied the chemiluminescence 
behaviour of the reducing agent hydroxylamine 
hydrochoride, and discovered that in basic 
aqueous solution, some metal ions such as 
copper(II), iron(II,III), cobalt(II) and nickel(II) 
can react with NH2OH, giving a faint light 
without any oxidation reagent being present. 
The addition of fluorescein solution to cop- 
per(II) can affect the luminescence sensitivity 
significantly, especially at high pH values, and 
the peak heights of the chemiluminescence sig- 
nals show a linear relationship with the concen- 
tration of copper(II). 

3.2. Effect of  p H  

Although various buffer solutions such as 
Tris-HCl,  carbonate and phosphate were ex- 
amined for the chemiluminescence reaction, the 
most promising was HaBO3-KOH buffer solu- 
tion. The effect of  pH on the chemilumines- 
cence (peak height) is shown in Fig. 1. The 
peak height increased with the increase in pH 
to pH 11.7. The most favourable value of the 
pH was 12.0. 

60 
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Fig. I. Effect of pH on the luminescence intensity. 
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fluorescein concentration was chosen for subse- 
quent experiments. 

3.3. Calibration graph and detection limit 

Using the optimum conditions described 
above, a calibration graph was obtained for the 
determination of  copper. The analytical char- 
acteristics of the graph are summarised in 
Table I. The relative standard deviation for 
thireen replicate analyses of  1 ppb of  copper(II) 
was 4.2%, which means that this method is 
satisfactory for the determination of  copper. 

3.4. Interferences of  coexisting ions 

NH2OH (10 -3 moi/L) 

7O 

; 

20 

10 I I I 

0 2.$ $ 7.$ 10 

The effects of  various inorganic ions on the 
determination of  5 ppb of  copper(II) were ex- 
amined using the proposed method. The toler- 
ance limit was taken as the amount which 
caused an error of  + 5% in each peak height. 
The results are summarised in Table 2. Most 
ions have almost no effect on the copper(II) 
determination at high concentrations. Only 
iron(II,III) and cobalt(II) interfered seriously 
when their concentrations were over two fold 
higher than that of  copper(II). Therefore a 
0.01 mol 1 - l  potassium fluoride solution was 
chosen for masking the iron ions because a low 
concentration of  KF has no effect on the lu- 
minescence intensity. The influence of  
cobalt(II) was not investigated further because 
the samples to be tested contained very little 
cobalt. 

Fluorescein (10 -3 mol/L) 

Fig. 2. Effect of concentrations of hydroxylamine and 
fluorescein on the chemiluminescence intensity. (a) 
NH2OH, (b) Fluorescein. Curve l, 5 ppb Cu(II); curve 2, 
I0 ppb Cu(II); curve 3, 15 ppb Cu(II). 

3.3. Effects of  the concentrations of  
hydroxylamine and fluorescein 

The effect of  the concentrations of  hydroxy- 
lamine and fluorescein on light emission are 
shown in Figs. 2a and 2b, respectively. Almost 
constant chemiluminescence was observed for 
hydroxylamine in the range (1.0- 
1.5) x l0 -3 mol l - t ,  and the most suitable con- 
centration was 1.2 x 10 -a tool l - t .  The 
chemiluminescence intensity increased as the 
concentration of  fluorescein was increased 
f r o m 0 t o S x  10 - a m o l l  - t . A S x  10 - a m o l l  - t  

3.5. Application 

There are many analytical methods available 
for the determination of  copper. One of  those 
most frequently employed for copper determi- 
nation is atomic absorption spectrometry 
(AAS) although there are some reproducibility 
and interference problems [10]. The present 
method was applied satisfactorily to the deter- 
mination of  copper(II) in serum and was found 
to be simple, highly sensitivity and displayed 
excellent selectivity. The samples were pre- 
treated with a mixture of  concentrated nitric 
acid and 30% hydrogen peroxide in a small 
beaker, carefully heated under a cover on a hot 
plate until the liquid had almost evaporated, 
and then treated with concentrated hydrochlo- 
ric acid and evaporated by dryness. The residue 
was dissolved in 10 ml of  0.01 mol I - t  KF  solu- 
tion. An aliquot of  the resulting solution was 
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Table 1 
Analytical characteristics of copper obtained by the present method 

Characteristic Result 

Copper (ppb) 0 0.5 
Intensity (mV) 2.5 5 
Linear range (ppb) 1 - 2 0  
Limit of detection ~ (ppb) 0.5 
RSD for 1 ppb Cu(ll) (n-- 13)(%) 4.2 

1 4 8 12 16 20 
8 19 38 57 73 82 

Signal-to-noise ratio, 2. 

determined by using the standard curve. The 
results agreed well with those obtained by 
AAS. The recoveries were good enough for 
practical use and all the results are listed in 
Table 3. 

3.6. Possible mechanism of the present 
chemiluminescence (CL) reaction 

It is well known that light emission is fre- 
quently accompanied by an oxidation reaction 
involving large free energy changes. Most 
chemiluminescence of organic molecules occurs 
in the presence of H 2 0 2  o r  other oxidising 
agents. In contrast, the present CL system does 
not have such reagents added deliberately. This 
enables us to discuss the possible CL reaction 
scheme of the hydroxylamine-fluorescein sys- 
tem. 

Chemiluminescence and fluorescence spectra 
The chemiluminescence spectrum of the 

NH2OH reaction with copper was detected by 
means of a series of filters. The results indi- 
cated that there were two luminescence peaks 
at 480 nm and 580 rim, respectively. The CL 
spectrum of hydroxylamine-fluorescein was 
similar to the fluorescence spectrum 
(2ma ~ = 560 rim) before and after reaction with 
copper(II). When nitrogen or oxygen was bub- 

Table 2 
Tolerance limits of foreign ions on the determination of 
5 ppb of copper(ll) 

Tolerance Foreign ion 
limit 
(ppb) 

5 x 103 

! x 10 "~ 
I x 102 
50 
10 

CI- ,  SO 2-,  PO~-, HCO~-, NO~-, F - ,  Na + 
K +, Ca 2+, Mg 2+ 
Zn 2+, AI(IlI), Cd 2+, Se(IV), Au(lll), Bi(lll) 
Ga(lll),  Ag ÷, As "~+, Au 3+ 
Cr(lll), Pb 2+, Ni 2÷, Fe(llI) 
Fe(ll), Co(ll) 

bled through the solution the copper(II) peak 
height decreased with nitrogen and increased 
with oxygen. The results indicated that the 
reaction involved dissolved oxygen. Brown [11] 
and Khan and Kasha [12] reported that the 
single exited molecular oxygen species (IO~') 
and the formation of the (tO~'): species arose 
from the emission due to the deactivation of 
excimer oxygen species; we thought that the 
luminescence emitted from the NH:OH-Cu(II)  
system was due to the generation of O2(~E~ -) 
and thus a molecular pair, O2(IAg)O2(IE~'). In 
this work, however, no detectable emission was 
observed during the reaction. Khan and Kasha 
[12] proposed that in a system generating ex- 
cited molecular oxygen, luminescence arising 
from any energetically favourable species can 
be produced, and observed as the CL reaction 
direct energy transfer from the excited oxygen 
molecular pairs. Therefore, there was signifi- 
cant evidence that dissolved oxygen has an 
important role in the CL reaction. The oxida- 
tion mechanism of hydroxylamine has been 
investigated [13]. Hughes and Nicklin [14] pro- 
posed a possible mechanism for hydroxylamine 
oxidation in basic aqueous solution. They 
thought that in the presence of alkaline solu- 
tion, NH2OH existed in the form of NH20- ,  
which can be attacked by the dissolved oxygen 

H~ 
N--O- --> HNO+ HO2- 

H'I l 

"" "'O ~O 

(1) 

The oxidation scheme of metal-ion-catelysed 
hydroxylamines has been studied by Anderson 
[15]. It was described as the following 

2Cu 2+ +NH2OH-)2Cu  + + N O H + 2 H  ÷ (2) 

2NOH ~ N20 + H20 (3) 

H ÷ + 2Cu + + 02 ~2Cu  2+ + HO~- (4) 



J. Lm, 7". Hobo / Talanta 42 (1995) 1619-1623 

Table 3 
Determination of copper in serum samples 

1623 

Serum Cu content" (ppm) Cu added 
(ppm) 

This method AAS method 

Cu found 
(ppm) 

Recovery 
(%) 

1 1.08 0.98 1.00 0.94 94 
2 1.04 1.00 1.00 0.97 97 
3 1.12 1.05 1.00 0.96 96 
4 0.84 0.85 1.00 0.94 94 
5 0.89 0.91 1.00 0.96 96 
6 0.92 0.90 1.00 0.96 96 

" n = 3 .  

Stauff [16] reported that HO~- free radicals can 
attack each other, giving a molecular pair 
(0*)2 

O2H - + O2H- --* (0202)* (5) 

In the present work, the reaction scheme of 
hydroxylamine may be represented by the fol- 
lowing two equilibria 

O 2 H - *  + O 2 H - *  --* ( 0 2 0 2 ) *  (6) 

(0202)* --'~ 2 0  2 + h),(,~ma x = 478, 580 nm) (7) 

The chemiluminescence of fluorescein used in 
analytical chemistry has been reported [8,17], 
and was based on the reaction of fluorescein 
with H 2 0  2 and horseradish peroxidase (HRP). 

FL + H 2 0  2 HRP) FL* - ,  FL + h7 (8) 

From the above discussion, a possible reaction 
scheme is proposed for the chemiluminescence 
of fluorescein-NH2OH with copper(II). First, 
an autoxidation reaction to give hydroxylimine 
took place in the basic aqueous solution with 
copper(II) ions as catalyst. The emission was 
thought to be from the excited molecular oxy- 
gen species (excimers) which were produced 
from hydroxylamines reacting with dissolved 
oxygen, catalysed by copper(II). The excited 
molecular oxygen species QO~')2 then trans- 
ferred energy to the fluorescein molecule, form- 
ing excited organic molecules, and the emission 
was generated. 

(IO*)2 + FL--, 2302 + FL* 

FL* --, FL + hT(light) 

4. Conclusion 

method for the determination of copper in 
serum has been proposed. The method utilises 
the autoxidation of hydroxylamine in alkaline 
solution catalysed by copper(lI). The chemilu- 
minescence intensity was enhanced by the addi- 
tion of fluorescein. The mechanism has also 
been discussed. 
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Abstract 

The adsorption isotherms of MCI 2 (M = Mn, Ni, Cu, Zn and Cd) and FeC13 by silica gel chemically 
modified with benzimidazole molecules (-Si(CH2)3-NC7HsN) were studied in ethanol solution at 298 K. A 
column made of modified silica was used to adsorb and preconcentrate the above metal ions from ethanol 
solution. Elution was done with 0.1 M hydrochloric acid in an ethanol/water mixture having a mole fraction 
of water of 0.8. The material was applied in the preconcentration of metal ions from commercial ethanol 
normally used as engine fuel. 

Keywords: Benzimidazole; Preconcentration of heavy metals; Adsorption isotherms; Silica gel functionalized 

1. Introduction 

Surfaces of  inorganic solids have been modi- 
fied with chelating groups in order to adsorb and 
preconcentrate metal ions from solutions [1-7]. 

The preparation of  a silica chemically modi- 
fied with benzimidazole molecules ( -= Si(CH2)a- 
NC7HsN) and a study of  the adsorption of  CuX 2 
(X = Cl, Br, CIO4) from non-aqueous solvents 
were recently investigated [8-113]. This material, 
abbreviated here as SiL, can react with cop- 
per(II) ions in ethanol solution forming very 
stable complexes. Considering the potential use- 
fulness in chemical analysis, the SiL can be 
applied to the preconcentration of  metal ions 
from commercial ethanol (a mixture of  ethanol 
and water). 

* Corresponding author. Fax: (55)187-622-735. 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights 
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The development of  methods to determine 
traces of  metals has been one aspect of  inter- 
est in the research on ethanol as a fuel. The 
presence of  some metal ions in ethanol fuel 
can induce corrosion in the vehicle compo- 
nents in contact with the liquid [11-14]. 

Since benzimidazole can coordinate with 
several metals, and considering the growing 
interest in the modification of  surfaces, we 
report in this work the results of  our sorp- 
tion and preconcentration study of  Mn(II), 
Fe(III), Ni(II), Cu(II), Zn(II) and Cd(II) by 
SiL in ethanol solution. The coordination 
complexes that are formed upon adsorption 
were characterized by infrared spectroscopy. 
The application of  this material to the pre- 
concentration and removal of  the above 
metal ions from commercial ethanol is also 
described. 

reserved 
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2. Experimental 

2.1. Preparations 

Silica gel 60 (Merck, Darmstadt ,  Germany)  
having a particle size between 0.2 and 0.05 m m  
was chemically modified with a benzimidazole 
molecule according to the procedure described 
earlier [8]. Silica gel ( ~ 5 0  g) previously acti- 
vated at 4 2 0 K  under vacuum (10-3torr ,  
,~0.133Pa), was suspended in dry xylene 
(200 ml), 3-chloropropyltrimethoxysilane 
(15 ml) was added and the mixture was stirred 
for 24 h at 380 K in a nitrogen atmosphere. 
The resulting modified silica, =Si(CH2)3C1, 
was immersed in pure dimethylformamide 
(150ml) and benzimidazole (17.5 g, 0.15mol)  
was added. The mixture was stirred for 24 h at 
380 K under a nitrogen atmosphere. The re- 
suiting modified silica was filtered off and 
washed with dimethylformamide and ethanol. 
The product was heated for 8 h at 353 K under 
vacuum (10 -3 torr). 

The amount  of  benzimidazole attached to 
the silica surface was determined by nitrogen 
analysis using the Kjeldahl method. The spe- 
cific surface area was determined by the 
Brunaue r -Emmet t -Te l l e r  (BET) method using 
a Micromeritics Flow Sorb 2300 apparatus of  
Micromeritics Instrument Corporat ion (Nor- 
cross, USA). 

2.2. Adsorption isotherms 

The adsorption isotherms of  metal ions on 
benzimidazole-modified silica, hereafter de- 
noted as SiL, were determined for MC12 
(M-- -Mn,  Ni, Cu, Zn and Cd) and FeCI3 in 
dry ethanol solutions. Solutions of  the metal 
ions (concentration between 1 × 10 -4 and 
5 × 10 -3 M) were shaken with SiL (0.1 g) at 
298.0 +0 .2  K for 40min.  The supernatants 
were decanted and the amount  of  metal ions 
was determined by flame atomic absorption 
spectroscopy (flame AAS). 

2.3. Preeoncentration experiments 

hydroxide in ethanol, and finally washing with 
20 ml of  ethanol to remove all hydroxide. 

Solutions of  Mn(II),  Fe(III), Ni(II), Cu(II), 
Zn(II)  and Cd(II) ions with concentrations of  
5 x 10 - 3  M were prepared in dry ethanol. In 
each run, 5ml  (25 x 10-6mol)  of  metal ion 
solution was passed through the column with a 
flow rate between 0.5 and 1 .0mlmin  -~. The 
adsorbed metal ions were eluted by passing 
10ml of an aqueous ethanolic 0.1 M hy- 
drochloric acid solution in which the ethanol/ 
water ratio was varied. Lower acid 
concentrations such as 0.075 or 0.05 M were 
less effective in desorbing the metal. The metals 
were quantified by flame AAS. 

2.4. Adsorption and recovery o f  a mixture o f  
ions 

In these studies, solutions of  Mn(II),  Fe(III),  
Ni(II), Cu(II), Zn(II)  and Cd(II) ions 
(0.1 x 10-3 M each) were used. Higher concen- 
trations (5.0 x 10 -3 or 0.5 x 10 - 3  M) were also 
tested. For  adsorption, 10 ml of  solution was 
percolated through the column. The adsorbed 
metal ions were eluted by passing 10 ml of  
0.1 M HCi in 0.8 mole fraction ethanol/water 
through the column and collected for analysis 
by flame AAS. 

3. Results and discussion 

3.1. Characteristics o f  the material 

The chemical analysis of  SiL showed 
0.48 x 10 -3 mol g-~ attached molecules and a 
specific surface area of  477 m 2 g-~. The maxi- 
mum retention capacity for individual ions 
from ethanol solution was evaluated by ad- 
sorption isotherms (see Table 1). This retention 

Table 1 
Adsorption of MX 2 and FeCI 3 by SiL from ethanol solu- 
tion at 298 K 

10 -3 b (Imol -I) 10 3 Nr s (molg-I) r 

CuC12 3.4 
For  these experiments, a glass column of  NiCI 2 1.4 

20 cm height and 0.8 cm internal diameter w a s  ZnCI 2 6.4 
packed with about  2 g of  the sorbent to give a CdCI2 12.3 
bed height of  about 10 cm. The material was FeCI~ 10.5 

activated for each run by washing with 5 ml of  MnCI2 0.8 

aqueous solution of  0.1 M hydrochloric acid, 
treating with 5 ml of  0.5% (w/v) potassium 

0.26 0.998 
0.19 0.998 
0.28 0.999 
0.30 0.999 
0.43 0.999 
0.14 0.995 

b is a constant given by the ration b--Keq/a; N s is a 
constant representing the maximum sorption capacity. 
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Fig. 1. Adsorption isotherms of metal ions from solution 
by SiL at 298 K. Nr is the amount of metal ions adsorbed 
per gram of the solid phase, and C is the residual concen- 
tration of metal ions in equilibrium with the solid phase. 

capacity was not affected after several reten- 
tion/elution cycles during 6 months of continu- 
ous use. The adsorbent material was resistant 
to the attack of concentrated acids, but not to 
the attack of concentrated aqueous alkali solu- 
tion. 

3.2. Adsorption isotherms 

The results of the adsorption measurements 
of metal ions, as plots of Nf against C, are 
shown in Fig. I. Isotherms with similar shapes 
but different adsorption capacities were ob- 
served, Fe(III) being the most adsorbed and 
Mn(II) the least adsorbed. 

The metal ions are adsorbed from solutions 
by the immobilized benzimidazole molecule, in 
a process of competition between solute and 
solvent. The isotherm obtained by these sys- 
tems can be represented by the Langmuir ad- 
sorption model [8]: 

C l C 
N,--~. = bN---~ q N s 

In this expression, C is the residual concentra- 
tion (M) of the metal ion in equilibrium with 
the solid phase, Nr is the number of moles of 
the solute adsorbed per gram of solid, N~ is a 
constant which represents the maximum sorp- 
tion capacity (moi of solute per gram of adsor- 
bent), and b is a constant given by the ration 
b = Keq/a, where a represents the activity of 

the solvent in solution. The value of b and N s 
were obtained from the angular and linear 
coefficients by plotting C/Nr against C, and the 
values are listed in Table 1. The correlation 
coefficients r of the straight lines were always 
> 0.99. 

The maximum retention capacity of metal 
ions on the solid SiL showed the sequence 
Fe(III) > Cd(II) > Zn(lI) > Cu(II) > Ni(II) > 
Mn(II). 

The calculated values of the constant b are 
very high in every case, suggesting that the 
sorption of the metal from solution by the solid 
phase occurs with the metal directly coordinat- 
ing with the unsubstituted benzimidazole nitro- 
gen. 

3.3. Infrared spectra 

Recently, we reported [8-10] that coordina- 
tion of copper(II) ion benzimidazole nitrogen 
shifted the band at 1500 era-~ of SiL infrared 
spectrum to a higher frequency. This particular 
band is assigned to the skeleton vibrational 
mode of the ring which involves coupled vibra- 
tion (vCN + vCC). This is an evidence that the 
copper(II) ion is coordinated to the benzimida- 
zole free nitrogen and is not only physically 
sorbed onto the surface. The remaining spectra 
of the other metals adsorbed onto the modified 
surface, are very similar to that of SiL CuX2, 
as shown in Table 2. 

3.4. Preconcentration and elution of individual 
metal ions 

In every run, the effluent was collected and a 
quantity of metal ions analyzed. The metals 
were eluted by passing l0 ml of 0.1 M HCI in 
ethanol/water through the column. The results 
are shown in Fig. 2. 

It can be observed that, under the experi- 
mental conditions used, for Mn(II) and Ni(II) 
the extents of elution are independent of the 
ethanol/water ratio. Cu(II), Zn(II) and Cd(II) 
ions showed nearly similar behaviour and were 
completely eluted from the column with a mole 
fraction of water (Xa) of approximately 0.8, 
0.85 and 0.9, respectively. However, the begin- 
ning of the elution was different for the three 
cases: elution of Cu(II) began at XB ~ 0.2, Zn 
at Xa ~ 0.35 and Cd(II) at Za ~ 0.65. 

In contrast, Fe(III) was completely eluted at 
Xa ~0.4, but the elution decreased with an 
increase in the mole fraction of water in the 
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Table 2 
Infrared bands (cm-i) of modified silica ~ 

SiL CuCI* NiCI~ ZnCI_,* CdCI* FeCI~ MnCI~ Approximate 
assignment 

1660w . . . . . .  Combination band 
1630(br) 1630(br) 1630(br) 1628(br) 1627(br) 1629(br) 1627(br) ff (H2 O) 
1567m 1566m 1568m 1569m 1568m 1568m 1567m v(CC) + 6 (CH) 
1500m 1520m 1507m 1515m 1509m 1531 m 1504m v(CN) + v(CC) 

- 1480vw 1484vw 1486w 1486w 1487w 1485w v(CN) + 8(ring) 
1458m 1463m 1462m 1464m 1464m 1466m 1465m 
1382w 1385vw 1385vw 1387vw 1386vw 1385vw 1386vw propyl 6(CH2) 
i 353w 1352w 1350w 1352w 1352w 1352w 1352w 

Starred metal halides indicate adsorbed metal on the modified silica; v = very; m = medium; w = weak; br = broad. 

mixture. Previously, it was reported that in a 
binary mixture of  methanol and water the hy- 
drolysis constant of  Fe(III),  expressed by 
K =  [Fe(OH)~-][H+]/[Fe3+], increases with the 
mole fraction of  methanol in the mixture 
[15,16]. I f  such behaviour can be extended to 
Fe(III)  in a mixture of  ethanol and water, it 
seems likely that the less charged complex ion 
Fe(OH) 2+, which is present at higher concen- 
trations for lower Za, will be more easily eluted 
than the Fe 3÷ ion itself. Ni(II) and Mn(II)  
were eluted from the column in a similar way, 
whether the silica was modified or not; also, 
they were not completely retained (Table 1). 
Presumably, nickel and manganese complexes 
with benzimidazole groups are very weak. 

3.5. Adsorption and recovery o f  a mixture o f  
ions 

Adsorption and elution studies of  a mixture 
of  metal ions were carried out. In these studies, 
a series of  solutions was prepared in which the 
metal ion concentrations were fixed at 
0.1 x 10 - 3  M ,  except for one of  them which 
was fixed at 5.0 x 10 -3 or 0.5 x 10 - 3  M. The 
results are presented in Table 3. 

It can be observed that the recoveries of  
Mn(II)  and Ni(II) were practically complete in 
the presence of  other metal ions at concentra- 
tions 5 or 50 times higher. In view of  this, the 
percentage of  elution of  Mn(II)  and Ni(II) was 
higher than that found for the individual ion 
experiment. This fact is reasonable, taking into 
account that there was no loss of  Mn(II)  and 
Ni(II) when the mixture was passed through 
the column, since the concentrations of  the 
metals were 25 times lower than that used for 
the individual ion experiments. 

The recovery of  Fe(III)  was about  the same 
as in the individual ion experiment, where- 
as for Cu(II), Zn(II)  and Cd(II) the recover- 
ies were lower. Generally, it can be considered 
that the presence of  one of the ions in excess 
did not significantly affect the recoveries of  the 
others. 

3.6. Determination of  metals in ethanol fuel  

Quantitative sorpt ion-desorpt ion  of  the 
heavy metals studied serves as a basic for a 
rapid method for the preconcentration and 
subsequent determination by flame AAS of  
these metals in commercial ethanol from five 
different plants. 

In general, Cd(II) does not occur in 
commercial ethanol, or its content is lower 
than the contents of  the other metals by a 
factor of  10-100. The content of  Fe(Ill)  
depends on the degree of corrosion of  the 
distillation equipment [14]. The concentration 
of  Ni(II) normally found in the commercial 
ethanol is below 50 p.g 1 -~ and Zn(II)  is not 
detected when the conventional preconcen- 
tration method is used, in which the first step 
has been to evaporate the ethanol solution to 
dryness [14]. 

Therefore, the contents of  the metals studied 
were determined in commercial ethanol from 
five different plants using the recommended 
method by passing, depending on the origin, 
between 0.2 and 6.5 1-~ of the sample through 
the column. Complete elution of  the metals 
adsorbed was carried out using about  40 ml of  
an ethanol/water mixture with a mole fraction 
of water of  0.80. All the experiments were done 
in triplicate. 



N.L, Dias Filho et al./ Talanta 42 (1995) 1625-1630 1629 

0 
~- 50 
.=.I 
14J 

Mn( l l )  

IOO-- 

Ool l m J l I i t m I 0 
0.5 t.0 

A(CeHsOH) x.e S(H~ 

I0(: 

£ 
0 
r- 50 
J 
14J 

F¢('m') 

@ - ~  100 

so 
,,-I 
Ld 

, ,, , , I,, , , I 
0 0.5 t.O 
,~HaOH) "X. B B(HtO) 

Ni(~') 

O; I l I l I .... I 
0.5 t.0 

A(C~,~OH| "~B B(HE O) 

Cu(~) 

1oo _-- 
- 

~ 50- 
W " 

* ! 

O0 0.5 1.0 
A(C~OH) "~B B(H=O) 

lOG 

Zn(~) 

% ,  , I  
0.5 4.0 

AiC,z~OH) ~ n B(HzO) 

Cd(IZ) 

otOO - -  

W 

, I 
0~) 05  1.0 
A(CtH$OH) ~B BtH20) 

Fig. 2. Elution of the metal ions from different column packings: (O)  modified silica; ( e )  untreated silica. 

Table 3 
Recovery of metal ions from a mixture 

Ion Concentration Recovery (%)" 
(10 -~ M) 

Mn(ll) Fe(lll) Ni(ll) Cu(ll) Zn(II) Cd(ll) 

Mn(II) 5,0 - 76 100 79 30 22 
0.5 - 77 100 86 26 26 

Fe(lil) 5.0 97 - 97 78 32 24 
0.5 98 - 100 71 25 33 

Ni(ll) 5,0 100 77 - 85 28 19 
0.5 I00 78 - 77 25 23 

Cu(ll) 5.0 100 76 100 - 29 13 
0.5 100 76 I00 - 23 19 

Zn(l 1 ) 5.0 100 8 ! i 00 76 - 26 
0.5 100 84 100 84 - 25 

Cd(ll) 5.0 98 75 97 86 28 - 
0.5 100 76 98 78 27 - 

= Concentration of each ion was 0.1 x 10 --~ M. 

T h e  r e s u l t s  a r e  s h o w n  in  T a b l e  4. C d ( I I )  w a s  
n o t  d e t e c t e d  in  a n y  s a m p l e .  T h e  a c c u r a c y  o f  

t h i s  m e t h o d  w a s  t e s t e d  a n d  t h e  r e s u l t s  o b t a i n e d  

u s i n g  t h e  r e c o m m e n d e d  m e t h o d  a r e  in  g o o d  

a g r e e m e n t  w i t h  t h o s e  o b t a i n e d  b y  d i r e c t  d e t e r -  

m i n a t i o n ,  w i t h o u t  a n y  p r e c o n c e n t r a t i o n .  
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Table 4 
Preconcentration of metal ions in ethanol fuel 

Plant Vol * (I) Concentration found (~tg I-~) 

Mn(II) Fe(IIl) Ni(ll) Cu(ll) Zn(ll) 

A I -2  2.3±0.4 4 ± 1  7 ± 2  180±30 3.1±0.3 
B 4-6  2.0±0.3 9 ± 2  5±0.5 10±3 2.9±0.2 
C 0.2-1 _b _b 2 9 ± 5  250±30 5.2±0.7 
D 4-6.5 2.5±0.5 5.5±0.7 4±0.3  7 ± 1  2.0±0.4 
E 2-4 2.4±0.4 14±2 5±0.5 4 5 ± 6  2.6±0.4 

"Volume passed through the column containing 2 g of functionalized silica gel. 
b Not detected. 
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Abstract 

Ascorbic acid (AA) has been determined in kiwi, parsley and grapefruit by third order derivative 
spectrophotometry without using any separation or background correction techniques and reagents. The 
method is based on the measurement of the distances between two extremum values (peak-to-peak amplitudes) 
in the third order derivative spectra of the extracts. A metaphosphoric acid (3% w/v)-acetic acid (8% v/v) 
mixture was found to be the most suitable extraction solution. In the third order derivative spectrum, the 
extrema of 259.4 nm and 276.2 nm were used for the quantitative determination of AA in kiwi, and the 
extrema of 227 nm and 237 nm were used for the quantitative determination of AA in parsley and grapefruit. 
Calibration curves were constructed for the 2.0-10.01agml -~ concentration range. Relative standard 
deviations were calculated from the assay results of 14 samples. They were found to be in the ranges of 
0.53-2.45% and 0.50-1.41% for the proposed method and the Association of Official Analytical Chemists 
(AOAC) method, respectively. 

The obtained results were statistically compared with those of the official method of AOAC using the F 
test. There was no significant difference between the precisions at a 95% confidence level. 

Keywords: Ascorbic acid; Fruits; Derivative spectrophotometry 

1. Introduction 

Ascorbic acid (AA) is widely distributed in 
plant materials, with fruits and vegetables be- 
ing the major  source in most human diets. 

The concentration of  AA in vegetables and 
fruits is a maturi ty index, and the determina- 
tion of this constituent in such samples is of  
special interest in quality control. 

The need for a fast and selective method is 
obvious, especially when routine determina- 
tions are required. Many analytical methods 
have been developed for the determination of  
AA and the quality control of  products con- 
taining AA. These include titrimetric [1-3], 
spectrophotometric [4-7], fluorimetric [8], 
chromatographic  [9-1 I], polarographic [12- 

* Corresponding author. 

0039-9140/95/$09.50 • 1995 Elsevier Science B.V. All rights 
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14], amperometric  [15,16], coulometric [17,18] 
and enzymatic methods [19-21], as well as 
combinations of  various other techniques 
[22,23]. 

The titrimetric AOAC method [24] with 2,6- 
dichlorophenolidophenol as the titrant is used 
in many of  the determinations. Although this 
method is rapid, the reagent itself is unstable 
and must be standardized before use. More- 
over, the technique is unsuitable for coloured 
samples which interfere with the detection of  
the end point. Titrimetric methods suffer the 
disadvantage of  using a large amount  of  sam- 
ple and undergoing interference from many 
redox reagents with the determination. The 
fluorimetric method is too time consuming. For 
the chromatographic methods, the use of  ex- 
pensive equipment and the demand for more 
operator  attention prevent their application in 

reserved 
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small industrial laboratories where only a few 
analyses are performed each day. The polaro- 
graphic method requires long analysis time and 
suffers interferences from electrochemical im- 
purities present in the food sample, whereas the 
enzymatic technique is generally considered to 
be too specialized for ordinary chemical labo- 
ratory use. 

Spectrophotometry is a fast and simple 
method for AA determination, but it cannot be 
used in samples with complex matrices because 
of background absorption in the UV region. 
Various background correction techniques 
have been proposed such as thermal decompo- 
sition, direct ultraviolet irradiation, alkaline 
treatment and an enzymatic method [25,26]. 
Some visible spectrophotometric methods often 
require tedious pre-separation techniques to 
remove possible interferences from coloured 
materials. 

Derivative spectrophotometry is a useful 
technique for extracting qualitative and quanti- 
tative information from spectra composed of 
unresolved bands [27], and for eliminating the 
effect of baseline shifts and baseline tilts [28]. 
Derivative spectrophotometry is now a reason- 
ably priced standard feature of modern micro- 
computerized UV/vis spectrophotometry. 

The purpose of this work is to develop a 
direct and simple UV-spectrophotometric 
method for the determination of AA in fruits 
and vegetables without pre-seperation or back- 
ground correction procedures. 

Among fruits and vegetables, kiwi, parsley 
and grapefruit were chosen owing to their high 
AA content. Several kiwi, parsley and grape- 
fruit samples were analyzed for their AA con- 
tent and the results were compared with those 
obtained by AOAC [24]. 

2.2. Reagents 

All reagents used were of analytical reagent 
grade. Bidistilled water was used throughout 
the work. 

The extraction solution was 3% (w/v) 
metaphosphoric acid-8% (v/v) acetic acid. This 
reagent can be kept for three days in a refriger- 
ator. 

The ascorbic acid stock solution 
(100lagml -t) was prepared by dissolving 
10mg of AA in 100ml extraction solution. 
This solution was freshly prepared and was 
diluted to obtain standard solutions for the 
preparation of calibration curves. 

2.3. Analytical procedures 

Preparation of  sample solutions 
Samples were purchased from the local mar- 

kets for analysis. The edible portions of each 
sample were analyzed using two methods on 
the same day of purchase. 

In the case of grapefruit, the juice was easily 
obtained from the fruit with a glass press. A 
25 ml aliquot of the juice was homogenized 
with 75 ml of extraction solution using a me- 
chanical stirrer for about 5 min. 

The parsley and kiwi samples (5-10 g) were 
chopped and then homogenized with 100ml 
extraction solution using a mechanical stirrer 
(with a glass rood) for about 45 min. 

After homogenization of the samples, the 
extracts were clarified by centrifuging at 
2000 rpm for 5 min and then filtering through a 
filter paper (Whatman 541) using a vacuum 
pump. 

The filtrates were then diluted to provide the 
necessary working concentration (2.0-  
10.0 lag ml -  ~). 

2. Experimental 

2. I. Apparatus 

A Philips PU 8700 UV/vis spectrophotome- 
ter was used with a cell having a path length of 
l cm and a volume of 3ml. For the spec- 
trophotometric measurements, suitable settings 
were chosen: 2 nm slit width, 250 nm min- 
scan speed for kiwi samples; 2 nm slit width, 
125nmmin -~ scan speed for parsley and 
grapefruit samples; very high smoothing for 
derivative spectra. 

2.4. Determination 

Calibration graph 
The third order derivative absorption spectra 

of AA standard solutions (2.0-10.0 lag ml- ' )  
were recorded against extraction solution be- 
tween 190- 300 nm. 

In these spectra, the peak-to-peak ampli- 
tudes of 227 nm and 237 nm were used for the 
establishment of the calibration graphs for 
parsley and grapefruit samples. 

For kiwi samples, 259.4 nm and 276.2 nm 
extrema were used for the same purpose. A 
regression equation of the calibration graph 
was calculated by the method of least squares. 
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Fig. I. Absorption spectra of (a) parsley ( ); (b) grapefruit (. ); (c) kiwi ( ); and ascorbic acid ( - - - )  solutions. 
Concentration: 6 lag ml- ~ in extraction solution. Reference: extraction solution. 

Sample analysis 
Third order derivative spectra of  sample so- 

lutions were recorded against the extraction 
solution. Peak-to-peak amplitudes of  227- 
237 nm (for parsley and grapefruit samples) or 
259.4-276.4nm (for kiwi samples) were ob- 
tained from these spectra. 

The concentration of  AA in the sample solu- 
tions was deduced by means of  the regression 
equation of the related calibration graph. 

3. Results and discussion 

A UV-spectrophotometric method cannot be 
used directly for the determination of ascorbic 
acid in fruits and vegetables owing to the ma- 
trix effect of UV-absorbing substances in the 
sample matrix. This effect is dearly seen in Fig. 
1, which shows the absorption spectra of kiwi, 
parsley and grapefruit extracts, together with 
the spectra of standard ascorbic acid solutions 
prepared in the same solvent medium having 
the same concentration as the sample extract. 
To overcome this difficulty, some tedious back- 

ground correction techniques have been used 
[25,26]. In contrast, the derivatization of the 
absorption spectrum and measurement of the 
distance between two neighbouring extremum 
values allow the elimination of matrix effects, 
because the variable background absorptions 
overlapping the analyte peaks are smoother in 
derivative spectra. Figs. 2, 3 and 4 show first, 
second and third order derivatives, respectively, 
of the absorption spectra given in Fig. 1. As 
seen, the third order spectra of sample and 
standard solutions completely overlap each 
other in the regions of 259.4-276.2 nm for 
kiwi, and 227-237 nm for parsley and grape- 
fruit. This means that matrix effects are elimi- 
nated by derivatization of the absorption 
spectra. The extraction solution of these sam- 
ples is the mixture metaphosphoric acid (3o/0) - 
acetic acid (8%). It was found to be the most 
suitable extraction medium among the various 
mixtures tested for the extraction such as oxalic 
acid (5%), trichloroacetic acid (5%), metaphos- 
phoric acid (6%), acetic acid (8%), citric acid 
(5%) and metaphosphoric acid-acetic acid 
(3%-8% and 1.5%-4%). 
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Fig. 2. First order derivative spectra of (a) parsley ( ); (b) grapefruit ( 
solutions. Concentration: 6 lag m l - i  in extraction solution. Reference: extraction solution. 

6 Q~ 

); (c) kiwi ( ); and ascorbic acid ( - - - )  

Linear relationships were obtained between 
the AA concentration (2.0-10.0 lag ml-~) and 
peak-to-peak amplitudes (3D) of third order 
spectra at the wavelengths stated above. The 
regression equations were as follows: 

3D259.4_276. 2 ~-- 0.0367C + 0.0046 

(kiwi) (r = 0.9998) 

2D227_237 = 0.1871C-- 0.0132 

(parsley and grapefruit) (r = 0.9994) 

The contents of AA in five parsleys, five 
kiwis and four grapefruits were determined by 
the proposed method. With the purpose of 
comparison of the results obtained by deriva- 
tive spectrophotometry, the same extracts were 
analyzed for AA by the official method recom- 
mended in AOAC. The results obtained by the 
two methods were statistically compared. This 
statistical comparison is depicted in Table 1. 
The results obtained by the developed method 
and by the official method were compared at 

the 95% confidence level with the aid of an F 
test for precision. 

As can be seen from Table 1, the calculated 
F values were less than the corresponding ones 
obtained from the standard table for the se- 
lected confidence level and population number. 

As a conclusion, the derivative spectrophoto- 
metric method is relatively easy, fast and cheap 
for determination of the ascorbic acid content 
of kiwi, parsley and grapefruit. Because it does 
not require expensive solvents and reagents, it 
may be recommended for the rapid precise and 
sensitive quantification of ascorbic acid in these 
products. The major instrument required is a 
modern, microcomputerized UV/vis spec- 
trophotometer, which can be purchased at a 
reasonable price. This method also takes less 
time than the others, and the absorption values 
of the solutions used are stable for at least 2 h. 
The method can be extended to ascorbic acid 
determination in various fruits and vegetables 
provided that the proper wavelengths for peak- 
to-peak measurements are accurately selected. 
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For this selection, the first, second and third 
order derivative spectra of  the sample extract 
and standard AA solution in the same concen- 

tration and solvent medium are plotted on the 
same graph, and the region in which the two 
spectra completely overlapped was determined. 

Table I 
Comparison of  the results for ascorbic acid determination by the proposed method and the AOAC method 

Sample No. Value obtained (5'¼,), mg per 100 g ~ F calc. b 

Proposed method AOAC method ~ 

Parsley I 172.9 (1.68) 172.4 (1.37) 1.50 
2 142.4 (1.58) 144.0 (0.95) 2.69 
3 129.7 (1.80) 131.1 (1.01) 3.14 
4 149.5 (0.53) 150.7 (0.62) 1.40 
5 94.8 (0.97) 93.2 (0.94) 1.08 

Kiwi I 74.3 (0.53) 74.2 (0.50) 1.12 
2 78.0 (0.76) 75.9 (0.58) 1.84 
3 68.9 (0.71) 72.0 (0.53) 1.60 
4 44.6 (0.90) 46.2 (0.82) 1.07 
5 79.9 (0.74) 83.0 (0.53) 1.84 

Grapefruit 1 35.5 (2.45) 32.2 (1.12) 5.82 
2 41.4 (1.57) 36.9 (I.41) 1.56 
3 42.4 (0.80) 38.7 (1.29) 2.08 
4 30.8 (1.18) 33.9 (1.00) 4.17 

"Titration with 2,6-dichlorophenolindophenol. 
b F theory --- 6.39. 

Average of  five experiments, with relative standard deviation (%) given in parentheses. 
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Abstract 

Two simple, inexpensive and rapid iodometric and spectrophotometric procedures were developed for 
trace amount determination of ruthenium. The proposed methods were based on the oxidation of 
ruthenium(II or III) with sodium periodate at pH 2.4-3.6, masking the excess periodate with sodium 
molybdate. The released iodate was then allowed to react with KI at pH 3, with subsequent determination 
of the released iodine spectrophotometry as triiodide at 350 nm or iodometry with 0.005 M sodium 
thiosulphate. This procedure offers an 18- and 15-fold amplification per Ru(II) or Ru(III) ion, respectively. 
Alternatively, the produced iodine was extracted with CHCi3, shaken with an aqueous solution of sodium 
sulphite and the produced iodide ion was then allowed to react with bromine (or sodium periodate). The 
released iodate was subsequently determined by iodometry or spectrophotometry after addition of KI. The 
bromine and sodium periodate oxidation procedures offered 90- and 360-fold amplification per ruthenium- 
(III) ion, and 108- and 432-fold amplification per ruthenium(II) ion. Ruthenium(IV) content was determined 
by these procedures after prior reduction to Ru(III) with sulphurous acid. The binary mixtures Ru(II)- 
Ru(III); Ru(III)-Ru(IV) and Ru(II)-Ru(IV) in aqueous solution at concentration 0.05 g g m l - '  were 
successfully analyzed by the developed procedures. The utility of the proposed methods for the analysis of 
ruthenium in its complexes was demonstrated. Natural seawater and seawater spiked with ruthenium were 
analyzed satisfactorily. 

Keywords: Ruthenium; Iodometry; Spectrophotometry; Trace analysis; Natural water 

1. Introduction 

Compared  to most  other elements, ruthenium 
has a limited influence on the biosphere because 
only small quantities ever reach living organ- 
isms [1]. The amount  of  ruthenium readily 
introduced into rivers, lakes and oceans through 
industrial wastes is minute [1]. Thus, sensitive, 
reliable and practicable methods are required 
for the quantitation of  ruthenium at trace levels. 

* Corresponding author. On leave from the Chemistry 
Department, Faculty of Science at Damiatta, Mansoura 
University, Mansoura, Egypt. 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights 

SSDI 0039-9140(95)01623-6 

The most common reported spectrophotometric 
procedures for ruthenium determination require 
laborious enrichment steps [2-6], e.g. flotation, 
precipitation and solvent extraction. However, 
most of  these methods suffer from lack of  
selectivity and sensitivity [3-5]. 

Recently, several polarographic and voitam- 
metric methods have been developed for the 
determination of  ruthenium [7-10]. These 
methods were based on adsorptive collection of  
ruthenium(Il l)  chelates on H M D E ,  but neither 
their sensitivity nor selectivity are very satisfac- 
tory and they are not practicable in routine 
analysis of  ruthenium. 

reserved 
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Recently, the application of the so-called 
Leipert amplification reaction [11] was re- 
ported, in which potassium periodate solution 
in aqueous acidic media was used for the oxi- 
dation of various metal ions [12-15] and the 
produced iodate was subsequently determined 
by iodometry. The present paper describes two 
simple and accurate amplification procedures 
for the measurement of trace levels of ruthe- 
nium in aqueous solution. 

2. Experimental 

2.1. Reagents and materials 

Unless otherwise specified, all reagents were 
of analytical reagent grade. All solutions were 
prepared from doubly-distilled water. Stock 
solutions (1 mg ml-i)  of ruthenium(llI) 
(atomic absorption standard, BDH) and 
100mgml -t  of Ru(V) were prepared from 
ruthenium dioxide [16] and diluted with water 
for standard addition whenever required. 
Ruthenium(II) solution (100 lag m1-1) was pre- 
pared by the reduction of a measured solution 
of RuC13"6H20 (Johnson Mathey, London) 
in HCI-H20 (1:20, v/v) as previously reported 
[17]. Buffer solutions of pH 2.4-4.6 were pre- 
pared by mixing about 200 ml of glacial acetic 
acid with approximately 200 ml of water and 
the pH adjusted with a saturated solution of 
sodium acetate. Sodium thiosulphate (0.005- 
0.01 M) was prepared and standardized 
against KIO3 (0.01 M) of the same normality. 
Sodium periodate (0.35% w/v), sodium molyb- 
date (10% w/v) and sodium sulphite (5% w/v) 
solutions were prepared in doubly-distilled 
water. 

2.2. Apparatus 

A Pye-Unicam double beam UV/visible 
spectrometer model Sp-8-400 with 10mm 
quartz cells was used for the absorbance mea- 
surements. A Philips digital pH-meter (model 
9418) with glass and saturated calomel elec- 
trodes, and a 250 ml oxygen-flask with fused 
silica sample holder were used. 

2.3. Recommended procedure 

L Determination of  ruthenium(II)or ( l id  
To a 100 ml conical flask (or 100 ml separat- 

ing funnel) was transferred 1-5 ml of sample 

solution containing 5-200mg of Ru(II) or 
Ru(III) solution and 10 ml of water. The pH 
(2.4-3.6) of the solution was adjusted with 
10 ml acetate buffer, 5 ml of sodium periodate 
added and the reaction mixture left for 5 min. 
Na2MoO4 (5 ml) was added to mask the unre- 
acted periodate and the solution shaken twice 
with 10 ml (2 x 5) of CC14. The aqueous layer 
was separated and then treated by one of the 
following procedures. 

(a) 18- or 15-foM amplification. To the 
aqueous solution of the produced iodate was 
added a few crystals of KI at pH ~ 3, and the 
released iodine was determined by spectropho- 
tometry as triiodide at 350 nm or by iodome- 
try with 0.005 M Na2S203. These procedures 
offer 18- and 15-fold amplification of Ru(II) 
and Ru(III), respectively. A blank was run for 
correction. 

(b) 108- or 90-fold amplification. The aqueous 
solution of the released iodate was allowed to 
react with KI (50-70mg) at pH 3 and the 
released iodine twice extracted with 10ml 
(2 x 5) of CHC13 in a separating funnel. The 
chloroform solution was shaken with 25 ml of 
water containing 2 ml of sodium sulphite to 
reduce the iodine to iodide. The aqueous (up- 
per) layer was transferred to a 100 ml Erlen- 
meyer flask, 5 ml of bromine added, and the 
solution left for 3-5 min. The excess bromine 
was removed by boiling off the solution or by 
drop-wise addition of formic acid. Five milli- 
litres of 2N H2SO 4, and three to four crystals 
of KI were added and the released iodine de- 
termined by spectrophotometry or iodometry, 
as described earlier. A blank was run to cor- 
rect the reagent error. This procedure offers 
108- and 90-fold amplification of Ru(II) and 
Ru(III), respectively. 

(c) 432- or 360-fold amplification. To the 
aqueous solution of the produced iodide was 
added 5 ml of NalO4, the flask stoppered, and 
the reaction mixture allowed to stand for 
5 min at room temperature. The flask was 
placed in a boiling water bath for about 
15min, allowed to cool and then 10ml of 
acetate buffer, 5 ml of Na2MoO4, three to four 
crystals of KI (,~0.1 g) were added and the 
released iodine determined by spectrophotome- 
try or by iodometry; a blank was run for 
correction. 
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11. Determination of  ruthenium(IV) 
Aliquot portions (1-100 lag) of the rutheni- 

um(IV) element were transferred to a 100 ml 
conical flask. Five millilitres of Na2SO3 and 
5 ml of HCI (20% w/v) were added and the 
reaction mixture left to stand for 5 min. 

The solution was evaporated gently on a hot 
plate until the excess SO2 was completely re- 
moved, and then 20 ml of H20 and 0.5 g of 
Na2CO3 were added to neutralize the unre- 
acted acid; the produced ruthenium(III) was 
determined using the recommended procedure 
I. A blank was run for correction. Quantitative 
reduction of Ru(IV) to Ru(III) was confirmed 
by determining the content of the rutheni- 
um(Ill) produced colorimetrically [18]. 

IlL Analysis of  the binary mixtures 
ruthenium(II) and (lid 

Aliquots of the mixture were transferred into 
a 100 ml flask and the recommended procedure 
I-a followed. Another aliquot of sample mix- 
ture was reduced to the divalent ruthenium as 
previously reported [17] and procedure I-a fol- 
lowed. On the basis of the proposed procedure, 
if the volume of the sodium thiosulphate con- 
sumed in the first solution is I/', ml and for the 
second solution is V 2 ml, the concentration of 
Ru(II) and Ru(III) can be obtained. 

IV. Analysis of  binary mixture ruthenium(Ill) 
and (IV) 

Aliquots containing various amounts of 
ruthenium(Ill) and (IV) were transferred into a 
100 ml conical flask and the described proce- 
dure I-a followed. Another aliquot sample was 
then reduced to the trivalent ruthenium as de- 
scribed in procedure II and the solution deter- 
mined according to procedure I-a. According 
to the proposed procedure, if the volume of 
thiosulphate solution consumed for the first 
aliquot mixture is V, ml and that used for 
titration of the second aliquot mixture is V2 ml, 
the concentration of Ru(III) and Ru(IV) can be 
obtained. 

V. Analysis of  ruthenium(lI) or ( l id in their 
complexes 

The ruthenium complexes used in this work 
were prepared by the previously reported 
[19,20] procedures. Exactly 2 -3mg  of the 
organoruthenium complexes was weighted and 
wrapped as usual by the Schoniger technique 
[21] in a 250 ml oxygen-flask filled with a fused 
silica spiral. Ten millilitres of aquaregia was 

placed in a 250 ml oxygen-flask, the flask filled 
with oxygen and the sample combusted. When 
the combustion was complete, the flask was 
shaken for 2-3 min, opened and the stopper 
and the sample holder rinsed down with 5 ml 
of HNO3 (5% v/v). The solution was heated to 
dryness and l0 ml of H20, 2 ml of cone. HCI 
and l0 ml of Na2SO3 added. The solution was 
left for 2 min at room temperature. It was then 
boiled to remove SO2, and reduced with hy- 
droxylamine as previously reported [17], finally 
the recommended procedure I-a was followed 
for ruthenium(II) determination. A blank was 
run for corrections. 

3. Results and discussion 

Amplification reactions proved to be very 
efficient for the determination of analytes at 
low levels [12-15]. Thus iodometric amplifica- 
tion procedures with their simplicity and sensi- 
tivity are still of special attraction. This 
motivated us to search for new procedures for 
the determination and speciation of micro- 
amounts of various ruthenium species with the 
use of iodine-starch end point or spectropho- 
tometry of the released iodine as triiodide at 
350 nm. 

Amplification procedures based on oxida- 
tion with sodium periodate are extendable to 
any species possessing two oxidation states 
with sufficiently low standard redox potential. 
Thus, the proposed procedures for rutheni- 
um(II), (III) or (IV) determination were prin- 
cipally based on oxidation of these ions in 
acid media to octavalent ruthenium with 
sodium periodate according to the following 
equations: 

Ru '+ + 3IO~- + 6H + ~ R u  s+ + 3IOf + 3H20 

(1) 

Ru 3 + + ~IO~- + 5H + -* Ru s + + ~IO~- + ~H20 

(2) 

Ru 4+ + 210~- + 4H + -* Ru s+ + 210~- + 2H20 

(3) 

The released iodate and ruthenium(VIII) can 
oxidize potassium iodide according to the 
equations 

IOn- + 5H- + 6H + --312 + 3H20 (4) 

RuO4 + 51- + 8H+ ~ Ru3+ + ~12 + 4H20 (5) 
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Table 1 
Determination of various amounts of Ru 2÷ (or Ru ~÷) by iodometry (a) and spectrometry (b) using the 18-fold (or 
15-fold) amplification procedures ~ 

Metal ion taken (lag) Metal ion found (lag) Error (%)b 

a b a b 

5 5.2+0.2 5.1 +0.2 4 2 
10 10.1 +0.3 10.1 4-0.3 I 1 
20 20.3 + 0.3 20.2 4- 0.2 1.5 1 
50 51.1 -4- 0.3 50.3 4- 0.3 2.2 0.6 
75 76.1 + 0.5 75.6 4- 0.3 2.1 0.8 

100 101.44-0.5 101 4-0.3 1.5 I 
150 152 + 0.3 152 4- 0.2 1.3 1.3 
200 203 4- 0.2 202 4- 0.3 1.5 1.0 

Average + standard deviation (n = 5). 
b Error % = [(metal taken-metal found) x 100]/(metal taken). 

Reactions (1)-(4) proceeded rapidly and quan- 
titatively in acidic media (pH < 4) as can be 
predicted from the redox potential concerned 
[15]. Moreover, reaction (5) took place and 
proceeded forwards in acidic medium, i.e. 
ruthenium(VIII) liberated iodine from KI. This 
statement is criticized in this work, where 
preliminary experiments showed that the 
Ru(VII I ) - I  reaction was a function of  the solu- 
tion pH and the reaction was quite negligible in 
the solution of  pH > 2.4, while in 2N H2SO4 it 
took place faster and proceeded quantitatively. 

Further preliminary experiments showed 
that the oxidation of  ruthenium(II), (III) or 
(IV) with sodium periodate was pH and reac- 
tion time dependent. Therefore, the effects of  
these factors were studied for a fixed concen- 
tration (60 mg) of  each of  these ions in the pH 
range 2.4-6.  The solutions were then allowed 
to react with NalO4 for different time intervals 
(2-30min) .  The pH of  the solutions was ad- 
justed to pH ~, 3 using acetate buffer and the 
excess unreacted NalO4 was masked with 
sodium molybdate at the same pH. The re- 
leased iodate and ruthenium(VIII) were then 
allowed to react with KI and the liberated 
iodine was determined by iodometry (with 
0.005 M Na2S:Oa) and by spectrophotometry 
of  the triiodide species formed at 350nm 
against a reagent blank. The results indicated 
that the optimum pH of  the complete oxida- 
tion of  the ruthenium species was in the range 
2 .5-4  after 5 min. Under these conditions, each 
original ruthenium(II), (III) and (IV) released 
18, 15 and 12 equivalent iodines, i.e. the pro- 
posed method afforded 18-, 15 and 12-fold 
amplification per ruthenium(II), (III) and (IV) 
ion, respectively. At pH < 2, reactions from 

(5)-(9) proceeded rapidly with 23-, 20- and 
17-fold amplification of  Ru(II), (III) and (IV) 
respectively, but under these conditions sodium 
molybdate did not mask the unreacted perio- 
date quantitatively since the molybdate-per io-  
date complex was partially decomposed [22] 
and also aerial oxidation of  iodide could occur. 
Thus, the percentage recovery of  the tested 
ruthenium ion and blank values were erro- 
neously high owing to reaction of  the released 
periodate with iodide. At pH > 5, reactions 
(5)-(7) proceeded slowly to form perruthenate 
(RuO~-) ions [2] of  lower amplification, and the 
iodide-iodate reaction was slow under these 
conditions. Fortunately, the pH values suitable 
for the quantitative oxidation of  ruthenium(II), 
(III) or (IV) ions were quite appropriate for 
masking the excess unreacted periodate with 
molybdate. The developed method was em- 
ployed for the determination of  various 
amounts (5-200 mg) of  ruthenium(II) or (III) 
by iodometry and spectrophotometry. The re- 
sults are summarized in Table 1. Satisfactory 
results with standard deviations (n = 5) in the 
range 0.2-0.5 and 0.2-0.3 were obtained em- 
ploying the iodometry and spectrophotometry 
procedures for Ru(II) or (III) respectively. It is 
worth mentioning that before addition of  KI it 
was advisable to shake the solution with 10 ml 
CC14 (2 x 5) to remove the produced RuO4 and 
to prevent any possibility of reaction between 
RuO4 and KI at the optimum pH. 

Moreover, the sensitivity of  the proposed 
method for ruthenium(IV) determination can 
be increased by prior reduction to Ru(III) us- 
ing sodium sulphite, hydroxylamine or zinc/ 
HC1 followed by determination according to 
procedure I. Sodium sulphite in acidic media 
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Table 2 
Determination of  various amounts of  ruthenium(IV) by iodometry (a) and spectrometry (b) using the 15-fold amplifica- 
tion procedure" 

Ruthenium(IV) taken (lag) Ruthenium(IV) found (lag) Error (%) 

a b a b 

10 10.1 +0.3  10.1 +0.2 1 1 
20 20.2 +__ 0.4 20.2 + 0.2 1 1 
50 51.3 + 0.4 50.7 + 0.2 2.5 1.4 
75 76 + 0.5 75.3 __+ 0.4 1.3 0.4 

100 103 + 0.5 101.3 + 0.2 3 1.3 

"Average + standard deviation (n = 5). 

was found to be the most suitable reagent, 
where the unreacted sulphite ion could be eas- 
ily removed by boiling off the formed sulphur 
dioxide. The determination of various amounts 
(10-100 lag) of ruthenium(IV) in aqueous me- 
dia by the proposed method is given in Table 2. 
Satisfactory results were obtained by iodome- 
try and spectrophotometry with relative stan- 
dard deviations in the range 0.5-2.9 and 
0.2-1.9%, respectively. 

The proposed method was also employed for 
the anlysis of the binary mixture Ru(II) and 
(III) in aqueous media. An aliquot mixture was 
first allowed to react with sodium periodate 
employing procedure I-a. Another aliquot mix- 
ture was then reduced to ruthenium(II) as pre- 
viously reported [ 16], followed by 
determination of the total Ru(II) by the pro- 
posed procedure I-a. On this basis, if V~ and V2 
ml were the volumes of the sodium thiosul- 
phate equivalent to the aliquot mixture in the 
first and second steps, respectively, then we 
obtain 

Ci ( l ag  ) --- (6V, - 5V2)M(A.W.)103/18 (6) 

C2(lag ) = ( V 2 - -  V 1 ) M ( A . W . ) I 0 3 / 3  (7)  

where C~ and C2 are the concentrations of 
Ru(II) and Ru(III), in lag, respectively, A.W. is 
the atomic weight of ruthenium and M is the 
molarity of sodium thiosulphate. Satisfactory 
results were obtained (Table 3) employing 
iodometric procedures with 18- and 15-fold 
amplifications. The absolute standard deviation 
was found in the range 0.3-0.4. 

Moreover, the analysis of the binary mixture 
Ru(II) and (IV) was also employed by the 
proposed 15- and 12-fold amplification proce- 
dure. An aliquot mixture was first reacted with 
sodium periodate employing procedure I-a. 
Another aliquot mixture was then reduced with 
sulphite ions in acidic media to reduce ruthen- 

ium(IV) to Ru(III) as described in procedure 
II, followed by determination of the total 
Ru(III) by the described procedure I-a. Ac- 
cording to these procedures, if V~ and V2 ml 
were the volumes of the sodium thiosulphate 
consumed for the first and second aliquot, then 
we obtain 

C~(lag) = (5V~ - 4V2)M(A.W.)IOS/15 (8) 

C2(lag) = (V2 - V~)M(A.W.)10s/3 (9) 

where C~ and C2 are the concentration of Ru(II) 
and Ru(IV), in lag, respectively. The results 
obtained are summarized in Table 4, with a 
relative absolute error in the range 0.5-3.4%. 
In separate experiments, aliquot samples con- 
taining various amounts of Ru(III) and (IV) 
in a concentration range of 0.05-1 lagml -~ 
(n = 5) were analyzed by the developed spec- 
trophotometric procedure. Satisfactory results 
were obtained with 99 +2% recovery and 
absolute standard deviations in the range 0.12- 
0.28. 

The proposed iodometric procedure for the 
analysis of various amounts of the binary mix- 
ture Ru(II) and Ru(IV) was also carried out. 
An aliquot mixture was first allowed to react 
with NaIO4 employing procedure I-a. Another 
aliquot mixture was reduced with sulphite ions 
in acidic media from Ru(IV) to Ru(III) and the 
reaction mixture was then allowed to react with 
sodium periodate as described in procedure II. 
On this basis, if V~ and V2 ml were the volumes 
of the sodium thiosulphate consumed in the 
first and second aliquot mixture, then we ob- 
tain 

(5 V, -- 4 V2)M(A.W.)I0 3 
C~ (lag) = 18 (10) 

( V2 - Vi )M(A.W,)10 3 
(72 (lag) = 3 ( 1 1 ) 
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Table 3 
Simultaneous determination o f  various amounts  of  ruthenium(ll)  and (Iil) in their binary mixtures by iodometry 
employing the 18- and 15-fold amplification procedure ~ 

Metal ion taken (lag) Metal ion found (lag) 

Ru2+ Ru ~÷ Ru 2+ Ru ~+ 

20 50 20.1 _+ 0.3 
40 50 40.2 + 0.4 

100 50 101.3 + 0.4 
150 100 153.3 + 0.4 
200 100 202 + 0.3 

51.1 +0.3 
51.2 _-. 0.4 
51.2 + 0.4 

101.9 + 0.5 
101.6+0.3 

Average + standard deviation (n = 3). 

where CI and C2 are the concentrations of 
Ru(II) and Ru(IV), in lag, respectively in the 
binary mixture. Satisfactory results were ob- 
tained with good accuracy and reproducibility 
in the concentration range 5-100 lag of Ru(II) 
or Ru(IV) ions. 

Moreover, the proposed 18-, 15- and 12-fold 
amplification procedures of Ru(II), Ru(III) and 
Ru(IV), respectively could be increased by em- 
ploying further oxidation by bromine water 
and sodium periodate [23]. The released iodine 
from Eqs. (1)-(3) after addition of potassium 
iodide was quantitatively extracted twice with 
10 ml portions (2 × 5) of CHC13 or CC14 and 
shaken with sodium sulphite solution to reduce 
the iodine to iodide. The released iodide in the 
aqueous (upper) layer was then allowed to 
react with bromine as well as with sodium 
periodate to produce iodate ions. The pro- 
duced iodate was quantitatively determined 
iodometrically or spectrophotometrically after 
adjusting the pH and addition of KI as de- 
scribed earlier. The overall fold amplifications 
of ruthenium(II) determination were 108- and 
432-fold employing oxidation of the produced 
iodide by bromine and sodium periodate, re- 
spectively. Similarly, the overall amplifications 
of ruthenium(Ill) determination involving oxi- 
dation of the produced 15 I -  by bromine and 
sodium periodate were 90- and 360-fold, re- 
spectively. The two proposed amplification 
procedures, 90- and 360-fold have been em- 
ployed iodometrically for the analysis of vari- 
ous amounts (2-50 lag) of ruthenium(Ill). The 
results obtained are summarized in Table 5 
with an average absolute error of 0.2-2.5%. 
The blank values taken through the whole 
procedure using freshly prepared periodate, 
doubly-distilled water and molybdate solutions 
ranged between 0.10 and 0.15 ml of 0.005 M 
Na2S203. The sensitivity of the proposed pro- 

cedures could be improved by the addition of 
traces of ascorbic acid after addition of iodide 
to prevent the oxidation of iodide by atmo- 
spheric oxygen [24]. 

In addition, the spectrophotometric proce- 
dure employing 90-fold amplification of ruthe- 
nium(III) determination was carried out. The 
absorbance-concentration relationship was 
found to be linear in the concentration range 
from 0.1 to 5 mg 1-1 of ruthenium(Ill). A lin- 
ear calibration curve was also obtained in the 
concentration range 0.05-5 mg 1-1 at 360-fold 
amplification and 2=350nm for rutheni- 
um(III) determination. Moreover, the sensitiv- 
ity of these amplification procedures could be 
extended to lower concentrations ( < 0.1 mg 1- i) 
of ruthenium(Ill), by extraction of the released 
iodine in CHCI3-C2HsOH-KI and measuring 
the absorbance of the triiodide at 360 nm [24]. 
The standard deviation (n = 3) for a solution of 
5 mg 1 -I Ru(III) was 0.4 and 0.22 at 90- and 
360-fold amplification, respectively. The detec- 
tion limit (3x noise) was 0.03 mgl -I . It is 
worth mentioning that, for a reasonably large 
amount of ruthenium(lI) or (III) (>50mg) 
present, it is advisable to dilute the solution of 
the released iodate from oxidation of iodide 
ions by bromine or sodium periodate and fol- 
low the previously recommended procedure. 

3.1. Interference studies 

The interference of various cations, e.g. 
Cd 2÷, Ni 2÷, Sn 2÷, Pd 2÷, Ir(III), Os(III), Au ÷, 
Ca 2+, Mg 2+, AI 3÷, UO 2+, pt 2+, pt 4+, Zn 2+, 
and Li +, at 0.5 mg and pH 3 on the selectivity 
of the proposed method were examined by the 
determination of a fixed concentration (30 rag) 
of ruthenium(II) or (III) in aqueous solution. 
The percentage recovery of ruthenium(II) or 
(III) was found to be 100 + 2.4%. The toler- 
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Table 4 
Simultaneous determination of various amounts 6f ruthenium(ill) and (IV) in their binary mixtures by iodometry 
employing the 15- and 12-fold amplification procedure" 

Metal ion taken (lag) Metal ion found (lag) 

Ru-~÷ Ru 4+ Ru 3+ Ru 4+ 

20 50 20.1 -+0.3 51.1 +0.2  
40 50 40.3 -+ 0.4 51.2 + 0.3 

100 50 101.3 -+ 0.2 51.2 + 0.2 
150 100 153.3 __+ 0.5 101.6 -+ 0.5 
200 100 202 + 0.3 103.4 -+ 0.3 

Average -+ standard deviation (n = 4). 

ance limits of various anions at 30 lag rutheni- 
um(II) or (III) in the presence of a relatively 
high excess (1 mg) of the anions AsOf ,  AsOf ,  
SbOf ,  SbO~-, SeO32-, SeO~-, TeO42-, NO;-, 
SO42-, PO43-, HPO42-, CI-,  Br- ,  SCN-,  for- 
mate, WO~- and SiO]- have been critically 
investigated. The percentage recovery of ruthe- 
nium(Ill) was 100+2.6% and the standard 
deviation was found in the range 0.2-0.7. In 
the presence of some other ions which are 
commonly found associated with ruthenium, 
e.g. V 5+ and Pb 2+ at 100-fold excess of ruthe- 
nium(III) at 30 lag concentration, simple mod- 
ifications involving addition of 10 ml of NaF 
(1 M) to the aqueous solution were introduced. 
The percentage recovery of ruthenium(III) was 
100 + 3%. Interference of cobalt(II), iron(Ill) 
and bismuth(Ill) at 100-fold excess of ruthe- 
nium(Ill) was eliminated by adding 5 ml of 
EDTA (0.01 M). Bismuth(Ill) was also elimi- 
nated by shaking the aqueous solution at pH 
9-10 with 10ml xylene in the presence of 
sodium diethyldithiocarbamate (2% v/v). Cop- 
per(II) interfered seriously with the proposed 
procedure. 

Under the optimum conditions of the pro- 

Table 5 
Determination of various amounts of ruthenium(Ill) by 
iodometry using 90-fold and 360-fold amplification proce- 
dures a 

Ruthenium(Ill) taken (lag) Metal ion found (~tg) 

90-fold 360-fold 

2 2.05+0.1 2 .0+0 .  t 
5 5.1 +0.1 5.1 +0.1 

10 10.1 +0.1 10.1 +0.1 
20 20.2+0.1 20.1 __+0.1 
50 50.2--+0.1 50.1 -+0.2 

100 100.4 -+ 0.2 100.5 4" 0.3 

" Average + standard deviation (n = 3). 

TAL dll:l14 

posed procedures (2.5 < pH < 3.6), chromi- 
um(VI) did not interfere owing to the reaction 

Cr20 2- + 6 I -  + 14H ÷ ~ 2 C r  ~+ +312+ 7H20 

(12) 

This reaction was pH dependent and did not 
occur at pH > 2.3. These results are in good 
agreement with the published work by EI- 
Wakil et al. [13] on chromium(VI) determina- 
tion. 

Chromium(III) interfered seriously with the 
proposed method, since the reaction 

2Cr 3+ + 3IO~- +4H20-*Cr202-  + 3IO3 + 8H + 

(13) 

proceeded at pH < 4. However, this interfer- 
ence from chromium(III) could be removed 
easily by oxidizing the aliquot solution of 
chromium(III) with H202 in 2N H2SO4, and 
the produced blue perchromic acid extracted 
quantitatively with diethylether as previously 
reported [251 according to 

CrO~- + H202--* CrO5 + H20 (14) 
deep blue colour 

CrO 5 + C2HsOC2H 5~CrOSC2HSOC2H5 (15) 
adduct 

Thus, chromium(Ill) interference could be re- 
moved completely. The excess hydrogen period 
was eliminated by adding tin(II), and the ruthe- 
nium species was then determined by the pro- 
posed procedure II. 

3.2. Applications of the proposed methods 

3.2.1. Analysis of ruthenium(ll) and (lid in 
their complexes 

The proposed procedure I-a for the analysis 
of ruthenium(II) or (III) in their complexes [19] 
was carried out successfully after combustion 
of the sample as described earlier. Ruthenium 
usually present in the di-, tri- and tetravalent 
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Table 6 
Results of  the extractive spectrophotometric determination of  Ru in various ruthenium(l ! l) complexes ~ 

Complet Ru present b (%) Ru found ~ (%) 

RuCI2(PPh3)2(Koj) 24.52 24.5 + 0.2 
RuCI2(PPh3)2(Malt) 24.46 24.40 _+ 0.3 
RuCI2(PPh~)2(trop) 24.7 24.9 + 0.3 
RuC12(PPh3)2(acac ) 25.32 24.9 + 0.2 
Ru(5 C1-Sal2en)(PPh3) _, 10.43 10.78 + 0.3 

Abbreviations: Kojic acid (Koj); maltol (malt); tropolone (trop); acetylacetone (acac); and N,N-ethylenebis(5-chlorosal- 
icylideneiminato)bis(triphenylphosphine(5-CI-Sal2en)(PPh3)2. 
b Certified value. 
c Average + standard deviation (n = 5). 

state was reduced to ruthenium(II) [17], and 
determined by iodometry and spectrophotome- 
try with the help of the concurrently proposed 
standard curve under the same experimental 
conditions as the described procedure I-a. The 
results are summarized in Table 6 with an 
average absolute error of 0.2-0.3. The blank 
values taken throughout the whole procedure 
using freshly prepared reagents ranged between 
0.2 and 0.25ml of 0.005 M Na2S203. Evi- 
dently, for ruthenium complexes containing a 
large percentage of ruthenium, it was advisable 
to dilute the solution of the produced iodate in 
the first procedure I-a to 25 ml with distilled 
water and treat 5 ml of this solution as de- 
scribed earlier. 

3.2.2. Determination of  ruthenium in natural 
waters 

The applicability of the proposed method for 
the determination of low concentrations of 
spiked ruthenium(Ill) ions to tap-, mineral and 
seawater (0.1-1 1) is possible by the standard 
addition procedure. In separate experiments, 
aliquot samples were allowed to react with 5 ml 
of bromine water for 10min, and the excess 
bromine was removed by boiling off the solu- 
tion. The samples were then spiked with vari- 
ous amounts (5-40 lag) of Ru(III). Filtration of 
the sample solution through a 0.45 lam mem- 
brane was carried out, followed by addition of 
10ml of EDTA (0.001 M) and 10ml of NaF 
(1 M); the sample was then analyzed employing 
procedure II. The concentration of the tested 
ruthenium species in such water was under the 
detection limit and recovery of the spiked 
Ru(III) was achieved. The results of the analy- 
sis of various amounts of ruthenium(Ill) spiked 
tapwater and seawater are summarized in 
Table 7. Good reproducibility with relative 

standard deviations in the range 1-2.9% 
(n = 5) was obtained. The analysis of very low 
concentrations (less than nanomolar levels) of 
Ru(III) in water is also possible using the pro- 
posed procedure by prior preconcentration of 
the element from a large sample volume on 
polyurethane foam column, followed by elu- 
tion of the extracted Ru(III) species from the 
foam as reported earlier [26] and subsequent 
determination of the ruthenium(III) in the efflu- 
ent according to the described procedure I-a 
with the help of a concurrently prepared stan- 
dard curve at the same instrumental setting. 

4. Conclusion 

The present work presents accurate, precise, 
inexpensive, reliable methods in routine analy- 
sis for the trace determination of ruthenium 
ions in their matrix. Therefore, the method 
provides an attractive alternative approach to 
determination of the atomic absorption of 
ruthenium. The advantages of the method are 
that it is not only applicable to Ru(II), (III) 
and (IV) speciation in their solutions, but it can 
also be used for the analysis of ruthenium in its 
complexes and natural water samples. The sen- 
sitivity and selectivity of the developed meth- 
ods can be improved by prior preconcentration 
of the trace amounts of ruthenium species from 
large sample volumes on polyurethane foam 
column. Elution of ruthenium from the column 
is possible with selective eluting agent followed 
by determination with the proposed procedure. 
The 15-fold amplification procedure for 
Ru(llI) determination was faster, but the 90- 
and 360-fold amplification procedures were 
more sensitive and applicable at very low con- 
centrations of the tested element. The determi- 
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Table 7 
Analysis of various amounts of rutheniUm(Ill) spiked'seawater 8y iod0metry (a) and spectrophotometry (b) employing 
the 90-fold amplification procedure a 

ruthenium(Ill) added (lag) Ruthenium(Ill) found (lag)b Error (%) 

a b a b 

5 5.1 +0.1 5.10+0.1 2 
10 10.30+0.3 10.1 +0.2 3 
20 20.3 + 0.3 20.2 + 0.3 1.5 
25 25.7 + 0.4 25.2 + 0.3 2.8 
40 40.7 + 0.5 40.65 _+ 0.4 1.8 

2 
1 
1 
0.8 
1.25 

Average + standard deviation (n = 5). 
b Total volume of aqueous seawater was 0.1 dm ~. 

nation of Ru(II) besides Ru(III) or Ru(IV) 
besides Ru(II) is also possible with good accu- 
racy. 
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Abstract 

Insoluble species were identified in the systems Ca 2+-hemimellitate, Ca 2+- 1,2,3,4-butanetetracarboxylate 
and Ca 2+-citrate, and their solubilities were determined in aqueous solution at T =  25"C. Values of pK, o 
were obtained for the species CaLH (L = benzene-l,2,3-tricarboxylate or hemimellitate), Ca~L (L = 1,2,3,4- 
butanetetracarboxylate), CaLH and CaaL2 (L = citrate), together with their dependence on ionic strength. 
Solid compounds were also characterized by thermogravimetry. The complex formation in solution for the 
system Na +-  and Ca2+-hemimellitate was studied too. 

Keywords: Calcium-carboxylic ligands; Solubility 

1. Introduction 

In recent years, there has been a upsurge in 
the study of  solution equilibria because of: (a) 
the interest of  these studies in the speciation of  
natural and biological fluids, such as sea, river, 
lake, and underground water, urine, blood, 
etc.; (b) the need to use equilibrium data in 
modeling multicomponent solutions, i.e. solu- 
tions containing a large amount  of  metal ions 
and ligands; (c) the availability of  excellent 
calculation programs, and powerful and fast 
computers. 

Compilations in this field report a very large 
number of  papers dealing with thermodynamic 
formation data, related to ligand protonation, 
simple and mixed metal- l igand complexation, 
cation hydrolysis, etc. [1-5]. 

Notwithstanding this, there remains a series 
of  substantial gaps. (1) Studies on weak inter- 
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actions between alkali and alkaline-earth 
cations with low molecular weight ligands are 
still to be examined closely and to be com- 
pleted. (2) The dependence of  thermodynamic 
formation parameters on ionic strength has still 
not been thoroughly investigated. (3) Studies of  
solution equilibria are generally carried out 
neglecting both the possibility of  the formation 
of  solid and/or  gaseous phases, and interaction 
with other phases. If  we consider the last three 
points together, it is evident that they are very 
closely linked. 

Therefore, we decided to make a systematic 
further study o f  a research topic already begun 
[6] on the stability and solubility of  some C a -  
polyearboxylate complexes. In this paper, we 
report the results obtained for the following 
systems: Ca-(hmt) ,  Ca-(btc)  and Ca-(ci t )  
(hmt = benzene-l,2,3-tricarboxylate, or hemi- 
mellitate; b t c =  1,2,3,4-butanetetracarboxylate; 
t i t  = citrate). Moreover, since we use formation 
constants of  the species present in solution for 
the determination of  the solubilities of  the salts, 

reserved 
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potentiometric measurements for the systems 
Na ÷ -  and Ca2÷-hemimelli tate (whose ther- 
modynamic data are not reported in the litera- 
ture) were performed. 

2. Experimental 

through the solution, in order to exclude CO 2 
and 02. 

The solids were characterized by ther- 
mogravimetric analysis using a Perkin Elmer 
thermobalance TBS-2 equipped with data sta- 
tion, working at a heating rate of  10°C min - t ,  
in air. 

2. I. Materials  2.3. Potent iometric  measurements  

The solution of  NaCI was prepared from C. 
Erba A.C.S. reagent, previously dried at 110°C. 
CaCI: solution was prepared from analytical 
reagent Fluka and standardized with EDTA 
[7]. NaOH and HC1 solutions were prepared by 
diluting concentrated ampoules (C. Erba), and 
standardized against potassium biphthalate or 
sodium carbonate, respectively. Tetramethyl- 
ammonium chloride ((Me4N)C1) and tetraethy- 
lammonium iodide ((Et4N)I) (Fluka or C. 
Erba) were recrystallized from acetone/ 
methanol [8] before use. Ca3(cit)2"4H20 
(Fluka), was used as purchased. Hemi- 
mellitic, 1,2,3,4-butanetetracarboxylic and cit- 
ric acids were used without further purification, 
because their purity, checked alkalimetrically, 
was always >99.6%. All solutions were kept 
free from CO2 using soda lime traps. 

Alkalimetric titrations were performed under 
the following analytical conditions (L = hemi- 
mellitic acid): for protonation constants, CL = 
5 -7  mM, C~Et, N~ ) = 0.1--0.75 M (25 titrations); 
for Na ÷ complex formation constants, CL = 
5 -7  mM, CNaa = 0.1-0.75 M (25 titrations); 
for Ca 2÷ complex formation constants, CL= 
2--5 mM, Cc~o_, = 3-20  mM, CN~o = 0-0 .7  M; 
or Ccao2 = 3 mM, C(Et4NI  ) = 0.2-0.4 M (31 ti- 
trations). For  each titration, 40-60 data points 
were obtained. In several cases, an excess of 
HCI (20-30 mM) was added to the solutions in 
order to calculate internal E °, E°m (i.e. the 
standard potential obtained from the same so- 
lution being investigated); when IE°.,- E°[ > 
I mV, the titration was rejected and repeated. 

2.4. Preparation and analysis o f  insoluble 
compounds i 

2.2. Apparatus  

Hydrogen-ion concentration was measured 
with a Metrohm mod. 654 potentiometer, cou- 
pled with a combination pH glass electrode 
Orion mod. 81-02 (Ross type). The titrant, 
standard NaOH, was delivered by a motorized 
burette Metrohm Dosimat mod. 665. Both po- 
tentiometer and dispenser were controlled by a 
personal computer and suitable software was 
used in order to run automatic titrations and 
data reading. The glass electrode was standard- 
ized by titrating HCI (20-30 mM) with stan- 
dard NaOH under the same ionic strength 
conditions as the solutions being investigated, 
and therefore E ° and the junction potential, 
Ej=j~[H÷],  were calculated; following this 
procedure we obtained pH =log[H+],  i.e. pH 
in terms of  molar concentration. The accuracy 
of  the system was +0.15 mV in e.m.f, measure- 
ments and +0.002 ml in the delivered titrant 
volume. The measurement cell was thermostat- 
ted at 25.0 +0.1*C and magnetic stirring was 
employed. All the titrations were carried out by 
bubbling pre-saturated and purified nitrogen 

Insoluble compounds were prepared in 
plugged ampoules by mixing suitable quantities 
of  reactants in 100 ml of  total volume, as re- 
ported in Table 1. The proton concentration 
was varied by adding NaOH and/or Ca(OH)2, 
and the ionic strength was adjusted with NaCI 
and/or  (Me4N)CI. The ampoules were mechan- 

Table I 
Analytical concentrations (mM) and details for the prepa- 
ration of insoluble compounds 

Species Ligand 

(hmt).~- (btc)4- (cit) -~- 

L 22.92 10.0-20.0 33.34-66.89 
Ca 2+ 10.07-40.01 20.43-61.35 50.00-60.42 
H + 21.75-43.68 2.39-60.73 0-79.86 
NaCI 0-394 0-81 0-513 
(Me4N)CI - 0-605 0-501 
[H +]/[Ca 2+ ] 0.54-1.71 0.07-2.15 0-1.32 
Runs 12 20 19 

I Supplementary material is reported in Appendix A. 
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ically shaken in a box thermostated at 
25.0 + 0.1°C, for 24 h; shaking times of  up to 
72 h gave equal results. The solution was re- 
covered first, by filtration (Schleicher Schnell 
589/3) into a 100 ml volumetric flask, in which 
10 ml of distilled water had previously been 
placed, in order to prevent precipitation. Then, 
the solid was filtered using a Gooch crucible 
(porosity 10-151am), washed with a small 
quantity of  water and vacuum-dried. The solu- 
tions were analyzed in order to determine their 
analytical concentrations in proton and cal- 
cium ions, by using standard NaOH and 
EDTA, respectively. Each titration was re- 
peated at least twice. The ligand concentration 
was estimated on the basis of mass balance, i.e. 
solution electroneutrality. 

2.5. Calculat ions 

The purities of  the reagents and the E ° val- 
ues were calculated by the computer program 
ESAB2M [9]. Protonation and formation con- 
stant values of H ÷ - ,  Na + - ,  Ca2+-hemimelli - 
tate complexes were determined by the 
non-linear least-squares computer programs 
STACO [10] and/or BSTAC [10]; both programs 
can deal with potentiometric data at different 
ionic strengths, and compute parameters C and 
D of  the dependence of formation constants on 
ionic strength (see text). 

For the calculation of  solubilities, free con- 
centrations of  proton, calcium and ligands 
were computed (ES4ECI  [10]  computer program) 
from the correspondent analytical concentra- 
tions, and from the protonation and formation 
constants determined here or reported previ- 
ously [1-5,11-13].  All the calculations were 
performed by also considering the interactions 
of  the background salt with all the components 
of  the solutions, such as reported in previous 
investigations [11,13,17]. 

3. Results and discussion 

3.1. Format ion  constants  o f  hemimel l i ta te  

Table 2 reports the protonation constants 
of  hemimellitate and formation constants with 
Na + and Ca 2+, at infinite dilution and T =  
25"C. Values obtained in (Et4N)I can be con- 
sidered as "effective" protonation constants, 
since the interaction of  (Et4N) + with car- 
boxylic ligands is negligible. The protonation 

Table 2 
Protonation and formation constants of hemimellitate with 
Na + and Ca -'+ at T= 25"C and / = 0 M, and C¢~p values 
of Eq. (2) 

pq M log fl)~,q __+ 3s b C~p log K~q 

01 H 6.17+0.02 1.41 6.17 
02 10.41 + 0.03 2.39 4.24 
03 13.18 + 0.03 2.93 2.77 

10 Na 1.53 + 0.08 1.41 1.53 
11 7.04 + 0.07 2.39 0.87 
12 10.70 + 0.07 2.93 0.29 
20 2.45 + 0.12 2.39 0.92 
21 7.04+0.18 2.93 0.00 

10 Ca 4.28 + 0.03 3.06 4.28 
I1 9.35+0.02 3.88 3.18 
12 13.05 + 0.02 3.52 2.64 
20 6.57 + 0.06 3.88 2.29 

Overall formation constants flpq refer to the reaction 

pM --+ + L 3- +qH + = Me LH~--p+ q -~  

Stepwise formation constants K?~ refer to the reaction 

M :+ + Mp_ tLHtq :tr- I)+ q--31 = MpLH~q:t,+q-~ 

b s = standard deviation. 
Eq. (2). 

constants are in agreement (Table 3) with those 
reported in both Refs. [14] and [15], whilst 
there is disagreement with log Kt and log K: of 
Ref. [16]. As regards the N a - L - H  system, we 
found, under our experimental conditions, 
three mononuclear (NaLH °, N a L H - ,  NaL 2-) 
and two binuclear (Na2LH °, ( N a i L - )  species. 
Comparison with literature findings is not pos- 
sible, since these are the first available data; 
nevertheless, we can attempt a comparison (see 
Table 3) with the Na-complexes of other simi- 
lar ligands having the same residual charge, i.e. 
- 3 :  citrate Ill],  1,2,3-propanetricarboxylate 
[17], hydrogen-l,2,3,4-butanetetracarboxylate 
[13]. As we can see, the values of  the constants 
for the same reaction are fairly similar. Cal- 
cualtions (L = 1 mM, NaCI = 0.25 M) of  the 
distribution of  the species vs. pH show high 
formation percentages of NaL 2- and Na2L-  
(at pH 7, ~75% of the ligand). Analysis of  the 
potentiometric data of  the Ca-hemimell i ta te-  
H system, allowed us to identify four complex 
species, and the formation constant values 
are reported in Table 2. Since other literature 
data are not available at present, we can only 
compare the thermodynamic values of  Ca- 
complexes of  hemimellitate with those of  1,2,3- 
propanetricarboxylate [17], citrate [12] and hy- 
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Table 3 
Literature comparisons (T= 25°C) 

Protonation constants ok[" hemimellitate 

i log K," " (1 = 0 M) log K~ ~.b (1 = 1 M) 

This work Ref. [14] Ref. [16] This work Ref. [15] 
(NaC1) (NaCIO4) 

1 6.17 6.27 7.13 4.82 4.96 
2 4.24 4.33 4.75 3.58 3.69 
3 2.77 2.85 2.88 2.48 2.51 

Formation constants o f  Ca ~-+ and Na + complexes Jbr 
hemimellitate, citrate, 1,2.3-propanetricarboxylate and hy- 
drogen- 1,2,3,4-butanetetracarboxylate 

Ligand M log Keq ~ (I = 0 M) Ref. 

pq=10 p q = l l  pq=12 pq=20 

zL 
80 

40 

0 
1,0 

3 

1 2 

2,0 3,0 4,) S,O ~ 6,! 

Fig. 1. Distribution diagram of complex species in the 
Ca-hemimellitate-H system (protonation omitted) versus 
pH, at T = 25"C and / = 0.25 M. 
Species: (I) CaLHf, (2) CaLH °, (3) Ca2L +, (4) CaL-. 
Concentrations: L = 0.001 M; CaCI 2 = 0.09 M. 

(hmt) 3- Na 1.53 0.87 0.29 0.92 

(cit) 3- 1.55 0.89 0.15 0.79 
(tca) 3- 1.40 0.82 0.15 0.58 
H(btc) 3- 1.49 0.93 0.22 0.64 

(hint) 3- Ca 4.28 3.18 2.64 2.29 

(cit) 3- 4.91 2.81 
(tca) 3 - 3.28 2.18 1.04 1.18 
H(btc) 3- 3.37 2.79 1.91 l . l l  

This Z* = ~ '  (charges)~act~,t~ - ~ (charges)2rod,c,~. 
work 
[1 I] A simplif ied equa t ion ,  used in this work ,  is 
[17] 
[131 log X =  log T X - -  z * g ( l )  + C I  (2) 

This with 
work 
[l 2] g ( l )  = X/~/(2 + 3 x / l  ) + O. l I 3/2 
[171 
[13] In Tab le  2, exper imenta l  values o f  C are  re- 

por ted .  
"Stepwise protonation constant: Ki" = [H, L]/([H] 
[H,_ IL]). 
b Apparent protonation constants (obtained by neglecting 
Na + complexes). 
c Indices refer to the reaction 

M = + + (Mp _ ~ LH~)t:U' - )) + q - 31 = (M e LH~)(=P + q - 3) 

d r o g e n - l , 2 , 3 A - b u t a n e - t e t r a c a r b o x y l a t e  [13] (see 
Tab le  3). Fig.  1 shows the d i s t r ibu t ion  o f  the 
species vs. pH ,  evidencing the preferent ia l  for-  
m a t i o n  o f  CaLHJ-  and  Ca2L + complexes.  

The  dependence  o f  t h e r m o d y n a m i c  p a r a m e -  
ters on ionic s t rength  was taken  into account  
using a D e b y e - H i i c k e l  type equa t ion  [11,14,18, 
19] ( I =  ionic s trength,  M): 

log X =  log T X -  z*x//I / (2 + 3x//I) 

+ C I  + D I  3/: (1) 

with 

X = fl o r  K o r  Kso; TX = fl o r  K or/( 'so values at  
I =  0; 

C = c o p * + c j z *  and  D = d z * ,  

where  

Co=0.1 ,  c ~ = 0 . 2 3 ,  d = - 0 . 1 ;  

p*  = ~ (moles)  . . . .  ta,t~ - ~ (moles)prod,ors; 

3.2. In so lub le  c o m p o u n d s  

C a - h e m i m e l l i t a t e - H  s y s t e m  

F r o m  the differences be tween the concent ra -  
t ions  o f  H ÷ and  Ca  2÷ reac tants  and  those  
found  by t i t r a t ion  o f  so lu t ions  af ter  prec ip i ta -  
t ion,  it is poss ib le  to  c ompu te  the quant i t ies  o f  
H ÷ and  Ca  2÷ in the  solid phase:  the ra t io  
(mmol  Ca2+) / (mol  H ÷) is a lways  close to 1.0 
(average o f  12 runs- - -0 .98  _+ 0.03) and,  there- 
fore, in the prec ip i ta te  the ra t io  C a 2 + : H + : L  3-  
is 1:1:1, i.e. m i n i m u m  fo rmula  C a L H .  The  
t h e r m o d y n a m i c  value  o f  pK~o + 3s toge ther  
with its dependence  on ionic s t rength  (0.06 ~< 
I ~ < 0 . 0 3 M ) ,  is 1 2 . 9 8 + 0 . 0 5  (Eq. (1), C = 2 . 4 ,  
D = 0) or  (see Eq. (2)) PKso = 12.95 + 0 . 0 5 -  
14g( l )  + 3.28L 

C a -  1,2,3, 4 - b u t a n e t e t r a c a r b o  x y l a t e -  H s y s t e m  

Quant i t a t ive  analysis  o f  20 different solu-  
t ions  has  shown tha t  the n u m b e r  o f  m m o l  o f  
Ca  2+ recovered  was lower  than  at  the  start ,  
whereas  tha t  o f  H + was a lways  the  same. This  
exper imenta l  evidence a l lows us to assert  tha t  
the  insoluble  c o m p o u n d  fo rmed  mus t  con ta in  
only  Ca  2+ and  L 4 - ,  wi th  the fo rmula  Ca2L. 
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For  the calculation of Ca2L solubility, the total 
concentration of  Ca 2÷ was directly determined, 
and that of  L 4 -  w a s  estimated as the initial 
value minus half the amount of  Ca 2÷ lost 
in the precipitation. The thermodynamic value 
of  pKs 0 (0.03 ~< I~< 0.62 M) is 14.60 + 0.05 (Eq. 
(1), C =  2.8, D = 0) or, using Eq. (2), pKs0 = 
14.53 _+ 0.05 - 24g(I) + 4.63L 

C a -  c i t r a t e - H  sys tem 
The saturated solutions were analyzed for 

their H ÷ and Ca 2÷ content, whereas the con- 
centration of  the ligand was computed on the 
basis of  the electroneutrality of  the solutions. 
The found quantities of  Ca 2÷, H ÷ and L 3- are 
not consistent with the formation of  a single 
compound, except for the trials for which the 
precipitate, in the absence of  protons, kept the 
formula Ca3L2. To establish the composition 
of  the species present into the mixed precipi- 
tates, we took the following into account: (a) a 
study on the crystal lattice of  CaLH • 3H20 is 
reported in the literature [20]; (b) the crystal 
lattice of  Mg3L a - 10H20 [21] shows an aquate 
magnesium ion which is like a bridge between 
two M g L -  units; owing to the strong likeness 
between Mg 2÷ and Ca 2+, it is possible to 
assume similar behavior for the Ca2+; (c) in 
any trial in which acids were present, their 
initial quantity was always greater than that 
found after precipitation, i.e. among the pre- 
cipitates, some are protonated; (d) the charge 
on C a L -  can be saturated with a proton, to 
give the neutral species CaLH (see (a)). There- 
fore, starting from the diminished concentra- 
tion in solution of  the proton, due to the 
formation of  CaLH, we calculate the quantities 
of  two species. We experienced a certain 
difficulty in obtaining the formation of  CaLH, 
which is always <50% owing to the many 
equilibria involving the protonated species of  
L 3- in the interval of  pH taken into consider- 
ation (3.76 ~< pH ~< 5.03). The precipitation of  
protonated species is a maximum in the solu- 
tions having pH ~, 4.8, since at these pH values 
there is maximum formation HL 2- [14], i.e. the 
optimum acidity conditions required to obtain 
CaLH. Attempts to obtain quantitative forma- 
tion of  CaLH (trials with increased proton 
concentration) failed owing to the formation of  
more protonated citrate soluble species. In the 
interval 0.2 ~< I ~< 0.54 M we calculate, for 
CaLH and Ca3L2, pKso= 11.39+0.09 (Eq. 
(1), C = 4 . 9 ,  D = 0 )  and pK~0=17.03+0.08 
(Eq. (1), C = 6 . 3 ,  D =0) ,  respectively; using 

Eq. (2), we obtain pKso = 11.35 + 0.09 - 14g(1) 
+ 5.95I and pKs0 = 16.95 + 0.08 - 30g(1) + 
8.52L respectively. 

3.3. Thermal analysis 2 

The results concerning the thermoanalytical 
curves of  the insoluble compounds are as fol- 
lows. 

CaLH (L = hemimellitate) is monohydrate,  
and the water is lost gradually starting from 
T =  80°C up to T =  200°C. At T =  365°C, the 
decomposition of the anhydrous compound 
into CaCO3 begins, and the reaction is com- 
plete at T =  600°C. At T =  7800C the familiar 
pyrolysis of  the carbonate steps in and, under 
our experimental conditions, the reaction is 
complete at about T = 815°C. We also note an 
inflexion of  the thermogram at T = 530°C due 
to superimposed decomposition of  CaLH into 
benzoic acid and CaCO3. Ca2L (L = 1,2,3,4- 
butanetetracarboxylate) is hexahydrate, and 
the water is lost in two steps: the first dehydra- 
tion begins at room temperature and continues 
up to T =  145°C, when the second dehydration 
is superimposed, which proceeds very gradu- 
ally. At about T =  400°C the decomposition of 
the anhydrous compound starts, to give CaCO3 
and then, at T =  770°C, the usual formation of  
CaO takes place. The thermogram of Ca3L2 
(L = citrate) shows a two-stage dehydration re- 
action: at first one molecule and then, at 
T =  135°C, three molecules. The anhydrous cit- 
rate decomposes in three clear transformations: 
their decomposition ( T =  350°C) to give 
CaCO3 and then CaO, and the superimposition 
of  a thermal decomposition at about T =  
4800C, due to the loss of  a molecule of  water 
from a H -  and an O H -  of the citrate. Ther- 
mograms of  mixtures of  Ca3(cit)2 + Ca(cit)H 
have not supplied clear evidence of the stages 
of  decomposition, but only on the degradation 
of  the solid in CaCO3 and then in CaO. 

3.4. Solubility and ionic strength 

The solubility of  the above reported species 
is fairly low in pure water or in tetraalkylam- 
monium salt solution, whilst it increases appre- 
ciably in sodium salt solutions. This is due to 
the formation of  Na-carboxyla te  and Ca-C1 
soluble complexes [22,23]. For  example, the 

: Supplementary material is reported in Appendix B. 
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solubili ty of  Ca2(btc) at I = 0.5 M in tetraalky- 
l a m m o n i u m  salt solut ion is s - - 6 . 6  x 10 -5 M, 
whilst in a NaC1 solut ion,  at the same ionic 
strength, it is s = 1.4 x 10 -3 M. As regards the 

dependence on ionic strength, the Cexp values 
(Eq. (2)) obta ined  for bo th  pK~0 and flpq are in 
fairly good agreement  with previous findings 
[11,14,18,19] (see Appendix  C). 

4. Conclusions 

A simple labora tory  technique allowed us to 
characterize the fo rmat ion  of  insoluble cal- 
c i u m - c a r b o x y l i c  l igand complexes. Quant i t a -  
tive results on  solubility, together with the 
complete speciat ion of  solut ion,  are of  great 
help in model ing  the interact ion of calcium 
with na tu ra l  c o m p o u n d s  con ta in ing  several 
carboxylic groups.  Results relative to the de- 
pendence on ionic strength of  pKso are quite 
useful, since they allow calculat ion of  the solu- 
bilities for different na tura l  fluids under  differ- 
ent  ionic strength condit ions.  We under l ine  
that  in the calculat ion of pKs0 values, all the 
interact ions occurr ing in the solut ions are 

taken into considerat ion.  

Appendix A - -  Solubility 

E x a m p l e  o f  calculation 

Here we report  analytical  details and  calcula- 
t ions referring to the systems C a - h m t - H  (Ta- 

bles A I - A 3 ) ,  C a - b t c - H  (Tables A 4 - A 6 )  and  
C a - c i t - H  (Tables A 7 - A 9 ) .  In  part icular ,  we 
consider  here, as an example, the run no. 4 of  
the C a - c i t - H  system. 

In  100 ml of  total  volume we mixed Ca3L2, 
N a O H  and NaCI in order to ob ta in  the follow- 
ing initial  concent ra t ions  (mM) before precipi- 
tat ion: C a 2 + =  53.68, L 3- 35.79, H + =  10.86, 
NaC1 = 102.7 (see Table  A7, co lumns  2,3,4 and  
5). After  24 h, we separated the precipitate 
from the solution,  which was analyzed for 
Ca 2+ and  H ÷ concent ra t ions  (14.04 and 
7.19 mM,  respectively (see Table  A7, co lumns  7 
and  9). The analyt ical  concen t ra t ion  of  L 3- 
after precipi tat ion was estimated as the differ- 

Table A2 
Ca-hemimellitate-H system. Composition of the precipi- 
tate ~ (mmol) 

Run Ca H Ca/H 

1 I. 160 1.229 0.94 
2 1.604 1.662 0.97 
3 1.673 1.773 0.94 
4 1.428 1.414 1.0 I 
5 0.951 0.923 1.03 
6 1.658 1.728 0.96 
7 1.386 1.379 1.01 
8 0.932 0.920 1.01 
9 1.t62 1.217 0.95 

10 1.672 1.778 0.94 
11 0.950 0.933 1.02 
12 1.400 1.400 1.0 I 

Average 0.98 + 0.03 

Calculated, for Ca and H, from [(Ci)b -- (C,)~] (see Table 
AI) and by considering the volume (100ml) of the solu- 
tion. 

Table AI 
Ca-hemimellitate-H system. Analytical concentrations (mM) of the solutions 

Run Before precipitation (C,)b After precipitation (Ci)~ 

Ca L H NaCI ~ Ca L b H 

1 25.46 22.92 43.66 - 13.86 11.32 31.37 
2 25.04 22.92 33.70 - 9.00 6.88 17.08 
3 40.00 22.92 33.70 - 23.27 6.19 15.97 
4 15. I 1 22.92 21.75 - 0.83 8.64 7.61 
5 10.07 22.92 21.75 - 0.56 13.41 12.52 
6 40.01 22.92 33.70 78. I 23.43 6.34 16.42 
7 15. I 1 22.92 21.75 320.4 I. 12 9.06 7.96 
8 10.07 22.92 21.75 394.4 0.75 13.60 12.55 
9 25.49 22.92 43.68 - 13.87 11.30 31.5 I 

I 0 40.01 22.92 33.73 - 23.29 6.20 15.95 
I l 10.08 22.92 21.76 - 0.58 13.42 12.43 
12 15.10 22.92 21.76 320.4 I.lO 8.92 7.76 

a NaCI is added for ionic strength adjustment. 
b Concentrations calculated from (CL). := (CL)b -- [Cc~k - (CeDe]. 
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Table A3 
Ca-hemimell i ta te-H system. Free concentrations of spe- 
cies ~, I values ~ and pK~ calculations 

Run pCa pL pH p C a + p L + p H = p K a ~  / ( M )  

1 2.059 7.601 2.344 12.004 0.060 
2 2.240 6.920 2.710 11.870 0.057 
3 1.757 7.526 2.557 11.840 0.064 
4 3.824 3.110 4.936 11.870 0.043 
5 4.106 2.947 4.845 11.898 0.057 
6 1.780 7.392 2.549 11.721 0.120 
7 3.298 3.653 4.555 11.506 0.276 
8 3.590 3.623 4.456 11.669 0.325 
9 2.054 7.602 2.339 11.996 0.059 

10 1.748 7.518 2.547 11.813 0.062 
11 4.110 2.954 4.851 11.915 0.064 
12 3 .301  3.650 4.560 11.511 0.273 

pK, o = 12.95-  14g( l )+ 3.281 

" ES4EO calculations, from analytical concentrations of  the 
species, after precipitation (Table A l) and from formation 
constants of  hemimellitate with H +, Na + and Ca 2+. The 
formation of NaCI ° and CaCI + was also taken into consid- 
eration. 

Table A5 
C a -  1,2,3,4-butanetetracarboxylate- H 
tion of  the precipitate (retool) 

system. 

Run Ca"  L b 

1 0.793 0.396 
2 1.359 0.679 
3 1.402 0.701 
4 1.829 0.914 
5 1.474 0.737 
6 0.381 0.191 
7 0.389 0.194 
8 1.550 0.775 
9 1.567 0.784 

10 2.708 1.354 
11 3.665 1.832 
12 1.575 0.787 
13 1.605 0.803 
14 1.678 0.839 
15 1.246 0.623 
16 0.492 0.246 
17 1.226 0.613 
18 1.264 0.632 
19 1.318 0.659 
20 1.296 0.648 

Composi- 

ence between its initial content and that precip- 
itated (8.14 mM (see Table A7, column 8 and 
footnote b)). Taking into account the differ- 
ences in the ion concentrations before and after 
precipitation and the volume of the solution, 
we can calculate the number of mmol of Ca 2+, 
L 3- and H ÷ in the precipitate (3.964, 2.765, 

Calculated from [(Cc~) b - (Cc~),] (see Table A4) and by 
considering the volume (100 ml) of the solution. 
b These quantities are one half of the corresponding values 
for Ca. 

0.367, respectively (see Table A8, columns 2,3 
and 4)). By considering that the proton is 
present in the precipitate as CaLH (see consid- 

Table A4 
Ca-1,2,3,4-butanetetracarboxylate-H system. Analytical concentrations (raM) of  the solutions 

R u n  Before precipitation, (C~)b 

Ca L H NaCI" Me4NCI ~ 

After precipitation, (C~), 

Ca L b 

1 40.38 10.0 20.16 19.44 - 
2 30.28 10.0 10.43 29.91 - 
3 40.38 10.0 10.19 29.91 - 
4 21.54 10.0 2.39 37.89 - 
5 25.57 20.0 40.53 39.88 - 
6 40.38 20.0 60.31 80.76 - 
7 50.67 20.0 60.73 19.94 - 
8 35.30 20.0 40.66 39.88 - 
9 45.06 20.0 40.82 39.88 - 

10 45.06 20.0 20.83 59.82 - 
11 45.06 20.0 4.98 75.77 - 
12 21.04 20.0 39.44 - - 
13 45.59 20.0 40.90 - - 
14 61.35 20.0 40.50 - - 
15 20.35 20.0 40.96 - 390. I 
16 51.28 20.0 60.41 - 168.0 
17 20.51 20.0 42.51 - 604.6 
i 8 20.43 20.0 42.69 - 302.3 
19 20.66 20.0 42.14 - 201.5 
20 20.51 20.0 42.30 - 201.5 

32.45 6.04 
16.69 3.21 
26.36 2.99 

3.25 0.86 
10.83 12.63 
36.57 18.09 
46.78 18.06 
19.70 12.25 
29.39 12.17 
17.98 6.46 
8.41 1.68 
5.29 12.13 

29.54 11.97 
44.57 11.61 

7.89 13.77 
46.36 17.54 

8.25 13.87 
7.79 13.68 
7.48 13.41 
7.55 13.52 

= NaCi and Me4NCl were added for ionic strength adjustment. 
b Concentrations calculated from: (CL)~ ffi (CL)b -- [(Cc,)b -- (Cca),]/2. 
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Table A6 
Ca- l ,2 ,3 ,4 -bu tane te t racarboxyla te -H system. Free con- 
centrations of species a, / values ", and pK, o calculations 

Run pCa pL pH ( 2 p C a + p L ) = p K s o  I ( M )  

Table A8 
C a - c i t r a t e - H  system. 

(retool) 

Composit ion of the precipitate" 

Run Ca L H CaLH b Ca.a L f  

1 1.566 9.682 3.12 12.814 0.049 
2 !.842 9.303 3.33 12.987 0.038 
3 !.642 9.774 3.18 13.058 0.049 
4 2.539 7.940 3.97 13.018 0.031 
5 2.113 8.471 3.36 12.697 0.048 
6 1.566 9.445 3.05 12.577 0.050 
7 1.451 9.660 2.97 12.562 0.061 
8 1.826 9.166 3.17 12.818 0.045 
9 1.642 9.450 3.08 12.734 0.056 

10 1.843 8.955 3.29 12.641 0.058 
11 2.147 8.312 3.67 12.606 0.060 
12 2.452 8.703 3.43 13.607 0.012 
13 1.615 9.554 3.02 12.784 0.072 
14 1.017 9.997 2.98 12.031 0.093 
15 2.404 7.132 3.66 ! 1.940 0.406 
16 1.495 9.451 2.93 12.441 0.260 
17 2.487 7.031 3.75 12.005 0.617 
18 2.382 7.082 3.65 11.846 0.319 
19 2.362 7.147 3.62 11.871 0.219 
20 2.361 7. ! 11 3.63 11.833 0.217 

pK, o = 14.53 -- 24g(1) + 4.63• 

aES4ECI calculations, from analytical concentrations of the 
species, after precipitation (Table A4) and from formation 
constants of 1,2,3,4-butanetetracarboxylate with H +, Na +, 
Ca -'+. The formation of NaCI ° and CaCI + was also taken 
into consideration. 

I 4.037 2.807 0.346 0.346 1.230 
2 2.936 2.093 0.405 0.405 0.844 
3 2.280 1.665 0.435 0.435 0.615 
4 3.964 2.765 0.367 0.367 i.199 
5 4.318 2.960 0.242 0.242 1.359 
6 3.968 2.745 0.258 0.258 1.237 
7 4.045 2.801 0.312 0.312 1.244 
8 2.523 1.841 0.475 0.475 0.683 
9 2.448 3.413 0.218 0.218 0.743 

10 4.539 3.026 -- -- 1.513 
11 4.508 3.006 -- -- 1.503 

12 4.534 3.022 -- -- 1.511 
I 3 4.753 3.048 -- -- 1.524 
14 4.632 3.152 0.191 0.191 1.480 
I 5 3.592 2.643 0.745 0.745 0.949 
16 4.007 2.898 0.680 0.680 1.109 
17 4.408 3.159 0.661 0.661 1.249 
18 4.638 3.311 0.657 0.657 1.327 
19 4.979 3.542 0.668 0.668 1.437 

"Calcula ted  from [(C~)b--(c~)a] (see Table A7) and by 
considering the volume (100 ml) of the solution. 
b All protons are present in the precipitate as CaLH. 

¢ Calculated as [(mmol Ca)~ot-  (mmol Ca)a,C, LH]3. 

Table A7 
C a - c i t r a t e - H  system. Analytical concentrations (mM) of the solutions 

Run Before precipitation (CDb 

Ca L H NaCI"  Me4NCI a 

After precipitation (Cj). 

Ca L b H 

1 52.63 35.09 10.86 - - 
2 50.00 33.34 20.73 - - 
3 51.31 34.21 30.60 - - 
4 53.68 35.79 10.86 102.7 - 
5 53.52 35.69 5.92 102.7 - 
6 5 ! .38 34.39 5.92 246.3 - 
7 53.79 35.86 5.92 513.5 - 
8 53.10 25.41 30.60 - - 
9 52.26 34.84 30.60 - - 

10 51.31 34.21 - - 52.6 
11 51.38 34.39 - - 122.3 
12 52.21 34.80 - - 301.6 
13 52.58 35.05 - - 500.9 
14 53.05 35.37 3.95 - - 
i 5 60.40 66.89 79.86 - - 
16 60.04 60.36 61.00 - - 
17 60.31 55.23 45.08 - - 
18 60.42 52.41 36.39 - - 
19 60.27 48.01 23.50 - - 

12.26 7.02 7.40 
20.64 12.41 16.68 
28.51 17.56 26.25 
14.04 8.14 7.19 
10.34 6.09 3.50 
11.70 6.94 3.34 
13.34 7.85 2.80 
27.87 17.00 25.85 
27.78 17.79 28.42 

5.92 3.95 - 
6.50 4.33 - 
6.87 4.58 - 
6.85 4.57 - 
6.73 3.85 2.04 

24.48 40.46 72.41 
19.97 31.38 54.20 
16.23 23.64 38.47 
14.04 19.30 29.82 
10.48 12.59 16.82 

" N a C l  and Me4NCI were added for ionic strength adjustment. 
b Concentrat ions calculated from 

( C O .  = ( C c ) b  - { [ ( C c . ) b  - -  ( C ¢ , ) . ]  x 2 + [ ( C . ) b  - -  ( C . ) . ] } / 3  
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Table A9 
Ca-c i t ra te-H system. Free concentrations of the species a, I values a, and pK, o calculations 

1659 

Run pCa pL pH (pCa + pL + pH) = pK, o (3pCa + 2pL) -- PK, o I (M) 

I 2.030 4.707 4.208 10.945 15.504 0.030 
2 1.779 4.718 3.962 10.459 14.772 0.052 
3 1.629 4.726 3.828 10.183 14.337 0.074 
4 2.023 4.284 4.342 10.649 14.637 0.132 
5 2.205 4.114 4.650 10.968 14.842 0.121 
6 2.206 3.987 4.794 10.986 14.590 0.258 
7 2.239 4.008 5.030 I 1.277 14.733 0.492 
8 1.635 4.758 3.817 10.210 14.419 0.073 
9 1.632 4.836 3.775 10.242 14.566 0.062 

i0 2.695 3.720 (8.1) - 15.525 0.060 
I l 2.669 3.545 (8.1) - 15.097 0.131 
12 2.707 3.438 (8.2) - 14.998 0.312 
13 2.801 3.457 (8.2) - 15.317 0.543 
14 2.372 4.593 4.668 12.402 16.689 0.007 
15 1.708 4.619 3.683 10.009 14.361 0.063 
16 1.803 4.631 3.756 10.191 14.673 0.051 
17 1.908 4.621 3.855 10.384 14.965 0.041 
18 1.983 4.608 3.932 10.523 15.165 0.035 
19 2.143 4.575 4.110 10.828 15.580 0.024 

pK, o --- I 1.35 - 14g(/) + 5.951 pK, o = 16.95 - 30g(1) + 8.52• 

a ES4ECI calculations, from analytical concentrations of the species, after precipitation (Table A7) and from formation 
constants of citrate with H +, Na +, Ca 2+. The formation of NaC! ° and CaCI + was also taken into consideration. 

e r a t i o n s  in  t h e  tex t ) ,  m m o l  C a L H  = m m o l  H + 

(0 .367)  a n d  m m o l  C a 3 L  2 is 1/3 o f  t h e  d i f f e r e n c e  
b e t w e e n  t h e  t o t a l  m m o l  C a  2+ in  t h e  p r e c i p i t a t e  

m i n u s  m m o l  C a L H  (1 .199) ,  as  r e p o r t e d  in 

T a b l e  A 8  c o l u m n s  5 a n d  6). 

S t a r t i n g  f r o m  a n a l y t i c a l  c o n c e n t r a t i o n s  o f  

C a  2+,  L 3 - ,  N a  +, C I -  a n d  H + in  s o l u t i o n ,  we  

h a v e  c a l c u l a t e d  t h e  r e l a t i v e  f ree  c o n c e n t r a t i o n s .  

W e  u n d e r l i n e  t h a t  in  t h e  i n p u t  d a t a  files t o  r u n  

ES4ECI, t h e  m a s s  b a l a n c e  e q u a t i o n s  o f  al l  t h e  

e q u i l i b r i a  t h a t  t a k e n  p l a c e  i n t o  t h e  s o l u t i o n  a r e  

t a k e n  i n t o  c o n s i d e r a t i o n s ,  i.e. p r o t o n a t i o n  o f  
L 3 - ,  c o m p l e x  f o r m a t i o n  b e t w e e n  L 3 - ,  N a  + 

a n d  C a  2+, a n d  f o r m a t i o n  o f  N a C I  ° a n d  C a C I  + . 

F o r  t h e  c o n s i d e r e d  r u n ,  we  h a v e  o b t a i n e d  t h e  

f o l l o w i n g  resu l t s :  p C a = 2 . 0 2 3 ,  p L = 4 . 2 8 4 .  

p H  = 4 .342  (see T a b l e  A 9 ,  c o l u m n s  2,3 a n d  4). 

T a k i n g  i n t o  c o n s i d e r a t i o n  t h e  d e f i n i t i o n  o f  

Table BI 
Analytical data and results of the thermogravimetric analysis 

Stage Theoretical % Reactions 
weight loss involved 

Ratios of % 
weight loss 

Theor. Exper. 

Ca(hmt)H • H20 
! 100--+92.0 
2 92.0 --+ 36.2 
3 36.2 -+ 20.0 

Ca2(btc) - 6H20 
I 100- - .84 .0  
2 84--,75 
3 75 --+ 47.5 
4 47.5 --+ 26.0 

Ca~(cit) 2 • 4H20 
I 100--+95.5 
2 95.5 --+ 88.0 
3 88.0 --+ 54.0 
4 54.0 --+ 28.7 

CaLH • H20 =-* CaLH 1.09 1.07 
CaLH -=) CaCO.~ 2.53 2.48 
CaCO~ -=, CaO 1.81 1.78 

Ca2L" 6H20--*Ca, L • 2H20 1.19 1.21 
Ca, L" 2H20--+ Ca2L 1.12 1.12 
Ca, L --+ 2 CaCO1 1.58 1.55 
2CaCO.~ --+ 2CaO 1.83 1.78 

Ca.~ L2 • 4H20 --+ Ca.~ L," 3H20 1.05 1.03 
Ca.~L2 • 3H,O--+ C,a.~ L, 1.09 1.11 
Ca~L2 ~ 3 CaCO~ 1.63 1.66 
3CaCO~ -* 3CaO 1.88 1.78 
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P&0, we calculate the pK,, of CaHL (10.649) Appendix B - Thermogravimetry 
and of CaSL, (14.637) at I= 0.132 (see Table 
A9, columns 5,6 and 7). Starting from a pK,, In this section we report full data on the 
value of the same species at different ionic thermal decomposition of the recovered precip- 
strength values, we calculate the thermody- itates (Table Bl) and, as an example, the ther- 
namic pK,, by fitting Eq. (2) (see text). mogravimetric diagram of Ca,(btc) (Fig. Bl). 

Fig. Bl. Thermogravimetric diagram of Cd,(btc). 
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Fig. CI. Comparison of different equations for the dependence on / of pK~) for the complex Ca2(btc. ) Top: Eq. (I) 
without linear term; no adjusted parameter. Bottom: Eq. (2) with C adjusted parameter. 

Appendix C 

Here is graphically reported the role of 
parameter C of the dependence on ionic 
strength of solubility product (Fig. C1). 
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Abstract 

A procedure to analyze pH-dependent complex formation equilibria from cyclic voltammetry is described. 
Application to adduct formation equilibria between [Fe(CN)6] 4- and [Fe(CN)6] 3- with different polyammo- 
nium receptors is discussed. Extension to the interaction of substrates such as ATP, NAD +, NADP +, and 
carboxylate ions with these receptors by means of competitive interaction with hexacyanoferrate(II) ion is 
presented. 

Keywords: Anion coordination chemistry; Cyclic voltammetry 

1. Introduction 

Anion coordination chemistry has been ex- 
tensively studied over the last two decades [1- 
7]. A representative part of the research in this 
field is focused on the coordination of  
[Fe(CN)6] 4-, [Co(CN)6] 3-, carboxylates, ATP, 
ADP, and polyphosphates by polyammonium 
macrocycles and linear polyamines [8,9]. These 
compounds behave as anionic receptors be- 
cause of their ability to form charged species in 
aqueous solution even at neutral pH and be- 
cause of their capability to form multisite hy- 
drogen-bond networks. These reagents are 
useful for analytical purposes; for instance, 
double armed crown ethers and armed macro- 
cycles can be used as metal-selective reagents 
[10] and polyammonium macrocycles are useful 
for selective recognition of carboxylate ions 
[ll]. 

The formation equilibria of anion-receptor 
adduct species can be represented as (charges 
omitted for brevity) 

* Corresponding author. 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights 
SSD! 0039-9140(95)01625-2 

r X  + s L  + w H  ~ X r L s H  .. (1) 

In this kind of  system, different receptor-sub- 
strate species differing only in their number of 
protons, r, are formed in a stepwise manner. 
Formation equilibria take place simultaneously 
with the protonation equilibria of the ligand, 
L, and, eventually, of the anionic substrate, X: 

X + tH ~ XH, (2) 

L + j H  ~.~ LHj (3) 

Since multiple protonation and complex forma- 
tion equilibria are involved, computer-assisted 
analysis of potentiometric data has been exten- 
sively used to determine the stoichiometry and 
stability constants of the complex species [12]. 

Although potentiometry has surely been re- 
vealed as the most accurate technique to ana- 
lyze multiple anion coordination equilibria 
[1-9], it is advisable to develop complementary 
techniques allowing for an independent quanti- 
tative study. 

In some favourable cases there is a reduced 
number of complex species predominating in 
solution over a well-defined pH range. It is 
then possible to determine their stoichiometry 

reserved 
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and conditional formation constant by apply- 
ing the classical stoichiometric methods to 
other techniques, such as spectrophotometry or 
polarimetry. In particular, the generalized 
Molar-Ratio method [13] can be applied to 
cyclic voltammetric and chronoamperometric 
techniques, yielding satisfactory results includ- 
ing, as already reported [14], the analysis of 
non-electroactive species from competitive 
complexation equilibria by electroactive agents. 

In the present article, a method involving 
cyclic voltammetry is described as a generaliza- 
tion of the classical Viossat method [15-17]. 
The current method provides direct estimates 
of the degree of condensation, stoichiometry 
and number of protons in the complex species. 
This is based on estimations of the molar frac- 
tion of complexed substrate at different pH 
values by cyclic voltammetric and, eventually, 
chronoamperometric measurements. In spite of 
the fact that a variety of electrochemical tech- 
niques can be used, the simplicity of the treat- 
ment presented here together with the 
simplicity and versatility of cyclic voltammetric 
and chronoamperometric techniques makes 
this procedure a potentially interesting way of 
rapidly analyzing the data. The main points 
are: (i) the method can be applied to a variety 
of systems for which spectrophotometric tech- 
niques are unavailable; (ii) complex formation 
in two different oxidation states can be simulta- 
neously investigated; (iii) the method can be 
applied to non-electroactive species by intro- 
ducing any competing electroactive agent. 

2. Cyclic voltammetric analysis of complex 
formation equilibria 

Polarographic methods have long been 
found useful for studying complex formation 
equilibria. From the seminal work of DeFord 
and Hume [18], different methods have been 
developed for analyzing single and multiple 
complex formation equilibria, including, 
among others [19], multiple ligand systems [20] 
and investigation of non-electroactive species 
by means of the competitive complexation 
forming electroactive species [21,22]. 

The extension to cyclic voltammetry of clas- 
sical polarographic techniques to study single 
and multiple metal-ligand equilibria has re- 
cently been described [23,24]. In addition, gen- 
eral simulation procedures for linear scan or 
cyclic voltammetric curves have been described 

for the characterization of complexes at small 
and large excess of ligand, and in pH-depen- 
dent complex equilibria [25-28]. Despite their 
usefulness, the extension of simulation proce- 
dures to complicated systems requires an accu- 
rate fit of a number of parameters, namely the 
diffusion coefficients of all the electroactive spe- 
cies and their electron transfer coefficients in 
the case of completely irreversible electrode 
processes. Further, deviations from reversibility 
in almost reversible systems or uncompensated 
ohmic losses in the cell can significantly distort 
the voltammetric curves [29], therefore increas- 
ing the difficulty of simulating the i -E  curves. 
The present method is based on the analysis of 
the currents for diffusion-controlled processes, 
as used in polarography for single [30-32] and 
competitive systems [21,22]. The application of 
competitive electrochemical studies in anion 
coordination chemistry was suggested in 1981 
[33]. We consider here the general case in which 
both the uncomplexed anionic substrates and 
their complex ions are reversibly reduced (or 
oxidized) from a higher to a lower valency 
state, as occurs for the coordination of the 
[Fe(CN)6] 4- ion by polyammonium receptors. 

Aqueous solutions of [Fe(CN)6] 4- exhibit a 
well-known reversible or quasi-reversible one- 
electron cyclic voltammetric couple which can 
be represented as 

[FeU(CN)6] 4- ~- [Fem(CN)6] 3- + e-  (4) 

As shown in Fig. l, upon addition of increas- 
ing amounts of a macrocyclic receptor at con- 
stant pH, an anodic shift of the peak potentials 
accompanied by a significant decrease of the 
peak current is observed. For receptor/ 
[Fe(CN)6] 4- molar ratios >1, the cyclic 
voltammetric pattern remains unchanged 
[34,35]. The dependence of potentials and peak 
currents on the receptor/[Fe(CN)6] 4- molar ra- 
tio (CL/CM), plotted in Fig. 2 (curves A), clearly 
suggests that 1:1 electroactive complex species 
are formed. 

In an excess of receptor, the observed depen- 
dence of the peak current and the peak poten- 
tials with the sweep rate corresponds to that 
expected for a one-electron process without 
kinetic or chemical complications [36]. Thus, 
one can conclude that electroactive 
[Fe(CN)6]4--receptor species are oxidized re- 
versibly: 

[Fe"(CN)6LHq]t4-'I)- 
"-" [Fem(CN)6LH~] ~3-q)- + e-  (5) 
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Fig. 1. pH-dependence of the cyclic vol tammogram of  a solution containing [Fe(CN)~] 4 -  (2 .0mM) and [21]aneN 7 
(2.5 mM). Platinum electrode, v = 0.10 V s - , .  pH values: (a) 10.0; (b) 9.0; (c) 8.0; (d) 7.0. 

As shown in Fig. 3, the formal potential of this 
couple becomes more positive when the pH 
decreases. In fact, at acidic pH values and for 
receptor/[Fe(CN)6] 4- molar ratios between 0 
and 1, the difference in the formal potentials of 
free and coordinated [Fe(CN)6] 4- is sufficiently 
large to produce cyclic voltammetric curves 
which appear to be the superposition of two 
waves. 

The observed cyclic voltammetric pattern 
must be described in terms of oxidation of two 
electroactive species in chemical equilibrium. 
This problem, subject to recent studies [37,38], 
is complicated by the fact that the electroactive 
species exhibit different diffusion coefficients 
and formal potentials. 

For receptor/[Fe(CN)6] 4- molar ratios less 
than unity, no single correlations between the 
i - E  curves and the solution composition are 
available in the pre-peak region of potentials. 
Therefore, peak potentials and peak currents 
are not strictly suitable for measuring the com- 
position of the solution. 

The simplified treatment adopted here is 
based on the assumption that for potentials 
sufficiently past the electrode potential of all 
the electroactive species, the total current is 
governed by the diffusion of uncomplexed 
[Fe(CN)d 4- and its adduct species. Thus, for 
potentials less than the voltammetric peaks, the 
current is controlled by Nernstian behaviour, 

while for potentials sufficiently past both the 
anodic and cathodic peaks, the current be- 
comes purely diffusion-controlled in such a 
way that it can be described in terms of the i - E  
form of the Cottrell equation [39-41]: 

nFAcD I/2D I/2 
i = (6) 

~Z I /2(E - -  E * )  

where E* represents the convergence potential 
at which the linear sweep voltammetric current 
becomes equal to the chronoamperometric cur- 
rent, and the other symbols have their usual 
significance. Since E* is, a priori, not known, 
it is convenient to rearrange this equation to 
give 

1 n hE* 
E (7) 

i 2 n2F2A 2c2Dv n2F2A 2c2Dv 

For pure diffusion control, a plot of 1/i 2 versus 
E should give a straight line whose slope allows 
a direct estimate to be made of the diffusion 
coefficient D for a defined composition of the 
solution. For a system in which both the metal 
and its complexes are electroactive, Eq. (7) can 
be applied inserting a mean diffusion co- 
efficient, D, which can be defined as in polarog- 
raphy [19] verifying 

D = ~ D~p~ [L][H]q (8) 
fie [L][H]v 
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Fig. 2. Plots of the peak potential (@) and the peak current (©) as a function of the CL/C M ratio for the [Fe(CN)6] + - -  
[18]aneN 6 (a) and [Fe(CN)6] 4- - [18]aneN6-ATP (B) systems at pH 7.50. All concentrations were 1,50 mM. CV at the 
GCE, scan rate 0.13 V s -  ~. 

Therefore, the molar fraction of complexed 
metal, defined as ~M = Z [MLnHq]/CM, can be 
calculated at a given pH by 

aM = (D - DM)/(DML -- DM) 

= ( D / D M -  1) / (DML/DM-  1) (9) 

where DM denotes the diffusion coefficient of 
the [Fe(CN)6] 4- ion. DML is the value for the 
diffusion coefficient of the complex species, 
which can be obtained as the limiting D value 
in solutions containing a sufficiently large ex- 
cess of receptor. As depicted in Fig. 4, the 
mean diffusion coefficient changes drastically 
with pH in the presence of receptor species, 
and the DML values can be assigned to the 
plateau values in the D =f(pH) curve. 

A direct estimate of these coefficients can be 
obtained from chronoamperograms at a poten- 
tial sufficiently large to ensure diffusion-limited 
current for all species [39-41]. Alternatively, 
the diffusion coefficients can be directly calcu- 
lated from the chronoamperometric analysis of 
the diffusive portion of the cyclic voltam- 
mograms. Independent ~M values for the Fe(II) 
and Fe(III) systems can then be calculated by 
studying separately the anodic and cathodic 
portions of the cyclic voltammograms. Provid- 
ing a sufficiently large switching potential is 
attained, it is convenient to use a strip-chart 
recorder for satisfactorily defining the base line 
for current measurements [42]. 

If the total concentration of ligand reaches a 
sufficient excess, the plateaus in the E °' =f(pH) 
curve can be associated with a sequence of 
different complex species quantitatively 
formed. The cyclic voltammograms thus ob- 
tained allow direct estimates of the formal po- 
tential and the diffusion coefficient of such 
complex species. The formal potential deter- 
mined at the selected pH values as the half-sum 
of the peak potentials is given by 

E O , ( M m L / M . L )  = EO,(Mm/Mn) + 59 log tilt 
n flIII 

(lO) 

Where flu and ft., are, respectively, the stabil- 
ity constants of the Fe n and Fem complexes. 
This equation can be applied to calculate the 
ft., constants provided the ft .  constants are 
known. 

For intermediate pH values, the apparent 
formal potential of the Fem/Fe" couple may be 
approached as [19] 

Eo , = EO,(M,,t/M.) + 59. ~ fl,,[L][H~' 
n log ~, #m[LI[H]" (1 l) 

On the assumptions that (a) all species exhibit 
nernstian behaviour, (b) total equilibrium is 
rapidly reached near the electrode surface, and 
(c) the pH of the solution does not change 
during the potential scan, not even near the 
electrode surface, Eq. (11) becomes 
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Fig. 3. Dependence of  the formal potential on the pH for solutions containing: (A) [Fe(CN)6]4-; (B) [Fe(CN)6] 4 -  and 
[21]aneNT; (C) as B in the presence o f  N A D + ;  (D) as B in the presence of  N A D P  +. In all cases, from CV at the Pt 
electrode at v = 0.10 V s -~. All concentrations were 2.0 mM. 

E o, = EO'(Mnl/M ") 

V RII(c __ n~cM)[Hy, 59 /., Y L 
+ -  log m m u n ~ fl (CL-- 0~MCM)[H] (12) 

where CL, CM represent, respectively, the total 
concentrations of ligand and metal. The case 
p = q must correspond to the plateau regions in 
the E °' =f(pH) curve. 

Once the stability constants and the molar 
fractions have been calculated, the experimen- 
tal values of E °' can be compared with those 
determined inserting into Eq. (12) different se- 
quences of protonation numbers. 

The above procedure can be extended to 
study the complexation of non-electroactive 
anions using the [Fe(CN)6] 4- ion as a compet- 
ing substrate. Thus, upon addition of increas- 
ing amounts of ATP, NAD +, NADP + and 
carboxylate anions to a equimolar solution of 
[Fe(CN)6] 4- and a macrocyclic ligand, the 
cyclic voltammogram exhibits intermediate 
parameters between that of free [Fe(CN)6] 4- 
and the limiting voltammogram in the presence 
of receptor as can be seen in curves B in Fig. 2. 

In the used potential window (from + 0.6 to 
- 0 . 2 V  versus SCE) no electrode processes 
affecting competitive NAD +, NADP + sub- 

strates were detected, in agreement with data in 
the literature [43]. No adsorption complications 
were detected in ternary systems, and cyclic 
voltammograms exhibited identical parameters 
to those of the [Fe(CN)6] 4--receptor systems. 
Under these conditions, the evaluations of the 
molar fraction of complexed [Fe(CN)6] 4- al- 
lows for a direct estimate of the competitive 
effect of the non-electroactive anion. 

3. Determination of the metal:ligand:proton 
stoichiometry 

3.1. Single systems 

To confirm the stoichiometry of the adduct 
species as well as the number of protons in- 
volved in the first formation step, a modified 
version of the Viossat method may be applied 
[15]. This requires that each one of the complex 
species predominates in a well-defined pH 
range. Thus, if the formation equilibrium of an 
m-nuclear complex is represented as, 

mM + n L + q H  = M,,L,H~ (13) 

for given CL, CM, and pH values, [M,,,L,,Hq]= 
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CtMCM/m, [M] = (1 -- ~tM)CM, and [L] = (CL-- 
ngMCM/m)/( I  + Z flj[HD, fli being the proto- 
nation constant of  the ligand. The equation for 
the equilibrium constant then reduces to 

~tMC~t-'(l + Y- flj[Hy)" (14) 
Pq = m( l  - OCM)'n(CL - -  nOtMCM/m)n[H] q 

This equation can be rewritten as 

~'(1 + 1;/?/[Hy) 
f ( a ,  H) = log roll,,( 1 _ O~M),,,/,( CL _ n a M c M / m  ) ~ 

= ( l / n )  log pq + [(m - 1)/n] log CM 

+ ( q / n ) p H  (15) 

Providing the cumulative protonat ion con- 
stants o f  the ligand are known, this equation 

predicts a linear variation o f f ( a M ,  H) with pH 
only for adequate values of  the stoichiometric 
coefficients, m and n. The number  of  protons, 
q, involved in the first complexation step is 
directly given by the slope of  the f(~t M, H ) =  
f ( p H )  representation. The method can be easily 
extended to determine the number  of  protons 
involved in each intermediate complex forma- 
tion step and must apply to both the M"  and 
M m oxidation states. 

3.2. Compet i t ive  sys tems  

I f  the stoichiometry and stability constants 
o f  the adducts MmL,,Hq a r e  known, the de- 

Fig. 4. Plots of D/D M versus pH for 2.0 mM solutions of potassium hexacyanoferrate(ll); (A) alone; (B) with 2.0 mM 
[24]aneNs; (C) as B with 2.0 mM NAD+; (D) as B with 2.0 mM NADP +. 

i 

2 4 (~ 8 12 pH 
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scribed method can be extended to elucidate 
the number of  protons of  the complexes 
formed by the ligand with a non-electroactive 
substrate X (Eq. 1). 

For  a solution containing the electroactive 
species M, the substrate X, and the receptor, L, 
and assuming that only one M - L  and one 
X - L  complex species exist in the investigated 
pH range, the total concentration of  ligand is 

c L = [L](1 + Z flj[H~) + n[M, ,L ,  nq] 

+ s [ X r L ~ H . .  ] (16) 

If one calculates the concentration of  uncom- 
plexed ligand from the molar fraction of  coor- 
dinated M (estimated from cyclic voltammetric 
data) 

[L] = ~M (17) 
(1 --  o: M)flq [H] q 

The molar fraction of  complexed substrate, ~t x, 
can be calculated as 

c L - ( n / m ) o t M c  M - [L](1 + E flj[Hy) (18) 
Otx = (s / r  )Cx 

where Cx is the total concentration of  X. The 
~M and ct x values must verify 

- 

g(~M, ~x) = l o g / ~  
_-- ax),/-----Z / 

= log  B 1/. 
r q  (w q) 

+ log c ~ _ , . ) / .  + - pH (19) 

enabling us to evaluate the stoichiometry and 
number of  protons involved in the complexa- 
tion of  the substrate X. 

4. Experimental 

A series of  samples containing a constant 
amount of  potassium hexacyanoferrate(II), lig- 
and, and, eventually, competitive product, with 
a constant excess of  ligand were prepared at 
different pH values in the range from pH 2.0 to 
10.0. The supporting electrolyte was 0.15 M 
NaCIO4, the pH being adjusted to the required 
value by adding the appropriate amounts of  
HCIO4 and/or  NaOH. 

Cyclic voltammograms were obtained using 
a conventional device with a potentiostat (AR 
100), a signal generator (Newtronic 200P), an 
x - y  recorder (Riken-Denshi F35) and a y - t  

recorder (JJ CR550). A standard three-elec- 
trode cell was used with platinum 
(A = 0.11 cm2), gold (A = 0.018 cm 2) and glassy 
carbon (A =0.071 cm 2) working electrodes, a 
saturated calomel reference electrode (SCE) 
and a platinum-wire auxiliary electrode. No 
adsorption processes were detected and all 
working electrodes provided comparable re- 
sults. To compensate for eventual differences in 
the effective area of  the electrodes, [Fe(CN)6] 4- 
solutions were used as standard for each one of  
the series of  experiments. The ratio D / D M  was 
then tabulated for calculations. 

All experiments were carried out under an 
argon atmosphere in a cell thermostatted at 
298.15 K. Prior to a series of  runs the working 
electrodes were cleaned, polished and activated 
[42]. 

The diffusion coefficients were also deter- 
mined from the experimental i - t  chronoam- 
perometric curves by applying the Cottrell 
equation, (i = n F A c D I / 2 / ( r t t )  I/2) from the slope 
of  the i v e r s u s  l - I / 2  plot. Since a recent report 
has stated that chronoamperometric data ob- 
tained at short times ( <  1 s) are often unreli- 
able and seems to imply that such data cannot 
be used to accurately determine diffusion co- 
efficients [44], conventional long-time experi- 
ments were used. In all experiments, linear 
relationships between the observed anodic cur- 
rent and t-~/2 were observed for times up to 3 s 
after the potential step. 

For  the cyclic voltammetric data, linear rela- 
tionships between 1/i 2 and E were found in all 
cases for the +0.40 to 0.60 V potential range, 
corresponding to the diffusive region of  the 
anodic cyclic voltammetric curve. The D values 
calculated from the slope of  these representa- 
tions agreed with those calculated from 
chronoamperometric data. 

Potentiometric measurements were carried 
out in aqueous solution at 298.1 K in the same 
medium by using equipment already described 
[8,9]. The program SUPERQUAD [45] w a s  used 
to calculate the stability and protonation con- 
stants. The titration curves for each system 
were treated as a single set or separately with- 
out significant variations in the values of  the 
constants. 

5. Results and discussion 

Different polyazaalkane-[Fe(CN)6] 4- sys- 
tems have been examined to compare theoreti- 
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cal and experimental data. Prior potentiometric 
studies were carried out for each one of these 
systems. Several complexes with 1:1 recep- 
tor:[Fe(CN)6] 4- stoichiometry and different 
numbers of protons are formed in a stepwise 
manner. The stability constants of the hexa- 
cyanoferrate(II)-receptor species and protona- 
tion constants of ligand and, eventually, 
competitive agent were obtained. 

CV-pH titrations confirm the stepwise pH- 
dependent formation of different complex spe- 
cies. Fig. 3 shows the pH-dependence of the 
formal potential for the system [Fe(CN)6] a - -  
[21]aneNT ([21]aneNT = 1,4,7,10,13,16,19-hep- 
taazacyclohenicosane). Curve A corresponds to 
hexacyanoferrate(II) solutions and curve B cor- 
responds to samples with a [Fe(CN)6]4-/ligand 
ratio of 1.50. The pH-dependence of the formal 
potential exhibits in all cases a close agreement 
with the distribution diagram calculated from 
potentiometric data. 

Direct estimates of the percentages of com- 
plexed [Fe(CN)6] 4- calculated from the cyclic 
voltammetric diffusion coefficients (Eq. 7) are 
in close accordance with those independently 
obtained from the potentiometric data. Inser- 
tion of the flH and tim values calculated from 
anodic and cathodic currents into Eq. (12) 
provides E °' values close to that determined as 
the half-sum of the determined peak potential 
in all the studied cases. 

The anion coordination equilibria between 
polyammonium receptors and non-electroac- 
tive monohydrogen carboxylate and dihydro- 
gencarboxylate anions [8,9], ATP [46], and 
other anions has been studied by cyclic 
voltammetry and chronoamperometry on the 
basis of the competitive effect with the 
[Fe(CN)6] 4- ions. The addition of competitive 
anions to a solution containing [Fe(CN)6] 4- 
and a receptor causes a displacement of the 
cyclic voltammetric parameters towards those 
corresponding to the uncomplexed hexacyano- 
ferrate(II). This can be seen in curves B of Fig. 
2, and curves C and D of Fig. 3. As expected, 
increasing the amounts of substrate X leads to 
curves which increasingly differ from the limit- 
ing curves in the absence of competitive agent 
and approach those of uncomplexed hexa- 
cyanoferrate(II) solutions. Fig. 4 presents the 
pH dependence of the D/DM ratio for solu- 
tions ol]Fe(CN)6] 4-, [24]aneNs ([24]aneNs= 
l, 4, 7, 10, 13, 16, 19, 22- octaazacyclotetracosane) 
and NAD + or NADP ÷ as a competitive 
agent. The diffusion coeffÉcient of uncomplexed 
[Fe(CN)6] 4- at pH > 4  was taken as a refer- 
ence (DM). Below pH 4, this diffusion co- 
efficient increases as the pH decreases; this fact 
is attributable to the protonation of the hexa- 
cyanoferrate(II) ion [47,48]. From these data, 
direct estimates of the molar fraction com- 
plexed [Fe(CN)6] 4- can be made quantifying 

MLH3 
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DH 

Fig. 5. Distribution diagram for a solution of [Fe(CN)6] 4- (1.36 raM), Me4[18]aneN 6 (I.44 raM) and ATP (1.25 mM) 
calculated from potentiometric data. Circles represent the values of the molar fraction of uncomplexed [Fe(CN)614- 
calculated from CV data. 



A. Dombnech et al. / Talanta 42 (1995) 1663-1673 1671 

the ability of  N A D  ÷ and N A D P  + to link with 
the anionic receptor. 

The :tM values calculated from CV and CA 
measurements can be compared with those esti- 
mated from the numerical analysis of  potentio- 
metric data. Fig. 5 plots the distribution 
diagram for the mixed system [Fe(CN)6] 4 - -  
Me4[l 8]aneN 6 - ATP(Me4[18]aneN 6 = 1,4,7,10, 
13,16-hexaazacyclooctadecane) in which the 
values of  the molar  fraction of uncomplexed 
[Fe(CN)6] 4- calculated from CV data have 
been represented as individual data points. 
This procedure allows a way of  evaluating the 
selectivity in the different an ion- recep tor  sys- 
tems by measuring the differences in the molar  
fraction of  complexed competitive agent [34]. 

However, the stoichiometry of  the complex 
and the number of  protons involved in the 
first complexation stage were calculated from 
the D = f ( p H )  curves. As depicted in Fig. 
6, corresponding to the [Fe(CN)6]4- -bmaph 
(bmaph = 1,17 - bis(methylamino) - 3,6,9,12,15 - 
pentaazaheptadecane) system, a linear relation- 
ship between f(~M, H) and pH is obtained only 

f o r  the correct stoichiometric coefficients, 
m = 1 and n = 1. The slope of  such a represen- 
tation was q = 4, in accordance with potentio- 
metric data. From Eq. (15) one obtains 
log flu = 39.8(4) in excellent agreement with the 
potentiometric value, log flu = 40.40(1). 

Competitive experiments also provide satis- 
factory results. For  instance, Table 1 shows the 
g(~M, ~tx) values in the pH range from 8.4 to 
9.6 for the competing complexation of 
[21]aneN7 with hexacyanoferrate(II) and 1,3- 
BDC. A complex species with 1:1 sus- 
trate:receptor stoichiometry was found, the 
first protonation step involving three protons: 
q = w = 3. For  these cases, Eq. (20) reduces to 
g(~M, ~x) = l og ( f l , . / f l q ) ,  predicting the pH-in- 
dependence of  the g(~M, ~x) values. As can be 
seen in Table 1, for other r, s values, the 
g(~M, ~x) function monotonically increases or 
decreases. Finally, the value of  log(fl../flq) 
( -0 .31(5) )  is in good agreement with those 
calculated from potentiometric data 
(log flu = 31.03(4), log fl,,. = 30.66(4)). Table 2 
summarizes the results for the competitive 
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Fig. 6. Representation off(~'M, H) versus pH for the [Fe(CN)6] 4--bmaph system for several m, n coefficients. 



1672 A. Dombnech et al. / Talanta 42 (1995) 1663-1673 

Table I 
Analysis of  the competitive complexation in the [Fe(CN)6] 4-  -[21]aneN 7-1,3-BDC system. All reagents in conc. 2.00 m M. 
Diffusion coefficients determined from the GCE cyclic voltammograms at 0.10 V s -~. DML/DM = 0.450. g(zt M, aX, H) 
values calculated from Eq. (19) assuming m = n = 1 

pH D/DM ~M S~x g(z~M, ~x, H) 

1:1 2:2 1:2 2:1 

9.60 0.953 0.085 0.037 - 0.38 0.18 0.16 - 0.33 
9.50 0.934 0.120 0.062 -0.31 0.14 0.12 -0 .23  
9.40 0.912 0.161 0.083 - 0.33 0.06 0.04 - 0.21 
9.20 0.865 0.246 0.138 - 0.31 - 0.03 - 0.08 - 0.09 
9.00 0.824 0.320 0.188 -0.31 -0 .10  - 0 . 1 6  0.01 
8.80 0.793 0.377 0.223 - 0.32 - 0.15 - 0.23 0.08 
8.60 0.770 0.418 0.245 -0 .34  -0 .19  -0 .28  0.12 
8.40 0.760 0.436 0.280 - 0.30 - 0.17 -0 .28  0.27 

Table 2 
Comparison of  potentiometric and cyclic voltammetric 
data for competitive systems. M =[Fe(CN)6] 4- ,  L =  
[21]aneN 7. X = c , c - T M C T C  (cis,cis-l,3,5-trimethyl-l,3,5- 
cyclohexanetricarboxylic), c , t-TMCTC (cis,trans-l,3,5- 
trimethyl-1,3,5-cyclohexanetricarboxylic), 1,2-BDC 
(! ,2-benzenedicarboxylic), 1,3-BDC (1,3-benzenedicar- 
boxylic), NAD + and NADP +. In all cases, 1:l:3 stoi- 
chiometry was found, log fiM = 31.03(4) 

Substrate log fix ~ log(fix~tiM) ~ log(fix/fiM ) b 

c,c-TMCTC 31.05(7) 0.0(1 ) - 0.05(8) 
c, t-TMCTC 30.23(4) -0.80(8) -0.70(8) 
1,2-BDC 30.85(2) -0.18(6) -0.10(7) 
1,3-BDC 30.66(4) -0.37(8) -0.31(5) 
NAD + 30.82(4) -0.21(8) -0.2(1)  
N A D P  + 31.05(5) 0.02(9) 0.1(1 ) 

From potentiometric data. b From cyclic voltammetric 
data. 

complexation of [21]aneN 7 by [Fe(CN)6] 4- and 
NAD ÷, NADP + and different carboxylates. 

To summarize, cyclic voltammetric data can 
be used in suitable cases to quantitatively study 
complex formation equilibria allowing direct 
estimates of the stoichiometry and the number 
of protons involved. A reasonable combination 
of potentiometric and voltammetric techniques 
is potentially interesting for analyzing complex 
formation in unstable oxidation states. Finally, 
cyclic voltammetric monitoring of competitive 
complexation can be used to establish the selec- 
tive character of complexing agents. 
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Abstract 

A spectrophotometric study of palladium complexation in concentrated nitrate and acid solutions is 
presented. The water activity of the solutions was fixed to control activity coefficients. The existence of the 
species PdNO~-, Pd(NO3)2 and PdOHNO3 has been evidenced and their stability was evaluated. An activity 
diagram for the predominance of soluble palladium species is presented and the precipitation limit is drawn. 

Keywords: Palladium complexes; Concentrated solutions; Spectrophotometry 

1. Introduction 

Palladium is one of the most abundant tran- 
sition metals among the fission products in 
nuclear spent fuel. Highly hydrolysable, it in- 
duces disturbances in the reprocessing opera- 
tions: it interferes in the acidity monitoring of 
aqueous layers and complicates the separation 
of the phases in the liquid-liquid extraction 
operations by the formation of insoluble com- 
pounds. Within the programs devoted to con- 
trol this type of problem in order to improve the 
Purex process, the purpose of  the present work 
is to provide an accurate description of the 
chemical behaviour of  palladium in acid solu- 
tions containing high concentrations of  nitrate. 

In aqueous solutions, the prevailing oxidation 
state of palladium is II, except for very strong 
complexes of Pd(IV) [1]. Shmidt et al. [2] con- 
firmed this statement for nitric media when they 
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reprecipitated Pd(NO3)2 from solutions obtain- 
ed by dissolution of  metallic palladium in 12 M 
nitric acid. Neither paratoluenesulphonate nor 
perchlorate forms complexes with palladium [3]. 
Jorgensen et al. [4] demonstrated that in concen- 
trated perchloric acid, Pd 2 + is the unique species 
up to 0.01 M total metal; its absorption spec- 
trum shows a large band with a maximum at 
380 nm and a second one at 170 nm. 

Hydrolysis of Pd 2+ is easily performed: in 
very dilute solutions, the formation of the com- 
plexes PdOH + and Pd(OH) 2 starts at pH ~ 1 
and insoluble Pd(OH)2 precipitates from fairly 
acid solutions. Above pH 2, when the total 
concentration of palladium is higher than 
10-5 M, polynuclear forms have been identified 
and their evolution into red-brownish polycon- 
densated products has also been described [5- 
7]. Complexation with chloride ions has been 
studied sp~trophotometrically [8,9], and it is 
known that palladium forms stable complexes 
or insoluble species with numerous organic 
molecules [3]. As far as nitrate is concerned, the 
complexes are certainly much less stable than 
those with chloride, but evolution of the absorp- 
tion spectrum with the concentration of  
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sition metals among the fission products in 

nuclear spent fuel. Highly hydrolysable, it in- 
duces disturbances in the reprocessing opera- 
tions: it interferes in the acidity monitoring of 
aqueous layers and complicates the separation 
of the phases in the liquid-liquid extraction 
operations by the formation of insoluble com- 
pounds. Within the programs devoted to con- 
trol this type of problem in order to improve the 
Purex process, the purpose of the present work 
is to provide an accurate description of the 
chemical behaviour of palladium in acid solu- 
tions containing high concentrations of nitrate. 

In aqueous solutions, the prevailing oxidation 
state of palladium is II, except for very strong 
complexes of Pd(IV) [l]. Shmidt et al. [2] con- 
firmed this statement for nitric media when they 
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reprecipitated Pd(NO& from solutions obtain- 
ed by dissolution of metallic palladium in 12 M 
nitric acid. Neither paratoluenesulphonate nor 
perchlorate forms complexes with palladium [3]. 
Jargensen et al. 14) demonstrated that in concen- 
trated perchloric acid, Pd*+ is the unique species 
up to 0.01 M total metal; its absorption spec- 
trum shows a large band with a maximum at 
380 nm and a second one at 170 nm. 

Hydrolysis of Pd*+ is easily performed: in 
very dilute solutions, the formation of the com- 
plexes PdOH’ and Pd(OH)* starts at pH z 1 
and insoluble Pd(OH)* precipitates from fairly 
acid solutions. Above pH 2, when the total 
concentration of palladium is higher than 
10v5 M, polynuclear forms have been identified 
and their evolution into red-brownish polycon- 
densated products has also been described [S- 
71. Complexation with chloride ions has been 
studied spectrophotometrically [8,9], and it is 
known that palladium forms stable complexes 
or insoluble species with numerous organic 
molecules [3]. As far as nitrate is concerned, the 
complexes are certainly much less stable than 
those with chloride, but evolution of the absorp- 
tion spectrum with the concentration of 
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nitrate shows evidence of complexation: the 
stability constant p, = 1.2 + 0.4 has been evalu- 
ated in nearly 2 M mixtures of HN03, HCIO, 
and NaCIO, at pH z 0 [4]. Mixed complexes 
with nitrate ions and organic ligands have also 
been reported [lo]. Considering the strong hy- 
drolysability of palladium, mixed species such 
as PdOHNO, are to be expected. 

A further consequence is that any equi- 
librium may be described by a characteristic 
function of the water activity, say G(a,); for 
example, if pp is the thermodynamic constant 
of the following equilibrium: 

M + iL z$ ML, 

BP = [ML, l/(PJ[W) 
From the reviewed literature, several conclu- 

sions may be drawn. In the first place, perchlo- 
tic acid is a good non-complexing reference 
medium for the purpose of this work. Sec- 
ondly, spectrophotometry is an adequate 
method for characterising soluble nitric species 
of palladium. Considering the known stability 
data, large variations in the concentration of 
nitrate are necessary for an accurate determina- 
tion of the thermodynamic constants; this im- 
plies that a strict control of medium effects is 
necessary. Finally, special care has to be taken 
at each step to avoid rapid or even slow precip- 
itation of hydroxide. 

Gi(a,) depends only on the temperature and 
the water activity. When its value has been 
experimentally determined, the previous equa- 
tions show that the concentration constant in 
any specific medium of known a, and 0 can be 
calculated in a simple way: 

Bi = [ML~II([LIi[Ml) = Gi(~)/a’ (1) 

The expression of the classical complexation 
coefficient [ 16,171 is 

2. Model for the non-ideal@ 

The determination of low stability constants 
requires discrimination between chemical and 
medium effects, i.e. to strictly control the activ- 
ity coefficients when the concentration of the 
ligand is varied over a large interval. This 
problem has been discussed elsewhere [l 1 - 131 
and only the conclusions will be recalled here. 
For simple systems, i.e. solutions that obey 
Zdanovskii’s law of water activity conservation 
through mixing [14], the activity coefficient of 
any species in the solution depends only on a,, 
the water activity of the solution, and 0, the 
total concentration of dissolved species [15]: 

Its value depends only on the temperature, on 
the activity of water and on the relative activity 
of the ligand at this value of a,. 

An important consequence is that a strict 
control of medium effects is obtained if the 
water activity in the system is fixed. Practically, 
this may be obtained in a relatively simple way 
using solutions with the same water activity. 
According to Zdanovskii’s law, all their mix- 
tures will have the same water activity. As far 
as data processing is concerned, the significant 
variable will be the above-mentioned ratio [k]/ 
Is. 

Yk =fkhdb 3. Experimental 

where fk iS a characteristic function of species 
k. 

3.1. General conditions 

The activity of species k may be written as 

uk = 00 = M * Yk =fk@,) ’ [klb 

where [k] is the concentration of k. 
Hence, it appears that, at constant water 

activity, the activity of k is proportional to the 
ratio of its concentration to the total concen- 
tration of dissolved species. Consequently, we 
will from now on refer to this ratio as rhe 
relative activity of k at the considered water 
activity. 

The fixed value of the activity of water 
(0.750 f 0.002) was chosen according to the 
conditions of the Purex process (0.7 <a, -C 
0.85), the necessity to obtain the highest possi- 
ble concentration of nitrates and the restric- 
tions due to the limited solubility of the pure 
background salts that had to be used. Mixtures 
of nitrates, alkaline perchlorates and their cor- 
responding acids follow Zdanovskii’s rule over 
a large range of concentrations [18]. This ori- 
ented the choice of the electrolytes, as the 
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Table 1 
Mother solutions 

Electrolyte Concentration (moll-t) Density (25"C) 

HNO 3 5.180 t 1.1632 
HCIO4 3.7882 1.2118 
NaNO3 7.562, 1.3784 
NaCIOa 5.4021 1.4010 

former model of  non-ideality effects applies to 
these systems. 

A highly acid medium was necessary to 
avoid precipitation risks and to limit hydrolysis 
in order to characterise pure nitrate complexes. 
Therefore, perchloric and nitric acid, diluted in 
order to reach aw=0.75 ,  were used as the 
non-complexing and the most complexing 
medium, respectively, at the highest acidity 
level. To be able to explore the domain of  
hydroxylated or mixed complexes, sodium 
perchlorate and nitrate were chosen because of  
their high solubility, good hygroscopy and 
available purity; owing to the high concentra- 
tion of  the electrolytes (see Table 1), it is of  

course very important  to use very pure prod- 
ucts in order not to introduce any strong com- 
plexing agent which may interfere. All the 
media described in this paper  were obtained by 
mixing these "pure  poles"; Fig. 1 shows the 
corresponding points on the relative activity 
diagram. To avoid precipitation of  palladium 
hydroxide, mother  solutions of  palladium 
could only be prepared in the pure acids. 
Therefore, the experimentally accessible activ- 
ity domain is limited in the less acidic region. 
The lower limit in nitrate activity is due to the 
nitrates from the palladium salt which was 
dissolved to obtain the perchloric mother  solu- 
tion. The limits of  the experimental domain are 
not straight lines because of  the variation of a 
throughout the diagram and because of  the 
formation of molecular nitric acid at high con- 
centrations of  nitrate [19]. 

3.2. Preparation o f  solutions 

Vials, flasks, funnels and other glassware 
were rinsed with deionised water (MilliQ sys- 
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Fig. I. Relative activity domain accessible at a,~ = 0.75. Upper limits are imposed by the background electrolytes. The 
lower limit in the nitrate activity is set by the nitrates of the dissolved palladium salt. The experimental points used for 
the interpretation of solution equilibria are indicated by circles. Filled symbols denote solutions where slow precipitation 
was observed. Daughter solutions: D1, HCIO4; D2, HNO;; D3, HNO 3 + NaNO~; D4, HCIO4 + NaCIO4; D5 and D6, 
HCIO4 + HNO 3. 
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tem from Millipore), cleaned with 0.1 M 
perchloric acid and rinsed with water again. All 
reagents were of  analytical grade (Merck, Pro- 
labo and Strem Chemicals). 

All primary solutions were prepared by 
weighing on a AE 260 Delta range balance 
from Mettler. They were filtered on Millipore 
HA (nitrates) or P T H K  (perchlorates) filters; 
the porosity was 0.45 lam for "pure poles" and 
0.22 lam for palladium solutions. Concentra- 
tions of  background electrolytes were checked 
by densitometry at 25°C with a PAAR DMA 
55 densitometer and adjusted to the exact 
value. Absence of  precipitation was assumed if 
no diffusion of  the light beam of  a hel ium- 
neon laser was observed. Mixtures of  solutions 
were also prepared by weighing, equilibrated at 
250C and checked for the absence of precipita- 
tion. Their density was measured and used to 
calculate the exact molar concentrations of the 
components. The error in the concentrations is 
estimated to be less than 0.1%. 

Palladium nitrate was used to prepare the 
mother solutions in spite of  its hygroscopy. 
Indeed, Pd is only soluble in concentrated ni- 
tric acid and its dissolution is difficult to con- 
trol in terms of  by-products, PdO is insoluble 
even in hot acids and PdCI2 could not be used 
because of  the complexing effect of  the chlo- 
ride. Two mother solutions were prepared by 
carefully adding the concentrated acid at 
aw = 0.75 to the weighed salt and shaking on a 
Certomat H K  thermoregulated bench for sev- 
eral hours. After filtering at 0.22 lam, the con- 
centration was checked by the classical 
gravimetric method with dimethylglyoxime 
[20]; both solutions contained (4.82+0.05)× 
10 -2 mol 1 -I  of  palladium, in HCIO4 (solution 
MI)  or HNO3 (solution M2). 

3.3. Spectrophotometry 

Except when otherwise mentioned, absorp- 
tiometry in the region 350-800 nm was carried 
out on solutions containing a total palladium 
concentration of  2.41 x 10 -3 tool 1-1; this was 
chosen to be high enough to give a signal 
measurable with good accuracy and precision 
( + 0.002 uA) and sufficiently low to avoid pre- 
cipitation. Neither the salt nor the acids 
used here absorb in this region, the only ab- 
sorbing species being palladium components. 
The strong bands of  the nitrate (maximum at 
303nm and 250nm) do not allow work at 
shorter wavelengths. A model 634 UV/vis dou- 

Table 2 
Molar  absorptivity coefficients (I mol-~ cm - ~) of  Pd -'+ in 
3.788 M HC104 

Wavelength (nm) This work Literature Ref. 

380 88.9 + 0.7 86 14] 
392 91.1 _+0.7 
400 84.6 + 0.6 85.0 __+ 0.5 [21] 
415 72.3 _+ 0.5 

ble-beam spectrophotometer from Varian and 

a Servotrace registrator were used for spectra 
scanning and absorption measurements. All ex- 
periments were carried out on solutions equili- 
brated at 25°C. In order to compensate for 
slight fluctuations in the temperature or insta- 
bilities of  the instrument during the measure- 
ments, the actual analysed signal was the 
difference between the absorption at the de- 
sired wavelength and the absorption at 800 nm, 
where no significant signal is observed. 

4. Results and discussion 

4.1. Absorbance of  pallad&m solutions 

In agreement with previous observations 
[3,4,21], it was assumed that, in the absence of 
chemical effects, the absorption spectrum of a 
given species in the visible region does not 
depend on the medium. This is likely to be true 
in our experimental conditions, inasmuch as 
the activity of water is maintained constant. 
Consequently, the changes in the spectrum of  
palladium solutions have been interpreted as 
the effect of  complexing reactions. 

The first question was then to define the 
reference point, i.e. to check that the free 
cation is the actual species in perchloric acid. 
This was done by measuring the variation in 
the absorbance at different wavelengths with 
the concentration of  palladium nitrate dis- 
solved in 3.788 M HCIO4. A straight line is 
obtained, showing that Pd 2÷ is the unique 
species; the formation of  a complex would have 
induced a non-linear dependency. At 415 nm, 
the regression equation on ten experimental 
points is A = (72.3 + 0 . 5 ) C -  (0.0006 + 0.0010), 
with r 2 =  0.9999. Similar results were obtained 
at other wavelengths, and the absorptivity co- 
efficients of  Pd 2÷ are in good agreement with 
previous results (Table 2). 
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Fig. 2. Spectra of solutions of 2.41 x 10 .9  M palladium at the extremities of the explored domain. DI, HCIO4; D2, 
HNO3; D3, HNO~ + NaNO3; 1)4, HCIO4 + NaCIO4. 

Four daughter solutions containing 
2.41 x 10 -3 M of total palladium were pre- 
pared by dilution of M1 with HCIO4 (solution 
D l) or NaC104 (D4), and of  M2 with HNO3 
(D2) or NaNO3 (D3), respectively. The absorp- 
tion spectra of these solutions, which represent 
the extreme points of the accessible domain 
(Fig. 1) are shown in Fig. 2. It can be observed 
that, with respect to the perchloric acid solu- 
tion (DI), the presence of nitrate greatly in- 
creases the absorbance (D2) whereas a decrease 
in the acidity has a much lesser, but not negli- 
gible, influence in a nitric (D3) as well as in a 
perchloric medium (D4). It can be concluded 
that complexation occurs with both nitrate and 
hydroxyl, and that a mixed complex cannot be 
discarded in the region of  concentrated nitrate 
and low acidity (D3). 

Complementary experiments have shown 
that in more concentrated nitric acid, up to 
11.7 M, the large absorption band spreads onto 
two bands, indicating the presence of  at least 
two nitric complexes. However, 2.41 x 10 -3 M 
palladium precipitates at pH 1 from dilute 
media without forming intermediate soluble 

TAL 42t11~ 

complexes with O H -  [6]. At aw =0.75, we 
observed that solutions of low acidity, denoted 
by filled symbols in Fig. 1, showed a relative 
instability; a colloidal precipitate formed after 
several weeks, while the other solutions re- 
mained stable for four months at least. It is 
possible that hydroxylated species like 
Pd(OH).,. or Pd.,.(OH):, could form as interme- 
diates in a slow precipitation process and ac- 
count for the differences between the spectra of 
D1 and D4. As this does not correspond to a 
thermodynamical equilibrium situation, the 
corresponding points were discarded from the 
selected set for the quantitative interpretation. 
As a reasonable hypothesis for the remaining 
domain, the following species were presumed: 
Pd 2÷, PdNO~-, Pd(NO3) 2 and PdOHNO~. 

4.2. Basic equations 

For the considered species, according to the 
model chosen for non-ideality, the basic com- 
plexation equations and their characteristic wa- 
ter activity functions are 

Pd 2÷ + iNO~- ~ Pd(NO3)~- i 
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[Pd(NO3)2 - ,1 
G~o = [pd2 + ]([NO; ]/a)' 

Pd 2+ + N O ;  + H20 ~ PdOHNO3 + H + 

[PdOHNO3] 
Gi I = [pd 2 + ]([NO; ]/~)(a/[H + ]) 

The total concentration of palladium in any 
solution containing nitrates is 

Ca- = [Pd  2+] + [PdNO~-] + [Pd(NO3)2] 

+ [PdOHNO3] 

and its complexation coefficient can be written 
a s  

0q,a(No.~,OH) = CT/[Pd 2+] 

= 1 + G,o[NO~-]/a + G2o([NO~]/a) 2 

+ G,~([NO 3 ]/a)(a/[H +]) 

The absorbance of this solution is 

A = eoo[Pd 2 +] + e,o[PdNO~] + qo[Pd(NO3)2] 

+ e,t [PdOHNO3] 

where e 0. is the molar absorptivity coefficient of 
the species Pd(NO3)i(OH)j. 

Dividing A by Cr and rearranging the equa- 
tion by introducing the formation functions, 
yields the following expression: 
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been prepared by mixing different proportions 
of two of the daughter solutions DI,  D2, D3, 
D4 and two additional ones: D6 (M1 diluted 
with HNO3) and D5 (M2 diluted with HCIO4). 
All these solutions contained the same 
concentration of palladium (2.41 x 10 -3  M )  

and, according to Zdanovskii's law, had the 
same water activity (0.75). Their absorption at 
415, 392 and 380nm was measured after 
equilibration at 25°C. As the major absorbance 
difference in the spectra is observed at 415 nm, 
this wavelength has been chosen for the 
determination of the complexation functions. 
The results were interpreted for four series 
independently, after discarding those solutions 
where diffusion of the light beam of a laser 
showed initiating precipitation: 

- -  high acidity, large variation of  [NO3/a]; 
mixture of DI with D6 and D2 with D5; 

- -  low acidity, large variation of [NO3/tr]; 
mixture of D3 with D4; 

- -concentrated nitrates, variation of the 
acidity; mixture of D2 with D3. 

Fig. 1 shows the representative points of all 
the examined solutions in the relative activity 
diagram. 

As an example, the results for the first series 
are represented in Fig. 3: in these very acidic 

¢~0 + e,o G,o[N03- I/o" + ~0 G20([NO3 ]/a)2 + el ' G,, ([NO~- ]/a)(a/[H +]) 
A = CT 

1 -4- G,o[NOj- ]/a + G2o([NO; ]/tr) 2 + G1, ([NO~- ]/a)(a/[H +]) 
(2) 

It is then possible to calculate the complexation 
functions G u and the absorptivity coefficients e~/ 
by fitting this function of the two vari- 
ables a/[H +] and [NOT]/a to the measured 
values of  the absorbance. CT is known, and too 
has been determined separately, as has been 
stated above. To calculate the values of the 
variables from the total acid and salt concentra- 
tions introduced in each solution, the formation 
equilibrium of nitric acid, which is the only 
weak background electrolyte, had to be taken 
into account: 

[HNO3]a 
H + + NO~- ~ HNO3 GH = 

[NO; ][H + ] 

The value of GH can be calculated from pub- 
lished data of the dissociation coefficient of pure 
nitric acid in water [22]; at aw = 0.75 it is 2.0212. 

4.3. Determination of  the complexation 
functions and the absorptivity coefficients 

Different series of 10-25 solutions have each 

media, only PdNO~- and Pd(NO3) 2 are present 
and the expression of the absorbance reduces 
to 

A = CT eoo+ e,o G,o[NO; ]/a + e2o Gzo([NO~- ]/o')2 
1 + G,o[NOf]/a + G2o([NOfl/a) 2 

The results for the four series provided compat- 
ible values of the absorptivity coefficients and 
the complexation functions which were used as 
initial values for a refined fitting over the whole 
set of data, numbering 97 altogether, using a 
Marquardt-Levenberg algorithm (Sigmaplot 
software, Jandel). The residuals of the fit- 
ting appear in Fig. 4; the mean relative absolute 
difference between measured and calculated 
values is 1.2%, and the relative standard devia- 
tion is 1.6%. The complexation functions are 
reported in Table 3, as well as the stability 
constants that can be deduced for a pure 
nitric acid medium at aw = 0.75, using Eq. (1). 
The value obtained for fl, is not signifi- 
cantly different from the estimate given by 
Jorgensen et al. [4], who did not strictly control 
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Table 3 
Complexation functions at aw = 0.75 and deduced stability 
constants  in 5.18 M nitric acid 

Table 4 
Molar  absorptivity coefficients ( Imol  -~ cm - j )  of  palla- 
dium complexes at different wavelengths 

Species G~ fly 

PdNO.~ 15.5 __+ 0.8 1.47 _+ 0.08 
Pd(NO3) 2 19.2 ~ 1.7 0.173 + 0.015 
PdOHNO~ 0.224 + 0.018 0.224 ___ 0.018 

Species 415 nm 392 nm 380 nm 

PdNO.~- 163 __+ 3 123 _+ 5 116 __+ 6 
Pd(NO3) 2 1 4 7 + 8  1 1 8 + 1 6  1 1 2 + 1 3  
P d O H N O  3 133 + 5 104 + 9 102 + 6 

Z 
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Fig. 5. Predominance zones for palladium species at a ,  = 0.75, as a function of  the relative activities of  nitrate and 
proton. The limit of  precipitation is indicated for a relative activity o f  palladium of  10 -4. 

the medium effects: in their experiments, a was 
2.05 + 0.05 M and aw varied between 0.91 and 
0.93. This shows a weak influence of  the medium 
effects on stability, at least for this first complex. 

The molar absorptivity coefficients of the com- 
plex species at the other wavelengths were then 
calculated, by fitting function (2) to the absor- 
bances at 380 and 392 nm respectively keeping 
the complexation functions constant. The final 
results appear in Table 4 and show sufficient 
regularity to affirm robustness of  the model. 

Finally, the complexation functions were used 
to calculate the borders of  the predominance 

zones in the relative activity diagram presented 
in Fig. 5. It appears that the most important 
complexes at a , = 0 . 7 5  are PdNOJ  and 
PdOHNO~. The zone where Pd(NO3) 2 predom- 
inates is clearly out of  the accessible domain: at 
the most, this species can represent 40% of the 
total dissolved palladium. 

4.4. Precipitation limit 

As was stated before, precipitation occurred 
in the solutions denoted in Fig. 1 by a filled 
symbol. This provides an experimental limit for 
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the solubility in each series. As at each of these 
points the complexation coefficient of the palla- 
dium is easily obtained using the previously 
determined complexation functions, it is possi- 
ble to estimate the value of the precipitation 
function corresponding to the equilibrium 

Pd 2+ + 2H20 ~ Pd(OH)2 ~ + 2H + 

[H +]2 O'~Pd(NO,.OH) 
6 ,  = = 2 

Gs ~ 4  

From this value, the precipitation limit can be 
calculated over all the activity diagram for any 
activity of palladium. This was done for a 
relative activity of palladium of 10 -4 , which 
corresponds approximately to a concentration 
of 10 -3 M. The precipitation line is indicated 
in the predominance diagram of Fig. 5. 

5. Conclusion 

The model for non-ideality used here al- 
lowed us to draw the speciation diagram in 
terms of relative activities of the ligands; hence, 
the medium effects are included in the predic- 
tive capacity of the representation. For any 
solution of water activity equal to 0.75, what- 
ever its composition may be, the concentra- 
tions of palladium complexes with NO~- and 
O H -  can be calculated from the presented 
characteristic functions, provided these are the 
only ligands or the stability of other complexes 
is also known. 

Further developments should include the 
variation of the water activity to extend the 
domain of applicability. Taking into account 
the experimental difficulties in obtaining palla- 
dium solutions of precisely known composi- 
tion, a serious improvement would be to 
perform whole spectrum analysis and hence to 
process simultaneously a much larger set of 
data, with the help of appropriate software. 
This would suppose, of course, numerical ac- 

quisition of the spectra, which was unfortu- 
nately not available for the present work. 
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Abstract 

When a silver/silver chloride (Ag/AgCI) reference electrode was used continuously in a low conductivity 
solution or reductive solution, it was often observed that stability of the liquid junction potential was lost, 
This phenomenon was remarkable with a Ag/AgCI reference electrode compared to a calomel reference 
electrode. We found that 340 mg 1-~ of silver was dissolved in 3 M potassium chloride (KCI) internal 
solution as silver complex ions (AgCI; (x- ~)) for x = 2 or 3. However, only 1.93 mg 1-~ of silver chloride 
(AgCI) can theoretically be dissolved in water. The complex ion that effused into the sample solution 
through the liquid junction clogged the liquid junction (e.g. porous ceramic) as AgC1, or as metallic silver 
(Ag) in reducing solution. Therefore, the constant effusion of KCI internal solution was inhibited, and the 
liquid junction potential became unstable or fluctuating. A new reference electrode was developed, which can 
eliminate AgCI~ - t x -  i) in 3 M KCI internal solution by the use of chelating resins. A combination of this 
reference electrode with a pH electrode made long-term stable pH measurements possible. 

Keywords: pH measurement; silver/silver chloride reference electrode 

1. Introduction 

The stability of  a reference electrode in po- 
tentiometry is very important  for the reliability 
and accuracy of the obtained data because a 
potential error of  l mV causes about  0.02 pH 
error in pH measurement and also an approxi- 
mate 4 or 8% concentration error, respectively, 
for mono-  and divalent ion measurements us- 
ing ion-selective electrodes. 

The calomel electrode introduced by Ost- 
wald in 1890 has been used as a reference 
electrode for glass pH electrode measurements,  

*Corresponding author. Present address: Research Center, 
DKK Corp., 4-13-14, Kichijoji Kitamachi, Musashino, 
Tokyo 180, Japan. Fax: (81)422-52-2042. 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights 
SSD! 0039-9140(95)01628-7 

since their inception [1]. These days, because of  
the toxicity and environmental concern of  mer- 
cury, the Ag/AgCI reference electrode has been 
used instead of  the calomel reference electrode. 
An a g a r - a g a r  salt bridge is generally not used 
as a laboratory or industrial reference electrode 
because of  its high maintenance and stability, 
but alternative ion transfer vehicles such as 
exudation of  KCI have been used [2]. In refer- 
ence electrodes with ion transfer such as KCI 
exudation, continuous exudation of  KCI is one 
of  the most  important  parameters for reliable 
performance [3]. Sometimes, the KCI internal 
solution is pressurized by compressed air to 
stabilize the rate of  KC! exudation. Thus, 0.1 
to several ml per day of  KCI internal solution 
exudes constantly through the liquid junction 
of  the reference electrode. I f  the exudation of  

reserved 
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KCI internal solution from the inside of the 
breference electrode to the outside (into sample 
solution) is stopped, the KCI solution on the 
surface of  the liquid junction becomes dilute. 
The reference electrode loses its normal 
efficiency and gives a different liquid junction 
potential, and the liquid junction potential be- 
comes unstable or fluctuating. However, this 
restriction of  exudation of  KCI solution is con- 
sidered to be caused by particles of dirt and 
soil in the sample solution. Even when no dirt 
or soil was present in the sample solution, we 
occasionally found that plugging of  the liquid 
junction occurred. In an Ag/AgC1 reference 
electrode, clogging of  its liquid junction is 
thought to be the essential problem. To main- 
tain the initial stable condition in the reference 
electrode, it is important that the mechanism of  
plugging be made clear. Nevell and Walsh [2] 
noticed that silver effused through the liquid 
junction from a Ag/AgCI reference electrode, 
and mercury effused from a calomel reference 
electrode. They stated only that the toxicity of  
Ag or Hg might adversely influence some sub- 
stances in the sample solution. Brezinski 
pointed out that AgCI clogged the liquid junc- 
tion in a Ag/AgC1 reference electrode [4]. We 
found that chelating resins could eliminate Ag 
ions existing in the KCI inner solution, and 
developed a long-term stable reference elec- 
trode with a liquid junction that could be kept 
clean using chelating resins. 

2. Experimental 

2. I. Reagents 

All chemicals used were of  analytical reagent 
grade. Potassium chloride (KCI) and silver 
chloride (AgC1) were obtained from Wako 
Chemicals (Osaka, Japan). Pure water was used 
throughout the work. Cation chelating resin 
Model CR-10 was purchased from Mitsubisi 
kasei (Tokyo, Japan). Chelating resin Model 
MX-8, Z-7 and S-1 were purchased from 
Miyosi Oil & Fat (Tokyo, Japan). The func- 
tional groups of  each chelating resin of  Model 
CR-10, Model MX-8, Model Z-7 and Model 
S-I are -N(CH2COOH)2, ) N - C H 2 - C H 2 -  
COOH, ) N - C S 2 H - S H  and -SH,  respectively. 

2.2. Apparatus 
A Hitachi Model 208 atomic absorption 

spectroscopy (air-acetylene flame) was used 

for the determination of silver in 3 M KC! 
solution. A D K K  Model COM-20 potentiome- 
ter, a D K K  Model EL7100 silver ion electrode, 
a D K K  Model EL7020 chloride ion electrode 
and a D K K  Model EL4083 reference electrode 
were used for silver ion measurements. A D K K  
Model EL6156 glass electrode was used for pH 
adjustment throughout this work. 

2.3. Measurement  o f  silver in 3 M KCI 
solution 

In water, the solubility of  AgC1 is 0.7 mg 1 - 
at 0°C, 1.93 mg 1-t  at 25°C, 5.4 mg 1-~ at 
50°C and 21 mg 1- ~ at 100°C [5]. However, in 
high concentrations of  KCI solution such as 3 
M KCI, the solubility of  Ag is not found in the 
literature. Therefore, we measured the total 
silver concentration for saturated AgCI in 3 M 
KC1 solution at 25°C and at 80°C. 

To keep silver ions in the complex state, 
sample solutions were prepared in 3 M KCI 
solution. Two 3 M KCI solutions containing 
1% (supersaturated) AgCI were prepared. 
These were allowed to stand overnight in a 
water bath at 25°C and 800C, respectively. 
Sample solutions were prepared by accurately 
diluting ten-fold each supernatant solution 
containing 3 M KCI solution. The sample solu- 
tion was analyzed at 25°C. 

Table 1 shows the result of measurements by 
atomic absorption spectroscopy. At 25°C, the 
solubility of  AgC1 in 3 M KC1 solution is 340 
mg 1- ~, although it is 1.93 mg ! - 1 in water. At 
80°C, it is 700 mg 1-~ in 3 M KCI solution, 
and is approximately 13 mg 1 - ~ in water. With 
an increase in the concentration of  KCI, the 
colour of  the flame changed to purple owing to 
the potassium and the flame was not stable. 
Although the values of  measurements by 
atomic absorption spectroscopy were not pre- 

Table 1 
Concentrated of total silver in 3 M KCI solution 

Condition 

Temperature Chelate 
(=C) resin = 

Concentration of silver 

25 None 340 mg 1 - 
80 None 700 mg 1 - 
25 Added ND (less than 0.2 mgl -~) 
80 Added N D (less than 0.2 mg I-J) 

Model S-I and Model Z-7 were used effectively. 
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Fig. 1. Relationship between electrode potential and silver 
ion concentration. 

cise, we could estimate the concentration of  
silver in 3 M KCI solution. The data obtained 
were sufficiently accurate for the purpose of  
this experiment. 

2.4. Elimination of  silver in 3 M KCI solution 

Silver in 3 M KC1 solution exists as 
Ag3CI_,= ix-  ') complex ions. We tried to use 
cation ion exchange resin for the adsorption of  
Ag + ions, in equilibrium with the chloro-com- 
plex. A preliminary simple experiment was 
tried using several types of  ion exchange resin. 
According to a study on adsorption properties 
towards heavy metal ions [6], we found that 
chelating resins were effective at eliminating 
Ag ÷ ions in the presence of  high concentra- 
tions of  K ÷ ions. 

2.5. Potentiometric measurements of  silver in 
the presence of  chelating resin 

Silver standard solutions were prepared as 
follows. Saturated AgCI in 3 M KCI solution at 
25"C was used as 340 mg 1 - '  silver standard 
solution. By ten-fold dilution of  this 340 mg 1 - t 
silver standard solution with 3 M KCI solution, 
34 mg 1-i  silver standard solution was pre- 
pared. In a similar manner, 3.4 mg 1 - i and 0.34 
mg 1 - z silver standard solutions were prepared. 
The relationship between potential and silver 
concentration is shown in Fig. 1. Chloride ion 
electrodes with AgCI membrane (D)  do not 
respond to silver ion concentration. Silver ion 
electrodes with Ag2S membrane (<>) show good 
Nernstian response. Silver ions in 3 M KC! 

~du i ion  could be measured with a silver ion 
electrode, but not with a chloride ion electrode. 

Chelating resin (10 g was a sufficient amount 
for eliminating Ag) was added to 100 ml of 3 M 
KCI solution, the pH of  which was adjusted to 
about 7 with hydrochloric acid or potassium 
hydroxide. The silver ion electrode potential 
was initially measured in 100 ml of  saturated 
AgCl in 3 M KCl solution at 25°C. After 
adding l0 g chelating resin to this solution, the 
potential was measured periodically every l0 
min for 12 h. 

2.6. Improvement of the structure of the 
reference electrode 

We developed a double junction reference 
electrode as shown in Fig. 2. The inner cham- 
ber is a conventional Ag/AgCI reference elec- 
trode, in 3 M KCI solution. The outer chamber 
is filled with some chelating resin and 3 M KCI 
solution. The inner chamber is closed, but the 
outer chamber and the inner chamber are con- 
nected through an inner chamber ceramic junc- 
tion. The 3 M KCI solution in the outer 
chamber serves to keep the junction more sta- 
ble. There is a hole in the outer chamber for 
pressure balance, and to supply 3 M KC1 solu- 
tion. The small amount of  silver ions in the 3 
M KCI solution that diffuses through the inner 
chamber ceramic junction is adsorbed by 
chelating resin. The 3 M KCI solution effusing 
through the outer chamber ceramic junction 
does not contain any appreciable amount of 
dissolved silver. 

~ Lead wire 

Cap 

Rubber plug 

Hole (for 3M KCI supply) 
Ag-AgCI electrode 

Outer chanber 

3M KCl solution 

Inner chamber 

Inner chamber ceramic junction 
Chelate resins 

Outer chamber ceramic junction 

Fig. 2. Structure of long-term stable double junction refer- 
ence electrode. 
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3. Results and discussion 

Two kinds of  double junction reference elec- 
trodes were prepared. One was placed in a 
water bath at 250C, and the other in a water 
bath at 80°C. As the inner solution of the outer 
chamber was gradually reduced, 3 M KC1 solu- 
tion was supplied to the initial level periodi- 
cally. Water in the water bath was often 
exchanged to maintain low conductivity. Once 
a month, the silver concentration of  the inner 
solution in the outer chamber was measured by 
atomic absorption spectroscopy. The measure- 
ment was continued for 6 months. 

3. I. Change in silver concentration of the outer 
chamber solution 

Depending upon the chelating resin, different 
results were obtained. In Model CR-10, the 
silver concentration in the outer chamber solu- 
tion gradually rose to 10 mg 1-t  at 25°C and 
to 50 mg 1- ~ at 80°C over 6 months. In Model 
MX-8, it was below the detection limits (less 
than 0.2 mg I -  ~) at 25°C, but gradually rose to 
10 mg 10-J at 80°C. In Model Z-7 and Model 
S-I, it was not detected (less than 0.2 mg 1-J) 
at 25°C or 80°C. After 6 months, the rate of  
effusion of  the outer inner solution was mea- 
sured. In the test reference electrode, in which 
was observed the existence of  dissolved silver in 
the outer chamber, i.e. in Model CR-10 at 
25°C and 80°C and in Model MX-8 at 80°C, 
the rate of effusion was reduced to one-half or 
one-quarter of its initial value, and the appear- 
ance of  the outer chamber ceramic junction 

0 
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-50 

e+ 
-100 

Model MI-8 
^ 

Model S-I 

-150 

-200 
0 2 4 6 8 10 

Time hour 

Fig. 3. Eliminating ability of chelate resins. 

12 

tion ability of  chelating resins for Ag + 
changed in the order Model Z-7 > Model S- 
1 > Model MX-8 > Model CR-10. Model Z-7 
had the best adsorption power among them. 

3.3. Application to pH combination electrode 

In Fig. 4, a conventional-type electrode is 
shown which is the most popular model of a 
combination pH electrode. It consists of  a glass 
electrode, reference electrode and temperature 
sensor. To compensate for temperature effects, 
the glass electrode and reference electrode have 
similar structures. In addition, an inner junc- 
tion tube of  porous polypropylene resin for 
improved-type electrodes was added to the in- 
ner chamber of  the pH and reference electrodes 
for prevention of  diffusion of Ag ÷ or 
AgCI,- c, - I) ions. 

changed to brown owing to AgCI. Table 1 
shows the concentration of  silver in 3 M KCI ~ L~,~,, i . : l  q=l l  
solution after 6 months measured by atomic [ ] 
absorption spectroscopy. In the case of  addi- ] I* - c ~ -  
tion of  Model S-I chelate resin or Model Z-7 ~ ~ . ^ a o , ~ a , , a ,  
chelate resin, silver was not detected. The addi- 

tion of  these chelate resins was very useful for II I |  I1 " IIII I III II 
the elimination of  silver in the KCI solution. IHIHIHII _____I , _ , ~ , , , K c , , - - - - - - - - - ~ l l ~ l H I  

lill/ ffq INlil:fll[ll 
3.2. Eliminating ability with chelating resins Illll U l /~  ~ - ' ' ~ ' ~ ' ' ° ~ ' ~ ' '  Illlll I IIlll 

I kllL  I I IIII UIlII 
Fig. 3 shows the eliminating ability of the II,lllk ,lU,II 

chelating resins. The silver ion electrode poten- ~ [ ~ 1 ~  ~ ' ~ - - - - - - ' - - - - ~ [ [ ~ [ I J  
tial decreased gradually with addition of ~ . . ~ ~ r , ~ , , , ~ . - ~ ~ . . . . ] ~  
chelating resins, and became constant after 12 ~ ~ o ~ , , ~ q ~ , ~ - ~ , , , , - - - ~  
h. Final potentials showed 187, 30, 2.4, 0.3 mg ~ p a ~ , ~ , ~  
1- ~ Ag + concentration, respectively, against Improved Type Conventional Type 

each chelating resin of Model CR-10, Model Fig. 4. Comparison of pH electrode structure in improved- 

MX-8, Model S-1 and Model Z-7. The adsorp- type and conventional-type combination electrodes. 
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Based on the results mentioned above, we 
improved our conventional-type combination 
pH electrode as shown in Fig. 4. A double 
junction-type reference electrode was fabri- 
cated. The Ag/AgCI electrode was enclosed in 
the plastic junction tube, i.e. the inner cham- 
ber. The Ag/AgC1 electrode was made shorter 
than in the conventional-type electrode, and 
was put in the upper part of  the improved-type 
electrode. The distance between the Ag/AgCI 
electrode and the inner ceramic junction was 
longer than in the conventional-type electrode. 
Further, porous polypropylene resin was 
packed between them. Using this idea, the rate 
of  diffusion of  Ag complex ions became slow. 
As a result, the activation rate of  the junction 
based on Ag was minimized. The silver ab- 
sorbent, i.e. the chelating resin, was placed in 
the outer chamber of  the reference electrode. 
Owing to the presence of  this chelating resin, 
silver complex ions were no longer exuded 
from the outer ceramic junction to the sample 
solution, and the junction potential became 
very stable for long periods of  time. 

3.4. Effect of improved pH combination 
electrode in field test 

When a pH electrode is used in a low con- 
ductivity solution (less than 0.1 mS cm-2) ,  
abnormal phenomena in pH measurements, 
such as errors and fluctuation of  pH values, 
sometimes occur. These phenomena are accel- 
erated when the sample temperature becomes 
high. Fig. 5 shows an example of  measure- 
ments in low conductivity solution. There is a 
remarkable difference between the improved- 
type pH electrode and the conventional-type 
pH electrode. The data of  continuous pH mea- 
surement using the improved-type pH electrode 
were in fairly good agreement with the pH 
from the batch sampling method, within 
-I-0.05 pH units. 

When the pH electrode was used in boiler 
water containing a reductant such as hydrazine 
in a power plant, some abnormal phenomena 
in pH measurements occurred, which are 
shown in Fig. 6. The data of  continuous pH 
measurement using the improved-type pH elec- 
trode were again in fairly good agreement with 
the pH from the batch sampling method, 
within + 0.02 pH units. In the case of  the 
conventional-type pH electrode, the observed 
pH values are generally lower than normal. 
This error often reaches pH - 0 . 3  to - 0 . 7 .  

• 8.5 

A 

. 7.5 

6.5 L I 

I0 20 30 
Passage of days 

Fig. 5. Example of measurements in a low conductivity 
solution. The sample is an industrial supply of water 
(underground water), the electric conductivity of which is 
about 0.05 mS cm - 2. Data from the conventional-type pH 
electrode (©) and improved-type pH electrode (O) are 
shown, as well as data from a laboratory pH electrode by 
the batch sampling method (•). © and O are from 
continuous measurement data, and • are manual analysis 
data taken once a week. 

3.5. Mechanism of deterioration in the 
Ag/AgCI reference electrode 

Although silver chloride is only slightly solu- 
ble in water, AgCl is more soluble in concen- 
trated KCI solution than in water. We 
measured the concentration of  silver in 3 M 

10 

9.5 

8.5 

~00 
000000 

0000000000( 

I I 

10 20 30 
Passage of days 

Fig. 6. Example of measurements in boiler water contain- 
ing several mg l - '  hydrazine. The electric conductivity is 
about 0.01 mS cm - 2. Data from the conventional-type pH 
electrode (O) and improved-type pH electrode CO) are 
given, as well as data from a laboratory pH electrode by 
the batch sampling method (e). O and O are from 
continuous measurement data, and • are manual analysis 
data taken once a week. 
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KC1 solution, and showed that the solubility 
was larger by about two orders of magnitude 
than in water. In 3 M KC1 solution, Ag seems 
to exist as AgCl,. -~- '-°  for x =  2 or 3. The 
inner solution containing AgC1,. -~-'- ~) in the 
reference electrode effuses to the sample solu- 
tion through the liquid junction. At the surface 
of the liquid junction, the effused solution is 
then diluted by the sample solution, and the 
concentration of KCI becomes lower. There- 
fore, AgCI,7 (,--~) ions that were soluble in the 
inner solution revert to AgCl, and AgCl is 
deposited on the surface of the liquid junction. 
Silver chloride adheres gradually on the mate- 
rial comprising the liquid junction such as 
porous ceramic or a glass sleeve. Further, when 
reductant was present in the sample solution, 
AgC1 was reduced and changed to metallic Ag. 
The form of silver under some conditions is 
shown as follows: 

AgCI ~-(x - ~) 
(in concentrated KC1 solution) 

AgC1 Ag 
) 

(in water) (after reduction) 

The potential of a liquid junction covered 
with AgCI will be influenced by the CI-  ion 
concentration or activity; further, one covered 
with Ag will be influenced by the redox poten- 
tial, because the functioning of the reference 
electrode deteriorates on adhesion of AgCI or 
Ag at the liquid junction. Some examples of 
this are as shown in Figs. 5 and 6. 

We believe there are various mechanisms by 
which the inner solution containing AgCI,. - ( ' -  ~) 

is prevented from effusing through the liquid 
junction. One is that gelation of the inner 
solution prevents its diffusion or convection, 
and slows down the movement of AgCI,7 ~-'- ~ 
from the Ag/AgC1 electrode to the sample solu- 
tion; another is that diffusion is slowed down 
by a sufficiently long distance between the Ag/ 
AgCl electrode and the liquid junction. Al- 
though Brezinski reported a method for 
eliminating AgCl by mechanical barriers such 
as cation-selective membrane [4], it is not desir- 
able to create membrane potentials between the 
Ag/AgCl electrode and the liquid junction in a 
reference electrode. The use of mechanical bar- 
riers seems to provide incomplete elimination 
of AgCl, resulting in an unnecessary potential 
or high electrical resistance. We conclude that 
this method with chelating resins is one of the 
most practical, because the operational charac- 
teristics of the reference electrode are kept sta- 
ble for long periods of time. 
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Abstract 

The kinetic synergistic effect of 1,10-phenanthroline (phen) on the extraction rate of Ni(II) with dithizone 
(HDz) into chloroform was studied by means of a high-speed stirring method combined with photodiode-ar- 
ray spectrophotometry. The initial extraction rate of the adduct complex NiDz2phen depended upon the 
concentrations of both HDz and pben, suggesting the formation of NiDzphen + as the rate-controlling step. 
When [HDz] < [phen], the initial extraction of NiDz2phen competed with the formation of an intermediate 
complex, which was adsorbed at the interface and assigned most probably to NiDzphen~-. The intermediate 
complex was gradually converted to NiDz2phen at a later stage of the extraction. The rate constants for the 
formation and consumption of the intermediate were determined, and the kinetic mechanism in the 
synergistic extraction was discussed. 

I.  Introduction 

The kinetics of  the solvent extraction of  
metal complexes has been extensively studied, 
but further efforts are still required to clarify 
the dynamics of  chemical and physical pro- 
cesses taking place at an interface as well as in 
bulk phases. Our previous studies employing 
the high-speed stirring method demonstrated 
the important role of  the liquid-liquid inter- 
face in the kinetic mechanisms of  chelate ex- 
traction and ion-pair extraction [1] .  The 
high-speed stirring method made the best use 
of stirring a two-phase system by achieving a 
larger specific interfacial area, as high as 
400 c m -  J, and by promoting mass transfer be- 
tween the two phases. It was shown in the 
chelate extraction of  Ni(II) and Cu(II) with 
hydrophobic 2-hydroxyoximes that the interfa- 
cial adsorption of  the extractants and the for- 

* Corresponding author. Present address: Department of 
Chemistry, Faculty of Science, Osaka University, Osaka 
560, Japan. Fax: (81)6-850-5411. 

mation of  a 1:1 complex at the interface were 
the principal factors determining the kinetic 
extraction mechanism [2,3]. In the ion-associa- 
tion extraction of  Fe(II) with 1,10-phenanthro- 
lines, the interfacial adsorptivity of  the 
Fe(I I ) -  1,10-phenanthroline complexes as well 
as that of  the extractants affected the extrac- 
tion rates [4]. 

Our current interest is in the role of  the 
interface in synergistic extraction systems 
which could be thought of  as combinations of  
the chelate and ion-association extraction sys- 
tems. Freiser and Freiser reported the synergis- 
tic effect of  1,10-phenanthroline (phen) on both 
the equilibrium and kinetics of  the extraction 
of  nickel(II) with dithizone (HDz) [5]. They 
determined the extraction constants as 
l o g K c , = - 0 . 7  and logK'c ,=5 .3  for the fol- 
lowing extraction reactions respectively: 

Ni 2+ + 2HDzo = NiDz2.o + 2H + Kcx (1) 

Ni 2+ + 2HDzo + phen 

= NiDz2pheno + 2H + K'c, (2) 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights reserved 
SSDI 0039-9140(95)01630-9 
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This synergistic system is advantageous for the 
photometric determination of Ni(II), because 
the absorption spectrum of the adduct complex 
in the organic phase (a maximum at 520 nm) 
can readily be distinguished from that of HDz 
(a maximum at 605 nm). Akaiwa et al. reported 
the accelerating effect of phen on the rate of 
extraction of Ni(II) with thenoyltrifluoroace- 
tone [6]. However, nothing has been reported 
on the role of the interface in these synergistic 
systems. 

In the present study, we will assess the role of 
the interface in the kinetics of extraction of 
Ni(II) with HDz and phen by means of the 
high-speed stirring method, which made it pos- 
sible to monitor the spectral change in the 
organic phase with the aid of photodiode-array 
spectrophotometry. 

2. Experimental 

2.1. Chemicals 

Dithizone, Wako G.R., was purified by a 
back extraction from its chloroform solution 
into aqueous ammonia and by subsequent neu- 
tralization with sulfuric acid of the aqueous 
phase. 1,10-Phenanthroline, Wako G.R., was 
used as purchased. The stock solution of 
1.0 x 10 -3 M nickel(II) was prepared by dis- 
solving nickel(II) sulfate hexahydrate in dis- 
tilled and deionized water. The pH of the 
aqueous phase used in the kinetic studies was 
controlled by 0.006 M acetate buffer and the 
ionic strength was maintained at 0.1 by sodium 
sulfate. Chloroform, Wako G.R., was triply 
washed with an equal volume of water prior to 
use .  

2.2. High-speed stirring measurements 

The extraction rate of Ni(II) with HDz in the 
presence or absence of phen was measured by 
means of the high-speed stirring apparatus. 
Absorption spectra of the organic phase during 
the extraction were measured at an acquisition 
rate of 0.64 or 1.28 s per spectrum in the range 
of 380-670 nm using a photodiode-array UV/ 
vis detector Shimazu SPD-M6A interfaced with 
a NEC PC9801 microcomputer. 

A typical procedure for the extraction rate 
measurement was as follows: 45 ml of aqueous 
buffer solution, and 50 ml of HDz and phen in 
chloroform were agitated at a stirring rate of 

4700 rpm in the glass stir cell. The stirring rate 
was controllable over the range 200-4700 rpm. 
The organic phase was continuously separated 
from the agitated mixture by means of a Teflon 
phase separator and circulated through a flow 
cell at a flow rate of 13-16 mlmin -t  by the 
Flumax Junior pump. 5 ml of Ni(II) stock solu- 
tion was injected into the mixture and the 
extraction of Ni(II) was initiated. 

For the measurement of the extraction rate 
of the pre-formed Ni(II)-phen complex in 
aqueous phase with HDz, the aqueous phase 
(50 ml) containing Ni 2+ and phen was left for 
1 h to equilibrate in the stir cell. Chloroform 
(45 ml) was added and the two phases were 
stirred for 1 min, and then 5ml of HDz in 
chloroform was injected into the mixture to 
start the extraction. 

The rate of reaction between Ni(II) and phen 
in the aqueous phase was also measured by the 
high-speed stirring apparatus, making use of 
the unextractability of the Ni(II)-phen com- 
plex ion. A chloroform solution of phen (50 ml) 
and an aqueous buffer (45 ml) were stirred, and 
5 ml of Ni(II) solution was then injected. The 
decrease in the absorbance of phen in the 
chloroform phase was recorded as a function of 
time at the absorption maximum (280 nm). 

2.3. Stopped-flow measurement 

The rate of adduct formation, i.e. the reac- 
tion between NiDz2 and phen in chloroform, 
was measured by the use of the stopped flow 
spectrophotometer RA-401 (Photal, Japan). 
The NiDz 2 solution, prepared by the extraction 
of Ni(II) with HDz in chloroform in the pres- 
ence of excess nickel ion, and the chloroform 
solution of phen was mixed within 5 ms in a 
mixing cell. The formation rate of the adduct 
was measured at 520 nm as a function of time. 
By the use of Guggenheim analysis, the appar- 
ent first-order rate constants for the adduct 
formation were calculated. 

All the kinetic measurements were carried 
out at 25.0 + 0.1°C. 

3. Results 

3.1. Photodiode-array measurements of 
extraction rates 

The extraction rate of Ni(II) with dithizone 
alone was rather slow, even under the neutral 
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Fig. I. (a) Three-dimensional representation of the absorbance change in the chloroform phase on the course of the 
Ni(ll) extraction and (b) the spectral change showing isosbestic points: [Ni-'÷]= 1.0 x 10-~M, [HDz]=2.99x 
10 -'~ M and [phen] =4.0 x 10 --~ M. 

conditions (pH = 6-7)  and high nickel concen- 
tration (10 -3 M), because of  the large distribu- 
tion constant of  HDz, KD = 106.4 [7], which 
resulted in an extremely low aqueous HDz 
concentration. In the presence of  phen, the 
extraction rate of  Ni(II) was significantly accel- 

erated, yielding the adduct complex NiDz2phen 

in the organic phase. Fig. l(a) represents the 
three-dimensional spectral change in the or- 
ganic phase during the extraction. Soon after 
the injection of Ni(II) solution, the absorbance 
of  HDz at 605 nm decreases and simulta- 
neously that of  the adduct complex at 520 nm 
increases. When the concentration of  phen was 
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Fig. 2. Profile of the synergistic extraction of Ni(lI), in which the stirring (4700 rpm) was stopped (a) at the final stage 
of the extraction and (b) at the initial stage where an abrupt increase in the absorbance was noticed; [Ni 2÷] = 
1.0 x 10 -3 M, [HDz] = 2.99 x 10 -5 M and [phen] = 1.0 x 10 -3 M. 

lower than that of  HDz, the time-resolved 
spectra exhibited distinct isosbestic points as 
shown in Fig. l(b). The absorbance at 520 nm 
was monotonously  increased, and the rate of  
increase of  the adduct was exactly one-half of  
rate of  decrease of  HDz, corresponding to the 
stoichiometry shown in Eq. (2). In contrast, at 
a higher concentration of  phen than that of  
HDz,  the extraction profile apparently showed 
two steps, the faster step in the earlier stage 
and the slower step in the later stage, as seen in 
Fig. 2(a). In this case, there were no distinct 
isosbestic points in the time-resolved spectra. 
Stopping the stirring during the extraction 
caused an abrupt  increase in the organic phase 
absorbance, and restarting the stirring lowered 
the abosrbance, as shown in Fig. 2(b). These 
stirring effects suggested the existence of  some 
Ni(II) complex adsorbing at the l iquid-liquid 
interface. 

3.2. Initial extraction rates 

The extraction rate of  Ni(II) with HDz  alone 
was observed at 490 nm, an absorption maxi- 
mum wavelength of  NiDz2 in the chloroform 
phase. The absorbance of  the organic phase at 
a given wavelength 2 can be written as 

A (2) = e~ [HDz]o + e" [NiDz2]o (3) 

where e; and e" are the molar  absorptivities of  
HDz  and NiDz2 in chloroform respectively, 
and the subscript " o "  refers to the concentra- 
tion in the organic phase. Hence, the rate of  
change of  absorbance can be written as 

dA(2) /d t  = e~d[HDz]o/dt + e" d[NiDz2]o/dt (4) 

Thus, the initial extraction rate of  NiDz2 
defined by (d[NiDz2]o/dt),_o was obtained by 
the next equation, taking into account the spec- 
tral overlap of  NiDz2 and HDz: 
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(dA(490)/dt) t=o= e49o e'49o 

I(dA(605)/dt),=ol t~605 8~051 3.o 

I(d[NiDz2]o/dt),  = o , , ,  

x (d [HDz]o /d t ) ,=o  t ~  "~ 2.o  

where (dA (490)/d), = o and  (dA (605)/dt) ,  = o are 
the initial  rates in the abso rbance  changes  at  'o 
490 nm and  605 nm respectively,  and  the m o l a r  ~ 1 .o 
absorpt iv i t ies  in ch lo ro fo rm  are 849o = 2.8 × 104 
and ~o5 = 7.8 × 103, for  NiDz2,  and  

o 8~9o = 1.8 × 10 4 and  8605 = 3.6 × 104 for  HDz .  
The  ra te -de te rmin ing  step in the ex t rac t ion  o f  
NiDz2 has been repor ted  as the fo rma t ion  o f  
N i D z  ÷ in the aqueous  phase  [7,8]: 

Ni  2+ + D z -  ---, N i D z  ÷ k0 (6) 

In the aqueous  reac t ion  regime, the init ial  
ex t rac t ion  ra te  can be represented  by 

(d[NiDz2]o/dt) ,  = o 

= koKa[Ni2+][HDz]o/KD[H +] (7) 

where  ko and  Ka refer to the f o r m a t i o n  ra te  
cons tan t  o f  N i D z  ÷ in the  aqueous  phase  and  
the d issocia t ion  cons tan t  o f  H D z  respectively.  
Hence,  the value  ( d [ N i D z 2 ] o / d t ) , = 0 = 6 . 0 0  x 
10 - s  M -~ s -~ ob ta ined  in the present  s tudy,  
under  the cond i t ions  [HDz] = 3.6 x 
10 -5 M, [ N i 2 + ] =  1.0 x 1 0 - 3 M  and  p H  7 . 1 -  
7.6, gave the value o f  ko = 5.97 x 103 M - I  s -~ 
using K J K  D = 10 -1°'21 [7]. 

The  ini t ial  ex t rac t ion  rate  o f  N iDz2phen  can 
also be represented  by an equa t ion  ana logous  
to Eq. (5): 

(dA (520)/dt) ,  = o 

(dA (605)/dt) ,  = 0 

~52o e~2o (d[NiDz2phen]o /d t ) ,=o  

= e6o5 e6o5] (d [HDz]o /d t ) ,=o  (8) 

where e" denotes  the m o l a r  absorp t iv i ty  o f  
NiDz2pheno in the ch lo ro fo rm  phase.  F r o m  
Eq. (8), the initial  ex t rac t ion  rate  r ° was 
der ived as 

r ° = (d[NiDz2phen]o/d t ) ,  = o 

= 2.06 × lO-5{[dA(520)/dt]t=o 

- 0.224[dA (605)/dt] ,  = o} (9) 

where the numer ica l  coefficients were calcu-  
la ted f rom the m o l a r  absorp t iv i t i es  at  520 nm 
and  605 nm for each o f  H D z  and  NiDz2phen.  
The  values  o f  r ° thus  ob t a ined  depended  on  the 
concen t ra t ions  o f  HDz ,  phen  and  pH,  as 
shown in Figs. 3 - 5  respectively.  The  s t i r r ing 
speed was also one o f  the factors  govern ing  the 

o 2.O 4 . 0  6 .0  

[HD zJinit,//I 0-5 M 

Fig. 3. Dependence of the initial extraction rate on HDz 
concentration; [Ni 2+] = 1.0 x 10 -5 M. [phen] = 1.0 x 
10 -4 M, pH = 6.7. 

init ial  ex t rac t ion  rate.  F o r  example ,  the ob-  
served initial  rate,  r°bs(520) = (dA (520)/dt) ,  = 0, 
increased with the s t i r r ing speed in the region 
1000-3000 rpm,  and  reached a cons tan t  value 
in the region 4000-5000  rpm; thus,  4700 rpm 
was a d o p t e d  for  the kinet ic  measurements .  

W h e n  the aqueous  phase  con ta in ing  bo th  
Ni ( I I )  and  phen was mixed with the ch loro-  
form solu t ion  o f  HDz ,  the initial  ex t rac t ion  
rate  o f  the adduc t  complex  was r e m a r k a b l y  
increased even at  a phen concen t ra t ion  lower  
t h a n  10 - 4  M, as shown in Fig. 6. At  a phen 
concen t ra t ion  higher  than  2 × 10 -4  M, it was 
reduced to  a cons tan t  value independen t  o f  the 
phen  concent ra t ion .  

3.3. Formation rate of  the Ni(II)-phen 
complex 

The rate  o f  c o n s u m p t i o n  o f  phen in the 
ch lo ro fo rm phase  with Ni( I I )  in the aqueous  
phase  was measured  at  280 nm by means  o f  the 
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Fig. 4. Dependence o f  the init ial extract ion rate on phen 
concentration; [Ni 2+] = 1.0 x 10 -5 M, [HDz]= 5.88 x 
10 -5 M, pH 6.4. 
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-6 .0  i 

-8,0 4 5 

pH 

Fig. 5. pH dependence of the initial extraction rate; 
[Ni 2+] = 1.0 x 10 --~ M, [HDz] = 3.00 x 10 -5 M and 
[phen] = 1.0 x 10 -3 M. 

high-speed stirring method, in order to obtain 
the rate constant between Ni(II) and phen in 
the aqueous phase. The observed initial con- 
sumption rate of  phen, o robs, was linearly pro- 
portional to the total phen concentration 
[phen]r, as shown by 

0 = 4.21[phen]T + 3.06 x 10 -5 robs 

(correlation coefficient = 0.998) (lO) 

3.4. Adduct formation rate in chloroform 

The observed formation rate constants of  the 
adduct in chloroform were linearly propor- 
tional to each concentration of  NiDz2 and 
phen, as expected from the equation 

NiDz2.o + pheno --* NiDz2phen,o (11) 

From the observed first-order rate constants at 
520 nm, the rate constant for reaction (11) was 
determined as (1.74 4- 0.05) x 105 M -  ~ s -  ~, as 
given in Table 1. 

4. Discussion 

4. I. Reaction between Ni(II) and phen in the 
aqueous phase 

The linear relationship of  Eq. (10) can be 
interpreted by the following reactions: 

phen ~- phen, o /(DE (12) 

Ni 2+ + phen--* Niphen 2+ kl (13) 

The observed initial rate can then be repre- 
sented by 

o eLlkl "2+ (14) 
rob  s - -  ~ [NI  ] in i t [phen]T 

where eL, /, kl and KDL refer to the molar 
absorbtivity of  phen in the organic phase, the 
optical length of  the flow cell, the formation 
rate constant of  Niphen 2÷ and the distribution 
constant of  phen respectively, and [Ni2+]ini  t is 
the initial concentration of free Ni 2÷ in the 
aqueous phase. Therefore, the coefficient 4.21 
in Eq. (10) corresponds to eLkl[Ni2+]init/ 
(1 +/(DE). The values of  eL and KDL were 
previously determined as 3.49 x 103 and 723 
[9], and the value of  [Ni2+]ini  t w a s  calculated as 
1.29 x 10 - 4  M from the total Ni 2+ concentra- 
tion of  1.0 x 10 -3 M and the total SO 2- con- 
centration of  0.033 M, taking into account the 
formation constant of  209 [10] for the follow- 
ing reaction: 

Ni 2+ + SO 2- ~-NiSO4 (15) 

Finally, the value of k~ was calculated as 
6.79 x 103 M - !  s - I ,  which is fairly comparable 
with the values available in the literature, 
1 .4x 1 0 4 M - I s  - l  [11] and 3 .9x  1 0 3 M - I s  -I 
[12]. 

"Jr 
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2.0 

1.0 C 
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0 I I I I 
0 2 Z, 6 8 10 

r . p h e n . I / I  0 "4 M 

Fig. 6. Initial extraction rates of  Ni(ll)  from the aqueous 
phase including pre-equilibrated N i2+-phen  complexes; 
[Ni - ' + ] = 1 . 0 x l 0  - 3 M ,  [ H D z ] f 3 . 0 0 x  10 - s M ,  pH6.50  
and 4700 rpm. 

4.2. Formation of an intermediate complex at 
the interface 

Under the condition [HDz] < [phen], the de- 
creasing rate of  [HDz]o became larger than 
twice the increasing rate of  [NiDz2phen]o. This 
implies that the total concentration of  HDz in 
the organic phase, [HDz]o + 2[NiDz2phen]o, is 
less than the initial concentration of  HDz in 
the organic phase before contact with the 
aqueous phase. When the stirring was stopped 
during the extraction, an abrupt increase in the 
organic phase concentration of  the adduct 
complex was observed. These facts suggest the 
existence of  some interfacially adsorbed Ni(II) 
species which includes at least one molecule of 
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T a b l e  1 
T h e  r e a c t i o n  ra t e  c o n s t a n t  be tween  NiDz2  a n d  p h e n  in c h l o r o f o r m  a t  25"C  ~ 

1697 

N o .  C o n c e n t r a t i o n  

NiDz2  (M)  p h e n  (M)  kob ~ ( s - ~ )  k ( M -  i s -  i) 

1 6.58 × 10 - 6  5.0 x 10 - 5  8.15 

2 6.58 × 10 - 6  5.0 x 10 - 4  85.4 

3 3.32 × 10 - 6  2.5 x 10 - a  41.9 

4 3.32 × 10 - 6  5.0 x 10 - ~  9.33 

5 1.33 x 10 - 6  5.0 x 10 - 6  0 .909 

A v e r a g e  

1.63 x 105 

1.71 x 105 

1.68 x 105 

1.87 x 105 

1.82 x 10 -~ 

(1.74 + 0 . 0 5 )  x 105 

a M e a s u r e d  b y  the  s t o p p e d - f l o w  m e t h o d .  

dithizone. According to this assumption, the 
total concentration of  HDz in the two-phase 
system can be represented by 

[HDz]T = [HDz]o + 2[NiDz2phen]o 

+ [INT]Ai /Vo (16) 

where [INT], Ai and V,, stand for the interfacial 
concentration of the adsorbed complex 
(tool cm-2), the total interfacial area (cm 2) and 
the volume of  the organic phase (1) respec- 
tively. The absorbance changes at 605 nm and 
520 nm allowed calculation of  the concentra- 
tion of  each species on the right hand side of  
Eq. (16) as a function of time. Fig. 7 shows 
typical examples of  the calculated concentra- 
tion changes of  the three species at lower and 

6,0 

" " [ l i I ~ ' ] : : I . 0 X l 0  "~ (11) I 

.......... i . . . . . . . . . . . . . . . . . . . .  I 4.0l '~HnZ]o 

~E 2~ . . . . .  

0 = eg 
C . . . .  

O 

OE 4 .0  .............. ! u 

\ . . . . . . . .  i . . . . . . . .  

[phinl~l .Ox 10 "* (N) 
[l~Dzl:5.88x 10 "s (N) 

........................... [Xi~ ' ]=l .Ox 10 "3 (N) 

[ l i i D z : z p h e n ] o  

0o 390 400 
l i m e  ( i )  

Fig. 7. Calculated changes in [HDZlo, [NiDz2phen]o and 
[INT]iA~/V o d u r i n g  the  c o u r s e  o f  the  ex t r ac t ion .  

higher concentrations of phen than that of  
HDz. At a higher concentration of phen, the 
formation of  the interfacial complex and its 
slow conversion to the adduct complex 
NiDz2phen are clearly demonstrated. 

The change in the interfacial complex con- 
centration calculated by Eq. (16) has been ana- 
lyzed by a non-linear least-squares procedure 
based on the Marquardt  method [13]: 

[INT]Ai/  Vo = c jk ' t (k  ; - k'~) - ~ 

x {exp[-k ' t ( t  + c2)] 

- exp[ -k~( t  + c2)]} (17) 

where c~ and c2 are constants, and k'l and k~ 
refer to the apparent rate constants for the 
increase and decrease of  the interfacial complex 
respectively. The four parameters, c~, c2, k'~ 
and k~, were optimized until the sum of  the 
squared difference between the calculated and 
observed values for [INT]Ai /Vo could be mini- 
mized. 

Fig. 8 shows a typical fitting curve for the 
concentration change of the interfacial com- 
plex. The differentiation of Eq. (17) with re- 
spect to t at t = - c 2  gave an expression for the 
initial formation rate of  the interfacial com- 
plex, r°': 

rO. ( d [ I N T ] A , / V o ~  
= k, ~ -  / ,=0  = c,k'. (18) 

The values of  r °' depended linearly on the HDz 
concentration, while those of k~ were indepen- 
dent of  HDz concentration, as shown in Fig. 9. 
An average value of  k~ of  3.1 × 10 -3 s -~ was 
obtained. These results suggest that r °" most 
probably reflects the interfacial complexation: 

Niphen~ + + D z -  --* NiDzphen~- (19) 

because the predominant species in the 
aqueous phase is Nipben~ +, as described be- 
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OC08A 
[Ni2*]--1. OxlO-"N 

O. 4 [HDz]=3. OxlO-"~l 
i [phen] =5. 0xl0-4R 
~ pl-l=6.78 

~ ~ , ~  
i ! ! . . . . . . . . .  i . . . . . . . . . . . . . . . . .  i . . . . . . . . . . . . . . . .  :: . . . . . . . . . . . . . . .  
: : ~' ~ .  ~ : : : 

O. ~. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  : 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

!0 

e lee 2ee 3co 4ee ~ee 6ee 7co 

T i m e  ( s ) 
Fig. 8. Non-linear regression analysis of the concentration change of the interfacial complex; [Ni 2+] = 1.0 × 10 -3 M, 
[HDz] = 3.00 x 10 --s M, [phen] = 5.0 x 10 -4 M, pH 6.78. 

low. k'2 is ascribable to the first-order dissocia- 
tion reaction of the interfacial complex: 

NiDzphen + --* NiDzphen ÷ + phen (20) 

2.0 

'o 

~'~ t.O! 

4.0 

°U1 
? 
0 

2.0 

I I I t t 

0 0 
0 

0 I I I I I 

0 2.0 4.0 6.0 
rHDz3J  I 0 "s M 

Fig. 9. Dependences of r'" and k'_, on HDz concentration; 
[Ni 2+ ]=1 .0×  10 -~M,  [phen]=5 .0×10  -4M,  pH6.52-  
6.78. 

which leads to the formation of NiDzzphen. 
The overall conversion of NiDzphen~- to 
NiDz2phen is represented by a disproportiona- 
tion reaction: 

2 NiDzphen~ + --,NiDz2phen + Niphen~ ÷ (21) 

The extraction rate of  NiDz2phen from the 
aqueous solution containing Ni ( I I ) -phen  com- 
plexes with the chloroform solution of  HDz  
gave further insight into the composition of the 
interfacial species. As noticed in Fig. 6, there 
was no phen concentration dependence on the 
initial extraction rate in the higher concentra- 
tion range of  [phen] > 2 x 10 -4 M, showing the 
constant value o f r  ° = 7.7 x 10 -8 M -1 s - t .  The 
calculation of  each concentration of Niphen 2÷, 
Niphen 2+ and Niphen~ + in the aqueous phase 
using the corresponding formation constants 
[14] revealed that the concentrations of  
Niphen 2+ and Niphen~ + are comparable when 
[phen] > 2 x 10 -4 M, while at phen concentra- 
tions below 2 x 10 -4 M, Niphen 2+ is the pre- 
dominant species. Thus, it can be reasonably 
expected that when [ p h e n ] = 2 x  10-4-1  x 
10 -3  M,  the adsorbed complex NiDzphen~" is 
rapidly formed through Eq. (19) and converts 
slowly to NiDz2pheno. The constant value of  
the initial extraction rate shown in Fig. 6 can 
therefore be related to k~ by the equation 
r ° = k ' 2 [ I N T ] A i / V o .  Thus, k~ = 3.5 x 10 -3 s -n 
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was determined from the values of r ° = 7.7 x 
10-SM - l  s - l  and [INT]Ai/Vo=2.2 x 10-SM 
calculated from Eq. (16). The value 
3 . 5 ×  1 0 - 3 S  - I  is in good agreement with 
3.1 x 10-3s -~ obtained from the decreasing 
rate of  [INT]Ai/Vo. These results strongly sup- 
port the mechanism proposed herein. 

4.3. Kinetic scheme of the synergic extraction 

The first step of the extraction should be the 
reaction of Ni 2÷ with D z -  and/or  phen in the 
aqueous phase, i.e. Eqs. (6) and (13). The rate 
constants for the two processes in the aqueous 
phase are comparable: k0 = 5.97 x 10 3 M - i  s - i  
for Eq. (6) and k~ --- 6.79 x 103 M -~ s -~ for Eq. 
(13). Therefore, the relative significance of the 
two processes will be determined by the initial 
aqueous phase concentrations of  D z -  and phen. 
The calculated concentrations using the values 
of KDL and Ka/K D are [Dz] = 2.0 x 
10 -s  M and [phen] = 1.4 x 10 - 7  M ,  provided 
that the initial concentrations for [HDz]o and 
[phen]o are 1.0 x 10 -4M at pH 6.5. In this 
situation, reaction (13) will proceed in preference 
to reaction (6) by a factor of  70. 

Niphen 2+ will further react with D z -  and 
phen according to the following competitive 
reactions: 

Niphen 2 + + D z -  --* NiDzphen + k 2 (22) 

Niphen 2+ + phen- .Niphen~ + k3 (23) 

Reaction (22) may be responsible for the forma- 
tion of the adduct complex to be extracted, while 
reaction (23) can become significant when 
[HDz] < [phen], leading to the formation of  the 
interfacial complexes, NiDzphen + and 
Niphen~ + [9]: 

Niphen~ + + D z -  -*NiDzphen~- k4 (24) 

Niphen 2+ + phen --) Niphen 2+ (25) 

According to Eqs. (6), (13) and (22)-(24), the 
initial extraction rate of  NiDz2phen and the 
initial formation rate of  the interfacial complex 
are respectively represented by 

rO = (d[NiDz2phen]o 

\" ~ / ,=o 
k~k 2[Ni 2 +][phen][Dz-] 

(26) 
k_ ) + k2[Dz-] + ka[phen] - ~t 

and 

w h e r e  k_~ and k_3 are the rate constants for 
the reverse reactions of  Eqs. (13) and (23) 
respectively, 7 = k3k_3[phen]/(k_ 3 + k4[Dz-]), 
[Dz-]  = Ka[HDz]T/KD[H +] and [phen] = 
[phen]T/723. The plots of Fig. 3 confirmed the 
linear correlation between r ° and [Dz-],  which 
was predicted from Eq. (26) under the condi- 
tion k_~ + k 2 [ D z -  ]-ct<<k3[phen] and gave 
the value k2= 1.1 x 105M -~ s -~ by introduc- 
ing k~ = 6.79 x 10 3 M - I  s - I  and k3 = 7.4 × 
103 M -1 s -1 [11]. When k_~ + k 3 [ p h e n ] -  

<< k2[Dz-], Eq. (26) can be approximated by 
r ° = k~[Ni 2+ ][phen]. Fig. 4 confirmed the linear 
relation between r ° and [phen], and gave a 
value of  k~ =6.57 x 10 3 M -= s -~, which was 
fairly close to k~ = 6.79 x 103 M -~ s -~ deter- 
mined by the separate experiment. The pH 
dependence of  r °, giving a slope of  0.40 as 
shown in Fig. 5, was different from the inverse 
first-order behavior expected from Eq. (26). 
This may be ascribable to the difference be- 
tween the pH near the interface and the bulk 
pH [15]. Eq. (27) predicts that the initial forma- 
tion rate of the interfacial complex is propor- 
tional to [phen], provided k2[Dz-] <<k3[phen]. 
Experimental results indeed supported the lin- 
ear relationship, suggesting k t to be in the 
order of  10 3 M - l  s - i  

In conclusion, the existence of the intermedi- 
ate complex formed at the liquid-liquid inter- 
face was proved in the present study and the 
kinetic features of the interfacial complex were 
revealed. It was also shown by this study that 
even thermodynamically unfavorable com- 
plexes in homogeneous solutions could be 
formed in appreciable amounts at the l iquid- 
liquid interface. The formation of  charged 
complexes such as NiDzphen~- at the interface 
may be of  relevance to the response mechanism 
in the l iquid-membrane ion-selective elec- 
trodes [16]. Further studies on the kinetics and 
equilibria in the interfacial complex formation 
with other extractants are in progress. 
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=\ ~" ]t-o (k_t+k2[Dz-]+k3[phen]-ct)(k_3+k4[Dz-]) 

k lk3k4[Ni 2 +][phen][Dz-] 
(27) 
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Abstract 

During investigation of the formation of Cu 2+ ion complexes with N,N,N',N'-tetrakis-(2-hydroxypropyl)- 
ethylenediamine (Quadrol-Q) by means of constant current polarography (20"C, ionic strength 
J = 3 mol 1-~), the possibility of the formation of two complex compounds; CuQ 2÷ and CuQ, 2+, was shown 
within the pH range from 6 to 8. The logarithms of the stability constants for these compounds are 
10.6 + 0.3 and 14.6 + 0.4 respectively. Cu(II) complexation increases sharply when the pH increases from 8 
to 10. It was shown that the data at a pH of greater than 10 are in accordance with the existence of the 
hydroxy complexes CuQ(OH)z and CuQ2(OH)2, the logarithms of the stability constants being 26.9 + 0.5 
and 29.1 + 0.3. 

Keywords: Copper; Complexation; Polarography 

1. Introduction 

N,N,N ' ,N ' - te t rak i s - (2-hydroxypropy l ) -e thy l -  
enediamine, which is also known as Quadrol, is 
widely used as a ligand in solutions ofelectroless 
copper plating [1,2]. There is little information 
about Cu(II) complexes with Quadrol in the 
literature. The authors of  Ref. [3] have investi- 
gated the formation of  the above complex by 
means of  spectrophotometric, conductometric 
and pH-metric titration methods. They have 
determined that Quadrol forms complexes with 
Cu(II) ions in the ratio l:l  and the stability 
constant logarithm is approximately 9. The 
authors of  Ref. [4] identified the same complex 
with a stability constant logarithm of  8.45 
(25"C, J = 0 . 1 )  when the pH-metric titration 
method was used. Only the authors of  Ref. [5] 
detected the presence of  CuQ 2+ complex 
(log fl = 13.6, 25°C, J = 0.5) besides the CuQ z+ 

* Corresponding author. 

complex (log fl = 9.80). As can be seen from the 
literature, it is not quite clear whether the 
diligand complex CuQ22+ really exists. Further, 
based on the data of  the stability of  the known 
complexes, it is not at all clear how the alkaline 
solutions of  electroless copper plating can exist 
when Quadrol is used as a ligand for Cu(II) 
ions. The calculations show that Cu(OH)2 
should precipitate in solutions with a pH value 
exceeding 8-9.  Apparently, Quadrol forms 
more stable complexes with Cu(II) in alkaline 
solutions. 

Therefore, this work describes the investiga- 
tion of Cu(II) complex formation with Quadroi 
by means of  the DC-polarographic method 
which has not been used for this system before. 

2. Experimental 

NaNO3 and NaOH were used to keep the ionic 
strength of  the solutions constant, and the pH 
of  the solutions was controlled using aqueous 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights reserved 
SSD! 0039-9140(95)01635-X 
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NaOH and HNO3. Analytical grade chemicals 
were used, and Quadrol was of  a practical 
grade (over 98%) from Fluka. 

The polarographic curves were recorded by a 
PU-1 polarograph (Belorusia) using a dropping 
mercury electrode in a thermostatted three- 
electrode cell at 20 + 0.1°C. The potential scan- 
ning rate was 100 mV min -~, and the capillary 
characteristics were m = 2.95 mg s -  1, t = 3.73 s. 
The reference electrode was a silver-silver 
chloride electrode with saturated KCI solution. 
The total concentration of  Cu(II) ions was 
5 × 10 -4mol l  - l .  

The slope of  the dependence log (i//lim -- T)- 
E for Cu(II) polarographic waves is equal to 
35-38 mV, i.e. the waves are quasireversible. 
The values of  the reversible half-wave potential 
E~.2 were determined within + 1 mV from the 
plots of  log(T/~i m - [ ) - E  using the method of  
quasireversible polarographic waves of  Mat- 
suda and Ayabe [6]. 

The values of  the reversible half-wave poten- 
tial were used for calculations of  parameters of  
copper complexes by equations from Ref. [7]. 
On the grounds of  experimental dependencies 
of E~. 2 on pH and total Quadrol concentra- 
tion, we assumed that the complexes 
CuQ,,(OH)~,-'", where n = 1,2 and m = 0-4 ,  
could be formed in the solution under investi- 
gation. The possibility of  complex formation 
with protonated Quadrol HQ ÷ - - C u ( H Q )  3+, 
CuQ(HQ) 3+, Cu(QH) 4 + -  was also consid- 
ered. The stability constants of  copper com- 
plexes were obtained during iterative approxi- 
mation by minimizing the least squares func- 
tional, obtained from equations published in 
Ref. [7]. To estimate the accuracy of  the stabil- 
ity constants we made an assumption that the 
determination of  the reversible half-wave po- 
tential was within + 2 mV. If in the next itera- 
tion the accuracy of  any stability constant 
diverges to infinity, then deletion of  such a 
complex from the functional has no influence 
on the least-squares sum. In this case we as- 
sume that such a complex does not exist under 
these conditions. 

3. Resu l t s  and discuss ion 

3.1. Quadrol protonation 

Usually, unprotonated Quadrol molecules 
form complexes with Cu 2+ [3-5]. Since we 
found no information about Quadrol protona- 

tion constants under the conditions of  our 
work at 20°C when J = 3 mol 1-1, we carried 
out a series of  pH-metric titrations of Quadrol 
solutions at different ionic strengths. The first 
and the second protonation constants were cal- 
culated according to Ref. [8] (Fig. 1). The 
values log K, = 9.5 + 0.1 and log K 2 = 5.0 + 0.1 
were used for further treatment of  the polaro- 
graphic data obtained at J =  3. 

3.2. Solutions at p H  < 8 

We carried out several series of  experiments 
with different concentrations of  Quadrol and at 
different pH values in solutions of  pH = 5-8,  
which had been investigated earlier by other 
authors. As can be seen from the results ob- 
tained (Fig. 2(a)), with an increase in the pH of  
the solutions and an increase in the total 
Quadroi concentration, E~/2 is shifted to more 
negative potential values. AE1/2 changes by 
30-45 mV on a 10-fold increase of  the total 
Quadrol concentration at constant pH. This 
shows that one or two Quadrol molecules can 
participate in the complex formation when a 
one-step two-electron discharge of  copper ions 
occurs. When the total Quadrol concentration 
is constant, an increase in the pH of  the solu- 
tion by one unit shifts AE~/2 to more negative 
values by 45-50 mV. This also confirms that 
one or two Quadrol molecules take part in the 
complex formation, since the equilibrium con- 
centration of  unprotonated Quadrol increases 
10-fold with one pH unit in this region. 

When minimising the least-squares func- 
tional, it was shown that the data are in accor- 

9 . 5  

9 . 0  

~5"0" / ~w~~ 

4.5 

! I I 

0 1 2 J, mol/l 

Fig. 1. Dependence of the first (curve 1) and second (curve 
2) Quadrol protonation constants on the solution ionic 
strength. 
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Fig. 2. Dependence of the reversible half-wave potential 
5 x 10 -4 mol 1 -~, and the total Quadrol concentrations are 

shift (AE~/a) on pH. The total Cu(ll) concentration is 
5 x 10 -3 (O), 2.5 x 10 -a (A) and 5 x 10 -a (e)  moll -I. 

dance with the existence of  the complexes 
CuQ 2÷ and CuQ~ ÷, the stability constant loga- 
rithms being 10.6 + 0.3 and 14.6 + 0.4. These 
values are slightly higher than the literature 
data, which may be explained by the influence 
of  high ionic strength. 

The characteristics of  Cu(II) complexes ob- 
tained from the polarographic data were in 
agreement with the general behaviour of  these 
Cu(II) solutions. The solutions become turbid 
and Cu(OH) 2 precipitates as the pH increases 
to over 5.9, the Cu(II) and Quadrol concentra- 
tion being 5 x 1 0 - 3 m o l l  - t .  The calculations 
using Cu( I I ) -Q complex stability constants 
showed that the concentration of  free copper 
ions at pH 5.9 indeed exceeds the value allowed 
by the Cu(OH)2 solubility product. 

3.3. So lu t ions  at  p H  > 8 

A sharp increase in Cu(II) complexation was 
observed at pH > 8, i.e. when increasing the 
pH of  the solutions from 8 to 10 the Er~/2 
became more negative by approximately 
300 mV. This means that the concentration of  
free Cu(II) ions reduces by approximately 10 
orders of  magnitude (Fig. 3). A sharp increase 
in the Cu(I I ) -Quadrol  complex stability at 
p H > 8  may be related to the substantial 
changes in the structure of  the complexes. The 
available experimental data are not suflieient 

for adequate estimation of  Cu(II) complex spe- 
cies in the pH region 8-10. 

With a further increase in solution alkalinity 
(pH > 10), AE~/2 shifts to more negative values 
(Fig. 2(b)), although the equilibrium unproto- 
nated Quadrol concentration is actually con- 
stant in these solutions. This fact could be 
accounted for by participation of a new ligand 

I I I I 

is 8 l o  12 pB 

Fig. 3. Dependence of pCu on pH. Cu(ll) concentration is 
5 x  1 0 - 4 m o l l  - i ,  Quadrol concentrations are 5 x I0 --~ 
(©) and 5 x 10 -2 (O) moll -I 



1704 E. Norkus et al. / Talanta 42 (1995) 1701-1705 

(namely, OH-  ions) in the complex formation. 
Analysis of the data obtained shows that cop- 
per hydroxy complexes with two OH- groups 
(with increase in pH of one unit the AE~, 
becomes more negative by 58 mV) and one or 
two Quadrol molecules (at the same pH of the 
solution and a 10-fold higher Quadroi concen- 
tration, AE~,.2 becomes more negative by about 
50 mV) may be formed in this system. 

The calculations using the LS technique indi- 
cated the presence of two kinds of hydroxy 
complexes in the system, namely CuQ(OHh 
and CuQ_,(OH) 2. Their stability constant loga- 
rithms are 26.9+0.5 and 29.1+0.3 respec- 
tively. 

Polarographic data in solutions at pH > 13 
(up to 3 m o l l - '  NaOH) showed that the 
complex CuQz(OH h dominated (at a total 
concentration of Quadrol of over 0.01 mol I- ' )  
under these conditions. In such highly alka- 
line solutions, Cu(II) complexes with Quadrol 
do not transform to tetrahydroxycuprate(II) 
Cu(OH)]- as occurs for Cu(II) complexes with 
EDTA, tartrate and NTA. This is in agreement 
with the value of the stability constant of 
Cu(OH)]- :log ,8 = 15.5 [9]. 

3.4. Distribution of Cu(lI) complexes 

As follows from the analysis of polaro- 
graphic data, we were not able to describe 
Cu(II) complex formation with Quadrol by one 
set of complex species over the range of solu- 
tion pH values investigated. Therefore, we can 
only discuss the complex distribution in two 
separate pH regions: at p H = 5 - 8  and at 
p H >  10. 

The calculations of copper ion distribution 
among the complexes showed that at pH 5-6 
the CuQ 2+ complex predominates. With rising 
pH it converts to CuQ~ +, which predominates 
at pH 7-8. In alkaline solutions at pH > 10, a 
dihydroxy complex CuQ2(OH)2 is found to 
predominate, and at a total Quadrol concentra- 
tion higher than 0.01 mol 1 -t (Fig. 4). The 
complex CuQ(OH)2 predominates in solution 
only at low Quadrol concentrations. 

It should be noted that according to our 
polarographic data the hydroxy Cu(II) com- 
plexes with Quadrol of high stability do not 
exist at pH < 8, although the formal calcula- 
tion would show the presence of CuQ(OH)2 at 
pH values as low as 7. The abrupt increase in 
Cu(II) complexation at pH > 8 (Fig. 3) indi- 
cates some changes not only in Cu(II) complex 

100 

75 

O 
M 
~ 50 
II1 
M 

~ 25 

0 i m 

0. 001 0.05 0.1 

QUADROL, mo1/1 

Fig. 4. Distribution of  copper( l i I -Quadrol  complexes at 
different Quadrol concentrations. The total Cu(II) concen- 
tration is 0.5 x 10 .4  tool 1 -~, at pH 12.0. 

structure, but apparently also in ligand 
molecule structure, and new complex forma- 
tion equilibria appear at pH > 8. 

A similar situation is observed in the cop- 
per(II)-tartrate system: according to complex 
stability data [I0,11], the hydroxy complex Cu- 
Tart,(OH) 4- should predominate at a wide 
range of pH values (7-14), but it was detected 
by EPR techniques only in alkaline solutions at 
pH > 11 [12]. 

The newly obtained data on copper(II) and 
Quadrol complexes in alkaline solutions show 
that they are among the most stable Cu(II) 
complexes under these conditions. The pCu 
values are much higher than 20 at pH > 10 
(Fig. 3), and this not only prevents the forma- 
tion of Cu(OH)2, but also enables the existence 
of rather concentrated alkaline Cu(II) solutions 
in the presence of Quadrol. Therefore, the use 
of Quadrol in electroless copper plating solu- 
tions is quite natural. The better technological 
parameters of these solutions compared with 
other practically used electroless plating solu- 
tions containing tartrate or EDTA are appar- 
ently related to the higher stability of Cu(II) 
complexes with Quadrol. 
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Abstract 

The possibilities of the new chromatomembrane method in the removal of oxygen dissolved in water are 
studied. The scheme of the water deoxygenation process is determined. The new reagent-free method allows 
production of water with oxygen content at the level of a few ppb. 

Keywords: Oxygen removal; Chromatomembrane 

1. Introduction 

The elaboration of  efficient methods for the 
removal of  dissolved oxygen from aqueous so- 
lutions is one of  the preparative problems in 
chemistry [1]. Chemical deoxygenation meth- 
ods are based upon the introduction of strong 
reducing agents into aqueous medium to fix the 
amount of  dissolved oxygen. These methods 
are of  limited use and they cannot satisfy strict 
requirements as to the purity of  the water 
obtained. The possibilities of  membrane meth- 
ods for mass-exchange processes in the l iquid- 
gas system are limited by the slow rates of  
membrane diffusion. The most common meth- 
ods for removal of  dissolved gases (boiling, 
purging with inert gas) are based upon the 
redistribution of  gaseous components in the 
l iquid-gas system. Their efficiency is also in- 
sufficient in many cases. With optimal design 
of  the corresponding equipment, the residual 
oxygen content in water is 900 ppb for boiling 
and 200 ppb for bubbling [1]. 

The conceptually new chromatomembrane 
principle for the realization of  mass-exchange 

* Corresponding author. 

processes in liquid-liquid and liquid-gas sys- 
tems [2,3] opens up new possibilities in the 
removal of  dissolved gases from aqueous solu- 
tions. 

The chromatomembrane method of  inter- 
phase exchange is based upon capillary effects 
that occur within a porous hydrophobic matrix 
[2]. It is possible to pass flows of  two phases 
simultaneously through the porous medium 
when there are two types of  pores that substan- 
tially differ in size. The aqueous solution, 
which does not wet the surface of  the hydro- 
phobic material, fills the macropores of  the 
biporous matrix and moves within them. The 
gas phase moves within the micropores, which 
are inaccessible to the aqueous phase because 
of capillary forces. In order to avoid entry of  
the gas phase into the macropores, the aqueous 
phase pressure is maintained higher than the 
pressure of  the gas phase throughout the mass- 
exchange space. To provide a separate inlet 
and outlet for flows of  both phases, the gas 
phase enters the mass-exchange space through 
microporous hydrophobic membranes. The 
membranes are nonpermeable to the aqueous 
phase, which goes immediately into the 

SSDI 0039-9140(95)01636-8 
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biporous medium. So, the chromatomembrane 
method provides continuous isolation of 
volatile admixtures from aqueous solutions 
while combining the main advantages of  chro- 
matographic (high efficiency of  the mass-ex- 
change process) and membrane (continuous 
regime) separation methods. 

The scope of  the present work was to de- 
velop a chromatomembrane method for the 
deoxygenation of  aqueous solutions and to es- 
timate its prospects for the production of water 
with low oxygen content. 

2. Experimental  

A scheme of  the experimental device is 
shown in Fig. 1. The aqueous sample of  known 
oxygen content is passed with a certain flow 
rate through the regulatory valve (1) and man- 
ifold (2) into the mass-exchange layer (3) of  the 
chromatomembrane cell (4), and then to waste. 
Simultaneously, the extracting gas of  known 
oxygen content is passed by regulatory valve 
(5) and manifold (2) with a certain flow rate 
through the microporous membranes (6) and 
mass-exchange layer (3). To determine the 
depth of  deoxygenation, the oxygen content in 
aqueous solution at the outlet of  the chro- 
matomembrane cell was monitored by means 
of  gas chromatography with a common ther- 
mal conductivity detector and preconcentration 
stage. The dissolved oxygen was preconcen- 
trated and extracted into a gas phase by means 
of  l iquid-gas chromatography [4]. This 
method allows detection of  the dissolved oxy- 
gen to within 10-10000 ppb, with a relative 
error of  less than 20%. 

The experimental chromatomembrane cells 
were made of  polytetrafluoroethylene (PTFE). 
The cells had membranes of  0.8 mm thickness 
with an average pore size of  about 1 ~tm. The 

4 I , 

'I 
water 5 

gas 

Fig. I. Scheme of the experimental device: (I) regulatory 
valve for aqueous sample supply; (2) manifold; (3) mass-ex- 
change layer; (4) case of the chromatomembrane cell; (5) 
gas regulatory valve; (6) microporous membrane. 
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Fig. 2. Relationship between 02 content in the outlet 
aqueous solution (C) and the ratio of volume rates (WG/ 
WL). Aqueous sample flow rate IV, = 20 cm 3 rain-~. The 
mass-exchange layer dimensions of the cell are 5 x 4 x 
1 era. Initial oxygen content in the extracting gas: (11) 
8.7mgdm-3; (O)0.85 mgdm-3; (0) <0.05 mgdm -3. 

micropores within the mass-exchange layer are 
of  the same size. The average radius of  the 
macropores is 0.5-3.0 mm. The dimensions of  
the mass-exchange layer are presented hereafter 
in the form "length x width x height". The 
length is measured along the aqueous phase 
flow, the height being measured in the direction 
of the gas passage. The mass-exchange units 
have a hermetic case of  PTFE (about 1 cm 
thickness) that prevents oxygen diffusion from 
ambient air. The cells in this study allow varia- 
tion of  the aqueous phase flow within the 
0-350 cm 3 min-~ range and of the extracting 
gas flow within the 0-800 cm 3 min-~ range. 

3. Results and discussion 

Two main factors determine the degree of  
the chromatomembrane deoxygenation: the ra- 
tio of  the volume rates of gas W o and aqueous 
solution W L flowing through the chro- 
matomembrane cell, and the oxygen content in 
the extracting gas Co (Fig. 2). In the case of 
low WG/WL values, the oxygen content in the 
outlet aqueous solution C is virtually indepen- 
dent of  the oxygen content in the extracting 
gas. The former will decrease exponentially 
with an increase in the WG/WL ratio. In the 
limiting case, with a sufficiently high value of  
W G / W  L, the oxygen content in the outlet 
aqueous solution is related to its content in the 
extracting gas flow simply by 

C = CG/K (1) 
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where K is the distribution coefficient of the 
component for the liquid-gas system, i.e. the 
ratio of the oxygen equilibrium concentrations 
in the gas and in the liquid. 

The latter gives evidence of the high 
efficiency of mass exchange within the chro- 
matomembrane cells. This is sufficient to ob- 
tain the ultimate possible purification of water 
from oxygen with its given content in the ex- 
tracting gas. 

To predict the degree of removal of dissolved 
gases by means of the chromatomembrane 
method, one can proceed from common fea- 
tures of the chromatomembrane process and 
continuous gas extraction (stripping). The same 
process of distribution of volatile components 
within a liquid-gas system forms the basis for 
both techniques. Various models of stripping 
and their mathematical description are dis- 
cussed in detail by Vitenberg and Ioffe [5]. The 
high efficiency of mass exchange inherent in the 
chromatomembrane process allows us to as- 
sume an instant equilibration between the total 
volume of the liquid phase and the total vol- 
ume of the gas phase in the system. Hence, we 
chose the model of stripping that assumes ther- 
modynamic equilibrium between the liquid 
phase and gas bubbles passing through it, and 
also between the liquid phase and the gas phase 
above the solution. The process in this case is 
described with the equation proposed by 
Wahlroos [6,7] for the measurement of liquid- 
gas partition coefficients: 

C v = C ° exp VL/-K-~ I1"6 (2) 

where C v is the component concentration in 
the gas phase after passing a gas volume V 
through the liquid, C ° is the initial component 
concentration in the gas phase, and VG and VL 
are the geometric volumes of the gas and liquid 
phases within the chromatomembrane cell re- 
spectively. It is important to note that we use 
in this article the distribution coefficient that is 
characteristic of extraction systems, whereas 
the reciprocal coefficient is more common in 
the description of head-space analysis. 

Under the equilibrium conditions, the com- 
ponent concentration in the liquid is related to 
its concentration in the gas phase by the ratio 
C = Co/K. Hence, we may transform Eq. (2) to 

C = C  °exp VL/ +VG (3) 

where C o is the component concentration in 
the liquid before passing the gas through. 

A certain portion of the component will pass 
immediately into the gas phase present in the 
system before the stripping starts. From the 
equation of material balance 

CL VL = C o VL + K C  ° VG (4) 

we obtain 

CO _ CL (5) 
1 + K V o / V L  

where CL is the initial concentration of the 
component in the liquid sample before contact 
with the gas phase. Combining Eqs. (5) and (3) 
we obtain, after simple transformations, 

C= 1 + KVG/VL exp VL(1 +~g-Vo/VL) 

In the chromatomembrane process, the ratio of 
purging gas volume V to the volume of liquid 
V L is equivalent to the ratio of the volume 
rates of liquid and gas phase flows through the 
chromatomembrane cell Wo/W L. Hence, we 
can modify Eq. (6) to the form 

C -  1+ KVG/VL exp WL(I + KVG/VL) (7) 

where C and CL are the component concentra- 
tions in the liquid phase at the outlet and at the 
inlet of the chromatomembrane cell respec- 
tively. 

When the concentration of the component to 
be removed is not zero in the purging gas, one 
should take into account its contribution by 
means of Eq. (1). Finally, we derive an equa- 
tion that allows us to predict the depth of 
removal of dissolved gases by the chro- 
matomembrane method: 

CL [ - - W G  ] C c  
C= 1 + KVG/VL exp WL(I ~- -~G/VL)  +--K- 

(8) 

When the VG/VL ratio is in the 0.3-1.0 
range, deoxygenation of water from saturation 
to the 50-60pgdm -~ level is reached with a 
Wo/W L ratio of 2:1 or more. This is evident 
from Eq. (8) and is proved by the experimental 
data (see Fig. 2 and Table 1). 

Comparison of the deoxygenation efficiency 
at chromatomembrane cells with different geo- 
metric parameters and for various rates of 
phase flows (Table 1) gives evidence that the 
degree of oxygen removal depends weakly on 
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Table 1 
Effect of  volume rates of  aqueous (WE) and gas (W G) flows on the efficiency of  chromatomembrane deoxygenation for 
distilled water and pure nitrogen. The water is saturated with atmospheric oxygen. The residual oxygen content in 
reagent-grade nitrogen is below 20 lag din-3.  The mass-exchange layer dimensions of  the three cells are: (A) 5 x 20 x 1 cm; 
(B) 5 x 5 x 4 c m ; ( C )  I x 2 x 3 c m .  

WG (cm ~ min - i) W L (cm ~ m i n -  ') WG/W L 02 content in water at the outlet of the cell 
(lag d m -  ~) 

A B C 

15 30 0.5 305 326 320 
30 30 1.0 148 153 151 
45 30 1.5 85 90 83 
60 30 2.0 62 68 60 

60 120 0.5 194 235 217 
120 120 1.0 63 68 59 
180 120 1.5 32 35 34 
240 120 2.0 22 24 27 

150 300 0.5 41 47 
300 300 1.0 25 24 - 
600 300 2.0 19 18 - 

Q 

1.00 

0.75 

0.50 

0.25 

0.00 

o.o 0.5 l.o Wo/W~ 

Fig. 3. Relationship between the degree of  extraction of  
dissolved oxygen (Q) and the ratio of  volume rates (Wc/  
WL) of  extracting gas and aqueous sample flows. (1) 
Chromatomembrane method. (2) Countercurrent gas ex- 
traction. Aqueous sample flow rate 10cm3min - t .  The 
inner dimensions of  the mass-exchange cell and extractor 
are 5 x 4 x I cm. The extracting gas is of  the same purity. 

the absolute rates, but is determined by their 
ratio to a crucial extent. When raising both 
phase flows, even a marked increase in the 
degree of  deoxygenation takes place at the 
expense of  a decrease in the V c / V  L value (see 
expression 8). It can be deduced from this that 
when using the chromatomembrane method, 
equilibrium between the phases is reached so 
rapidly that this is not the factor limiting the 
process efficiency. 

The latter is one of  the main advantages of  
the chromatomembrane method. In the com- 
mon bubbling technique, the efficiency of re- 
moval of  volatile components depends on the 

purge rate and, starting from rather low ex- 
tracting gas rates, this efficiency decreases with 
an increase in rate. The performance of the 
chromatomembrane method is much higher for 
high rates of  flow. This is obvious from the 
comparative results of  dissolved gas extraction 
in the chromatomembrane cell and in a coun- 
tercurrent gas extractor of  equal dimensions 
(Fig. 3). We can estimate the performance of  
the method with the value of  10 dm 3 min-  ~ per 
1 dm 3 of  mass-exchange cell volume with an 
extracting gas consumption of 2 - 3  dm 3 per 
1 dm 3 of  purified water while producing water 
with an oxygen content below 20 ppb. 

The values obtained in the present work of 
residual oxygen content in purified water at the 
20 ppb level are not the limiting ones. The 
pattern of  relationships between the degree of  
deoxygenation and the process parameters 
proves unambiguously that this level can be 
lowered when using sufficiently pure extracting 
gas. 
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Abstract 

The stability constants of binary and ternary complexes of copper(II) and nickei(II) with some amino 
acids (D-histidine, DL-serine, lysine) as primary ligands and benzimidazole as a secondary ligand were 
determined pH-metrically. The study was conducted in 10% (v/v) ethanol-H2 O medium and at an ionic 
strength of 0.1 tool dm -3 NaNO 3 at 20 + I*C. Values of A log K were discussed on the basis of statistical 
considerations and the nature of the species formed. The stability of the binary and mixed iigand complexes 
are discussed in terms of the molecular structure of benzimidazole and the amino acids as well as the nature 
of the metal ion. 

Keywords: Amino acids; Benzimidazole; pH-metric study; Ternary metal complexes 

1. Introduction 2. Experimental 

Metal complexes with imidazole compounds 
are of  great interest with respect to their bio- 
logical applications as imidazole occurs in 
purine and the amino-acid histidine [1]. The 
study of  mixed ligand complexes has been re- 
ceiving considerable attention recently. Al- 
though several studies have been made on the 
use of  amino acids in ternary complex forma- 
tion [2-4], results on ternary complexes con- 
taining amino acids and benzimidazole are still 
scarce. 

In the present paper, a systematic study on 
complex formation between the metal ions 
Cu(II) and Ni(II), and benzimidazole and some 
amino acids namely D-histidine, OL-serine and 
lysine, has been carried out using the potentio- 
metric titration technique. This study is con- 
cerned with the formation and stability of  the 
ternary complexes in relation to those of  the 
binary complexes. 

* Corresponding author. 

2.1. Materials and solutions 

Analytical grade metal salts Cu(NO3)2'  
3H20 and NiCI 2 • 6H20  were used. The benz- 
imidazole as well as the amino acids (D-his- 
tidine, OL-serine and lysine) used were A.R. 
grade, BDH products. Standard solutions 
(0.01 mol dm -3) of  benzimidazole (B) and the 
metal salts were prepared by dissolving the 
quantity required in absolute ethanol. Amino 
acid (A) NaOH,  NaNO3 and H N O  3 solutions 
were dissolved in CO2-free bidistilled water. 

2.2. Potentiometric titrations 

Numerous  titrations with a relatively highly 
concentrated standard, carbonate-free sodium 
hydroxide solution of  the parent ( M 2 + - A )  
and/or the B mixture in a 1:5:5 molar  ratio 
(1 x l0 -3 mol dm -3 of  each) were carried out 
at 20.0 _+ 0.SoC and in 10% (v/v) e t h a n o l - H : O  
media in order to overcome the weak solubility 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights reserved 
SSDI 0039-9140(95)01641-4 
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Fig. I. Titration curves for the ternary complexes (1:1:1) at 200C and at 1=0 .1  m o l d m - 3 N a N O 3  ( [NaOH]= 
0.08 tool dm-~) .  (a) Ser ine-benzimidazole-Ni( l l ) ;  (b) lysine-benzimidazole-Cu(l l ) .  Curve 1, 0.01 mol dm -3 H N O ~ +  
0.1 m o l d m  --a NaNO~, curve 2, solution ( I ) +  1 .0+  10 - 3 m o l d m  -~ benzimidazole; curve 3, solution 
( 2 ) + 2 . 0 x  1 0 - * m o l d m  --~ metal ion; curve 4, solution ( 1 ) + ! . 0 +  1 0 - 3 m o l d m  -3 amino acid; curve 5, solution 
(4) + 2.0 × 10 -4 tool dm --a metal ion; curve 6, solution (5) + 1.0 x 10 -3 tool dm -3 benzimidazole. 

of the studied systems in pure aqueous 
medium. The ionic strength and the total 
volume were kept constant at 0.I tool 
dm -3 NaNO3 and 50 ml, respectively. Purified 
nitrogen gas was passed into the solutions be- 
fore and during the titrations. Multiple titra- 
tions were carried out for each system. 
pH-metric measurement were performed using 
an Orion 601 Digital Research pH-meter with 
a glass calomel electrode assembly, accurate to 
0.005 unit. The solutions were titrated accord- 
ing to the following scheme: 1, HNO3; 2, 
HNO3 + B; 3, HNO~ + B + M 2 ÷ ; 4, HNO 3 + 
A; 5,HNO3 + A  + M2+; 6, HNO 3 + B + 
A +  M 2+. 

The pH-meter readings were corrected ac- 
cording to the Douheret procedure [5]. The 
pH-meter reading in the 10% (v/v) ethanol- 
H20 mixture, pH(R), differs by an amount 
t~ from the corrected reading in aqueous 
medium, pH*, according to the equation 
pH*= p H ( R ) - ~ .  The ~ value in 10% (v/v) 
ethanol-H20 as reported to be 0.02 [5]. Ac- 
cordingly the presence of 10% ethanol-H20 
has a minor influence on the protonation or 
complex stability constants obtained. 

3. Results and discussion 

3.1. Stability constants of  the binary metal 
complexes 

Fig. (1) represents a set of constructed titra- 
tion curves for the free and complexed ligands 

according to the sequence described in the ex- 
perimental section. In all the ternary systems, 
the amino acids are regarded as primary lig- 
ands and benzimidazole (B) as secondary lig- 
and. The protonation constants have been 
determined under our experimental conditions 
using the Irving-Rossotti method [6]. The val- 
ues obtained (Table 1) are more or less in good 
agreement with those reported earlier [7-13]. 
Examination of the titration curves in the pres- 
ence of the metal ions Cu(II) and Ni(II) indi- 
cates that the addition of the metal ion to the 
ligand solutions causes a decrease in the pH 
value. This shows that the complexation reac- 
tion proceeds by the replacement of protons 
from such ligands. Generally, complex forma- 
tion starts in the pH range 3.5-6.5 in the 
M2+-A binary system and 3.7-5.3 in the 
M2+-B binary system. It is worth mentioning 
that there is no precipitation during the titra- 
tions, ruling out the possibility of hydrolysis of 
the studied metal ions in the presence of excess 
ligand. The pH-metric titration curve for his- 
tidine in the presence of the metal ions exhibits 
two inflections corresponding to the consump- 
tion of 2 mol of NaOH. This is indicative of 
the liberation of two protons from the histidine 
molecule on complexation. In the case of serine 
and lysine, the complex titration curve (Figs. 
l a and l b, curve 5) shows one inflection at 
a = 2, due to the liberation of two protons 
corresponding to the simultaneous formation 
of 1:1 and 1:2 complex species (where a is the 
number of moles of alkali added per mole of 
amino acid). This is clearly due to coordination 
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Table I 
Equil ibrium constant  values of  the free ligands 

1713 

Ligand Calculated ~ Reported b.~ 

Log fit Log f12 Log fll Log f12 

Benzimidazole 5.34 _+ 0.03 - 4.98 
L-Histidine 9.08 ___ 0.02 15.08 _+ 0.04 9.18 
oL-Serine 9.16 _+ 0.01 - 9.21 
Lysine 9.24 _+ 0.03 - 9.47 

15.14 

The value determined at 20 °C. 
b The value determined at 25 °C. 

Refs. [7-13]. 

of  the carboxylate group and the ~-nitrogen 
atom of  the amino acid to the metal ion lead- 
ing to the formation of  a five-membered 
chelate ring of  1:1 and a two-mentioned 
chelated ring of  the 1:1 and the 1:2 meta l -  
amino acid chelates, respectively. 

The complex formation of  benzimidazole, B, 
with the metal ions proceeds via the replace- 
ment of  a proton of the protonated pyridyl 
nitrogen atom of the benzimidazole moity. 
Thus, the inflection observed in the benzimida- 
zole-metal  ion titration curve is interpreted on 
the basis of  competing reactions of  the metal 
ions and protons with benzimidazole. Hence, 
metal complex formation is favoured instead of 
the protonation reaction. The liberation of a 
proton from the reaction of  the metal ions with 
÷HB consumes 1 mol of NaOH. 

These equilibria can be represented as fol- 
lows: 

M + + H B ~ - M B + H  + K~a=[MB]/[M][B] 

log K~tB = log [MB] -- (log [M] + log [B]) 

MB + +HB ~ MB2 + H + 
(3) 

MB KHB2 = [MB2]/[MB][B] 

log MS KMB., = log [MB2] -- (log [MB] + log [B]) (4) 

Similarly, for amino acids 

log K~A = log [MA] - (log [M] + log [A]) (5) 

log K~A2 = log [MA2] -- (log [MA] + log [A]) 
(6) 

The overall equilibrium constants for the 
binary complexes formed (log fl = log K~a  + 
log MS KMB2) are calculated by using standard 
procedures based on the calculation of  the 
average number of  ligands bound per metal 
ion, ~, and the free ligand exponent, pL. From 

(1) 

(2) 

the titration curves 2,3 and 4,5 in Figs. la and 
l b using the Irving and Rossotti method [6], 
the formation constant values for different bi- 
nary chelates were obtained (Table 2). 

By applying the equation ~/{(1 - t i )  
[L]} = fl~ + 2 - ti/(1 - ti)fl2[L ] for the subject 
binary systems, the best linear fit for the 
chelates are obtained. 

3.2. Stability constants of the ternary metal 
chelates 

Fig. 1 (as representative) shows typical pH- 
metric titration curves for the different M 2 ÷ -  
A - B  ternary complexes studied at 20°C and at 
an ionic strength of  0.I mol dm-3. It is worth 
mentioning that the different ternary metal 
chelates show no precipitation; thus they do 
not undergo hydrolysis under the experimental 
conditions, even in the high pH region. This 
behaviour may be explained on the basis that 
the electron density of  the metal-l igand bonds 
in ternary chelates is redistributed in such a 
way that the ternary chelates are more polar 
than the binary chelates and hence are not 
easily hydrolyzed in the high pH region. 

Examination o f  the curves obtained for the 
ternary systems reveals that these curves over- 
lap the binary M2÷-amino  acid complex solu- 
tion curves (curve 6 in Fig. 1) at low pH values. 
This indicates that the benzimidazole does not 
participate in ternary complex formation at 
lower pH values. At higher pH values (5.5-7.1 
in the case of  the M2+-his t id ine-B systems, 
5.7-6.5 in the case of  the M 2+-se r ine -B sys- 
tems and 5.9-7.5 in the case of  the M 2+-  
lysine- B system, the involvement of  
benzimidazole in the M 2÷ - A - B  ternary com- 
plex formation begins. This is indicated by the 
presence of a second buffer region in the 
ternary titration curves which is below the 
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Table 2 
Formation constants for the metal- l igand binary complexes in 10% (v/v) e thanol-water  a 

Benzimidazole Histidine Serine Lysine 

Cu(ll) 
Log fl~ 4.10 _+ 0.03 10.62 _ 0.05 8.10 _+ 0.07 7.36 _+ 0.02 
Log f12 7.71 _+ 0.08 20.23 _+ 0.03 15.25 _+ 0.01 13.75 _+ 0.02 

Ni(ll) 
Log fll 3.88 _+ 0.07 10.10 +_ 0.08 7.32 _+ 0.02 7.02 _+ 0.03 
Log f12 7.15 _+ 0.01 18.85 _ 0.03 13.24 _+ 0.03 12.84 _+ 0.01 

a At 20°C and at 1= 0.1 mol dm -3 NaNO3. 

buffer region in which the binary complexes are 
formed. 

Further evidence for the formation of mixed 
ligand complexes (MAB) from the correspond- 
ing binary MA and MB complexes was pro- 
vided by comparing the mixed ligand titration 
curves with a composite curve drawn theoreti- 
cally by adding the horizontal distance of the 
MA curve to the titration of the free ligand B. 
A deviation of the composite curve from the 
mixed-ligand titration curve is observed in each 
case studied. This observation provides evidence 
for the formation of mixed ligand complexes. 

Generally, the shape of the complex titration 
curves suggest the formation of a 1:1 MA com- 
plex at lower pH values than for a 1:1 MB 
complex, and the MA species do not hydrolyze 
even at higher pH values. This indicates that the 
amino acids may be considered as primary 
ligands, and benzimidazole as a secondary lig- 
and. 

Further, the titration curves of the ternary 
complexes (curve 6 in Figs. l a and l b) exhibit 
two inflections at m = 1 before the acid curve 
and at m = 1 after the acid curve (where m is the 
number of moles of alkali added per mole of 
metal ion), and then are superimposed over the 
MA binary complex titration curves at higher 
pH values. This indicates that only 1:1:1 mixed 
ligand complex species are formed in all the 
systems studied. Also, the titration curves for 
the 1:1:1 ternary complexes are slightly above 
the M2÷-amino acid titration curves at lower 
pH values, then are superimposed and are con- 
sequently moved below them. This indicates the 
formation of some 1:1:1 MAB complexes after 
completing the formation of the 1:1 MA com- 
plex. Such an observation has not been noted by 
Gergely et al. [14], for the ternary complexes of 
amino acids. 

The stepwise complex formation in the 
ternary complex reaction can be represented by 

the following equilibria 

M + xA ~ MA x (7) 

M A x + y B  ~ MAxBy (8) 

(The charges are omitted for the sake of sim- 
plicity.). 

The stability constants of the ternary metal 
ion complex systems can be represented by the 
following possible complexation equilibria 

M + A + B  ~ MAB 
(9) 

~AB = [MAB]/[M][A][B] 

log fl ~Aa = log [MAB] 

- (log [M] -4- log [A] -4- log [B]) (10) 

Since 

log [M] + log [A] = log [MA] 4- log KMA (1 l) 

by fl ~Aa = log [MAB] - log [MA] 

4- log KMA -- log [B] (12) 

MB + A  ~ MBA (13) 

MB K M a  A ---- [ M B A ] / [ M B ] [ A ]  (14)  

log KrOnA = log [MBA] - (log [MB] + log [A]) 

(15) 

Similarly 

MA + B ~ MAB K--  [MAB]/[MA][B] (16) 

MA log KMA B = log [MAB] 

- (log [MA] 4- log [B]) (17) 

The overall stability constant fl~AB, which is 
experimentally determined, is connected with 

MA MB KMA a and KMB A by the equations 

log fl~Aa -- log K~A = log KMABMA (18) 

and 

log fl~aA -- log K~B MB = log KMB A (19) 
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Fig. 2. timix-pLrni ~ relationships for the metal ion-A-B ternary complexes. (a) Serine-benzimidazole-metal ion; (b) 
lysine-benzimidazole-metal ion. Curve a, Ni(ll); b, Cu(ll). 

The formation constants of  the ternary com- 
plexes were calculated using a modified I rv ing-  
Rossotti  titration technique [ 15]. The 
experimental timix-pLmi ~ curves (Fig. 2 is repre- 
sentative) are used to evaluate the stability 
constant o f  the ternary system. 

Examination of  the stability constant values 
given in Table 3, indicates that Eq. 0 8 )  is 
favoured instead of  Eq. (19). This confirms the 
assumption that the amino acids under study 
act as primary ligands in these systems. 

The stability of  mixed ligand complexes is 

Table 3 
Formation constants of the ternary complexes a 

log fl ~Aa 14.22 __. 0.18 13.27 _ 0.14 
Cu (II) Ni(ll) 

Metal ion- Histidine - Benzimidazole 
log ]?~Aa 14.22 _+ 0.18 13.27 _+ 0,14 
log KMAAa 3.6 +_ 0.12 3.17 _+ 0.09 
log K~baA 10.12 _+ 0.08 9.39 _+ 0.06 
A log K -0.5 -0.71 
log X + 0.6 + 0.54 

Metal ion-serine-benzimidazole 
log flMAa I 1.79 _+ 0.1 l 10.49 _+ 0,08 
log K ~  a 3.69 _+ 0.07 3.14 _+ 0.04 
log K~aaA 7.69 _ 0.08 6.58 _+ 0,06 
A log K --0.41 --0.74 
log X +0.62 +0.53 

Metal ion-lysine-benzimidazole 
log fl~Aa I 1.03 + 0.04 10.28 _+ 0.03 
log K ~ a  3.67 _+ 0.02 3.26 + 0.02 
log K ~  A 7.93 _ 0.01 6.40 + 0.02 
A log K -0.43 -0.62 
log X +0.6 +0.57 

At 20"C, 1= 0.1 mol dm -3, and in 10% (v/v) ethanol- 
water medium. 

conveniently characterized by comparing the 
differences in stabilities (A log K) of  the binary 
and ternary complexes. The values of  A log K 
can be calculated for the reaction of the sec- 
ondary ligand (B) either with the metal i o n -  
primary complex (MA + B ~ MAB) or with 
the free metal ion ( M + B  ~ MB); hence, 
A log K = log K~AAa -- log K~B. The two equi- 
libria above represent the overall equilibrium 
MA + MB ~ MAB + M, and hence 

A log K = log flMBA -- (Iog KMA + log KMa) (20) 

Generally, the results indicate that K~ >/(2 .  
This is due to the hydrated metal ion being 
available for binding the first ligand to the 
metal ion, rather than the second. The addition 
of  ligand B to MA should also display the 
same trend, i.e. A log K would be negative gen- 
erally between - 0 . 5  and - 2 . 0  [16-18] depend- 
ing on the geometry of  the complex. A positive 
value of  A log K suggests a significant stabiliza- 
tion of  the ternary complex. 

The other approach commonly used to 
quantify the apparent  stabilization of  ternary 
complexes is based on the disproportionation 
constant, X, [19,20] as defined by the equation 
MA 2 + MB 2 ~ 2 MAB; hence 

X =  [MAB]2/[MA2] (MB2] (21) 

by 

X =  E log f l ~ ^ a  -- (log f l~A  + lOg f l ~  a) (22) 

log X = (log K~AB -- log KMB2)MB 

+ (log K~aaA-- log MA KMA2) (23) 

For  statistical reasons, the expected value for 
log X for all geometries is - 0 . 6  [18,20]. 
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The values of  A log K and log X were calcu- 
lated and they are presented in Table 3. Based 
on the above binary and ternary complex sta- 
bility constant values, the following conclu- 
sions could be drawn. 

(a) The overall stability constant values of  
the same metal ion binary or ternary complexes 
decrease according to the following order: 
M-his t id ine  > M-ser ine  > M-lysine;  M -h i s -  
t id ine-B > M - s e r i n e - B  M - l y s i n e - B .  (The 
charges are omitted.) This behaviour can 
mainly be explained in terms of  the decrease in 
basicity of  the amino acid in the same direc- 
tion. 

The high stability of  the histidine complexes 
indicates that it acts as a tridentate ligand, 
coordinated through the carboxylic oxygen, 
amino nitrogen and imino nitrogen atoms of  
the imidazole ring [21]. For  serine, the position 
of  the three donor  groups renders them steri- 
cally unfavourable for effective tridentate coor- 
dination. This is in agreement with the lower 
stability of  its complex than that of  histidine- 
metal complexes. 

Lysine behaves as a bidentate ligand and 
coordinates through adjacent carboxylic and 
amino groups, thus forming a five-membered 
chelate ring. The coordination of the second 
amino group is excluded, due to steric hin- 
drance caused by the lysine chain length. 

(b) A comparison of  1ogK~AB and 
log MB KMBA for all the studied systems with those 
of  the 1:1 and 1:2 binary complexes of  the 
secondary ligand reveals that the stability con- 
stants of  the ternary chelates are greater than 
those of  the 1:1 but less than those of  the 1:2 
binary systems. This means that the ligands 
under study prefer to form the ternary com- 
plexes MAB rather than the binary complexes 
MA or MB. These observations can be inter- 
preted by assuming the existence of  M ~ Lz~ 
bonding due to back donation of electrons 
from the metal lr orbitals. This behaviour may 
reduce the charge and electronegativity of  the 
metal ions used in this species as compared to 
that of  the hydrated metal ions [15]. 

(c) For  all the systems under study, the 
A log K values are generally negative in accor- 
dance with statistical expectations [22], where 
the statistical, steric and electrostatic factors 
resulted in lower stability constants for the 
ternary complexes as compared with the corre- 
sponding binary systems. The negative A log K 
values confirm the formation of  ternary com- 
plexes. This also demonstrates that the ternary 

chelates show significant instability. The ab- 
sence of  stabilization is compatible with the 
explanations given by Sigel et al. [23-25] for 
the possible stabilization of  ternary complexes. 
Based on the fact that A log K values depend 
on the coordination number of  the metal ion 
and the iigands [26,27], the change in the 
A log K values obtained may be attributed to 
the change in the geometry of  the metal com- 
plex. For  square planar complexes with biden- 
tare ligands, the A log K value is --0.6 units. 
For  a regular and distorted octahedral geome- 
try, A log K values are - 0 . 4  and - 0 . 9  units, 
respectively [17]. 

(d) The log X values obtained for the 
ternary chelates are, in general, found to be in 
the range of  the statistically expected log X 
values (0.6) [18,20]. A critical study of log X 
values reveals that for the Ni(II) chelates, the 
log X values are smaller than 0.6, indicating 
that the binary chelates are favoured over the 
corresponding ternary chelates. 

(e) The stability constants of  both Cu(II) 
binary and ternary chelates are higher than 
those of  the Ni(II) complexes; this is due to the 
smaller size of  Cu(II). This behaviour is in line 
with the stability order of  Irving and Williams 
[28]. 

References 

[I] I.L. Finar, Organic Chemistry, Vol. 2, 4th edn., Long- 
man, London, 1970, p. 532. 

[2] Z. Khatoon and Kabir-ud-din, Polyhedron, 9 (1990) 
2437. 

[3] J.D. Joshi, J. Indian Chem. Soc., 65 (1988) 590. 
[4l A.M. Shaker, M.M.A. Hamed, N.M. lsmail and M.R. 

Mahmoud, Bull. Fac. Sci., Assiut Uni., 22 ( I -  B), 
(1993) 139-141. 

[5] G. Douheret, Bull. Soc. Chim. Fr., (1967) 1412; (1968) 
3122. 

[6] H. Irving and H.S. Rossotti, J. Chem. Soc., (1954) 
2904. 

[7] 1. Uruska, and H. Karaczewska, J. Solution Chem., 8 
(1979) 105. 

[8] B.L. Marwein, M.P. Mahajam and S.N. Bhat, Indian. 
J. Chem., 22A (1983) 1012. 

[9] J.V. Metzgerin; in K.T. Potts (Ed.), Comperhensive 
Heterocyclic Chemistry, Vol. 6, Pergamon Press, Ox- 
ford, New York, 1984, p. 252. 

[10] R.A. Abramovitch, in A.R. Katritzky (Ed.), Advances 
in Heterocyclic Chemistry, Vol. 23, Acadaemic Press, 
New York, London, 1978 p. 204. 

[11] N.K. Wilson, J. Phys. Chem., 83 (1979) 2649. 
[12] R.A. Mahmoud, A.A. EI-Samahy and M.M. Rabia, J. 

Solution Chem., 13 (1984) 517. 
[13] D.D. Perrin and B. Dempsey, Buffers for pH and 

Metal ion Control, Vol. 92, Chapman and Hall, 1974, 
p. 80. 



M.T. EI-Haty et al. / Talanta 42 (1995) 1711-1717 1717 

[14] A. Gergely, I. Sovago, 1. Nagypal and R. Kiraly, 
lnorg. Chim. Acta, 6 (1972) 435. 

[15] M.V. Chidambaram and P.K. Bhattacharga, J. lnorg. 
Chem., 32, (1970) 3271, 

[16] B.E. Fischer and H. Sigel, Inorg. Chem., 18(2) (1979) 
425. 

[17] H. Sigel, Metal ions in Biological System, Marcel 
Dekker, New York, 1973, p. 65. 

[18] S. Kida, Bull. Chem. Soc. Jpn, 29 (1956) 805. 
[19] R.B. Martin and P. Pradas, J. Inorg. Nucl. Chem., 36 

(1974) 1665. 
[20] R. Dewitt and J.l. Watters, J. Am. Chem. Soc., 76 

(1954) 3810. 

[21] M.S. EI-Ezaby and F.M. AI-Sogair, Polyhedron, I(I 1) 
(1982) 791. 

[22] H. Sigel, in D. Banerjea (Ed.), Coordination Chem- 
istry, Vol. 20, Pergamon Press, Oxford, 1980. 

[23] H. Sigel, Chimica, 21 (1967) 489. 
[24] H. Sigel, B.E. Fischer and B. Pijs, J. Am. Chem. Soc., 

99 (1977) 4489. 
[25] H. Sigel and C.F. Naumann, J. Am. Chem. Soc., 98 

(1976) 730. 
[26] B. Sen, Anal. Chim. Acta, 27 0962) 515. 
[27] V.S. Sharma and T.J. Schubert, J. Chem. Educ., 46 

(1969) 506. 
[28] H. Irving and R.J.P. williams, J. Chem. Soc., 0953) 

3192. 



E L S E V I E R  Talanta 42 (1995) 1719-1723 

Talanta 

Determination of fosinopril in pharmaceutical formulations 
containing hydrochlorothiazide by multiwavelength UV 

spectrophotometry 
Antonio  L. Magri '  ~.*, Fabrizio Balestrieri b, Andrea  D. Magri '  4, 

Domenico Marini  c 
Dipartimento di Chimica, Universita' "La Sapienza', Roma, Italy 
b Istituto di Merceologia, Universita" di Perugia, Perugia, Italy 

" Laboratorio Chimico delle Dogane e II.H., Roma, Italy 

Received 24 November 1994; revised 27 February 1995; accepted 8 May 1995 

Abstract 

A sensitive, simple, rapid and precise method for the simultaneous determination of fosinopril (FOS) and 
hydrochlorothiazide (HCT) in pharmaceutical formulations is presented. These active ingredients are 
extracted in aqueous solution and measured by multiwavelength UV spectrophotometry using the program 
QUEST. HCT acts as an internal standard to verify the accuracy of the analysis. Some aspects of the 
chemical, spectroscopic and thermoanalytical behaviour of FOS are also reported. 

Keywords: Fosinopril; Hydrochlorothiazide; UV-spectrophotometry 

1. Introduction 

Fosinopril (FOS), (4s)-4-cyclohexyl-l-[[[(RS)- 
2 - methyl - 1 - (propionyloxy)propoxy](4- phenyl- 
butyl)phosphinyl]acetyl]-L-proline, sodium salt 
(SQ28555), is the first member of a new chemi- 
cal class of  angiotensin converting enzyme 
(ACE) inhibitors [1,2], which is equipotent to 
captopril as an inhibitor of  pressor response, 
but it has a longer effect [3,4]. During or 
following absorption, FOS, a prodrug, is hy- 
drolyzed [5] to the active diacid (SQ27519), (see 
Form 1). 

In tablet formulations, FOS is usually com- 
bined with a diuretic agent [6], such as hy- 
drochlorothiazide (HCT). 

In the literature, a high-performance liquid 
chromatographic (HPLC) method is described 
to evaluate the purity of  FOS [7], but no 

* Corresponding author. 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights 
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methods are reported for its determination in 
pharmaceutical formulations when other ingre- 
dients are present. 

UV-visible spectrophotometry is an instru- 
mental technique suitable for multicomponent 
analysis, because generally the procedures in- 
volve neither complicated and time-consuming 
sample treatments nor the need for special 
reagents. Only processing of  the spectrophoto- 
metric data for the mixture solution by means 
of  an adequate software package is required. 
However, it should be emphasized that the 
accurate resolution of  a mixture with multi- 
wavelength computational programs requires 
the prior knowledge of  the components actu- 
ally present and of  their contribution to the 
mixture absorbance. In fact, the occurrence of 
a component scarcely contributing to the over- 
all absorbance may result in significant devia- 
tions, and very good fits between experimental 
and calculated spectra do not necessarily reflect 

reserved 
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the accurate resolution of  the mixture. For  this 
reason, it is essential to check if a mixture may 
be analyzed by this method, find the best ex- 
perimental conditions, and provide for a final 
verification of  the results. 

The aim of  our studies was to solve these 
problems for FOS and HCT mixtures and to 
propose a simple and rapid method for their 
simultaneous determination in pharmaceutical 
formulations. 

2. Experimental 

2.1. Instruments 

The thermal measurements were carried out 
using a Perkin-Elmer TGS-2 thermal analyzer 
and a DSC-4 differential scanning calorimeter 
connected to a model 3700 Data Station 
equipped with a software package. Ther- 
mogravimetry (TG) and differential scanning 
calorimetry (DSC) runs were made on samples 
of  about 1 mg, in a stream of  nitrogen or 
oxygen (flow rate, 50 ml min-1). The heating 
rate was 10°C min-  ~. 

IR spectra were recorded using a Perkin- 
Elmer 1760 FT-IR spectrometer. 

UV spectra were acquired on a Perkin-Elmer 
320 UV-vis spectrophotometer furnished with 
1 cm quartz cells and connected to the Data 
Station equipped with software packages 
"CDS-13",  for the mathematical treatment of  
the spectra, and " Q U E S T "  which performs a 
least-squares best fit for multicomponent anal- 
ysis of  the mixture spectrum. 

Millipore filtering apparatus fitted with 0.45 
~m membrane disks (HAWPO2500) and class 
A glass apparatus as used. 

2.2. Materials 

Distilled, deionized water was used through- 
out. 

Tablets: each tablet contains 20.32 mg of  
FOS sodium salt, and 12.27 mg of HCT, and 
tablet excipients are lactose, polyvinylpyrroli- 
done, sodium stearylfumarate, sodium cro- 
scaramellose and a dye mixture. All were a gift 
from Bristol-Myers Squibb (Anagni, Italy). 

2.3. Analytical techniques 

2.3.1. Preparation of normalized standard 
curves 

A standard aqueous solution of  FOS was 
prepared by weighing, and working solutions 
were prepared by appropriate dilution in water 
to obtain final concentrations of this compo- 
nent giving absorbance readings in the range 
0.5-1.5 [8]. Because the reliability of the mix- 
ture resolution depends primarily on the accu- 
racy of  the spectral data of the pure com- 
ponents used as a reference in resolving the 
mixture, a standard spectrum of  FOS was ob- 
tained by recording the spectra of five different 
working solutions, normalizing them at a con- 
centration of  10 mg 1 - t  and then averaging the 
obtained spectra to give a single spectrum. 

This procedure was used also for HCT. The 
spectra of  the excipients were obtained more 
simply by scanning the aqueous solutions pre- 
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Fig. 1. Curve a, UV absorption spectra of  hydroehlorothiazide; curve b, fosinopril sodium; curve c, PVP; curve d, lactose; 
curve e, dye mixture; curve f, sodium stearylfumarate; curve g, sodium croscaramellose; curve h, tablet aqueous solutions. 

pared by dissolving an appropriate quantity of 
each component, and filtering when necessary. 

2.3.2. Simultaneous determination of FOS and 
HCT in tablets 

The average weight of  a tablet was deter- 
mined by weighing at least 10 tablets. 

One or more tablets were finely powdered, 
and a portion of about 0.3 g of the powder was 
weighed accurately and 25 ml of water were 
added. The mixture was stirred gently for 
about 15 min at room temperature and then 
filtered on a 0.45 ~tm membrane filtering disk, 
collecting the solution in a dry Erlenmeyer 
flask. 

Of this solution, 1 ml was diluted with water 
to 10 ml. This sample solution was analyzed by 
UV spectrophotometry. The mixture spectra 
were resolved using a computational program 
(QUEST). 

The content (in milligrams per tablet) of  
FOS and HCT may be calculated by use of the 
following formula 

amf 
Content in milligrams . . . .  

c 

where a is the concentration (mg l -~) of the 
analyte in the final solution; m is the weight 
(mg) of a tablet; f is the dilution factor (25/ 
100); and c is the weight (rag) of the assay 
portion. 

3. Results and discussion 

3.1. Analytical behaviour of HCT and FOS 

The chemical and spectroscopic behaviours of 
HCT are common knowledge, so our study was 
limited to verify its solubility in water and the 
UV absorbanc¢ spectrum of  its aqueous solu- 
tion. As is shown in Fig. 1, curve a, there are 
three absorption bands with maxima at 315 nm 
(e=(3 .10±0.03)  1031mol- lcm-I ) ,  271nm 
(t = (1.91 ± 0.02) l041 tool -I  cm -~) and 226 nm 
( t =  (3.60 ± 0.02) l041 tool -I cm-t) .  

FOS sodium salt has been less studied as an 
analytical species, and we thought it convenient 
to investigate its chemical, spectroscopic and 
thermoanalytical behaviour. 

FOS sodium salt is a white powder fairly 
soluble in methanol and water. Its aqueous 
solution is stable for several hours, but, on 
adding sodium hydroxide, FOS is hydrolyzed 
to the corresponding diacid. However, FOS 
precipitates as the protonated form on adding 
hydrochloric acid. 

The UV spectrum of  the aqueous solution 
(Fig. 1, curve b) shows only one absorption 
band with the maximum at 206nm (e= 
(1.67 ± 0.02) 104 i tool -1 cm-~). 

The IR spectrum (KBr disc) is presented in 
Fig. 2, showing the characteristic function of 
grouping of FOS. 
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Fig. 2. IR spectrum (KBr disc) of fosinopril sodium. 

TG analysis in a dynamic nitrogen 
atmosphere shows that FOS is stable up to 
about 200°C and then it decomposes in at least 
three steps giving a constant final residue at 
550°C that consists mainly of (NaPO3).,. 
(calculated 17.41%; found, 16.1%). 

The DSC curve shows two overlapping 
peaks in the temperature range 190-202°C; the 
first, endothermic peak, is connected with the 
melting of the compound, and the second, 
exothermic peak, with its first decomposition 
step. In an oxygen atmosphere the thermal 
decomposition takes place in an almost 
identical temperature range. 

3.2. Content determination of FOS and HCT 
simultaneously in their tablets 

From the spectra of the aqueous solutions of 
the components of each tablet (Fig. 1, curve h), 
the optimum wavelength range for the analysis 
(240-210nm) was established and justified 
away from the interfering species. Satisfactory 
results were obtained using standard solution 
spectra of FOS and HCT and only two blank 
solution spectra (lactose and PVP). The other 
excipients do not interfere because they are 
almost insoluble in water, and the small amount 
of absorption in the measurement range is 
compensated by the other blank solutions. 

The results of eight replicate determinations 
of FOS and HCT in tablets demonstrate that 
the method is quite precise (relative standard 

deviations were 0.01 and 0.03 for FOS and 
HCT, respectively). 

To test the quantitative recovery of both 
active ingredients, the technique of spiked 
samples was applied: known amounts of FOS 
and HCT were added to a powdered tablet and 
the mixtures were analyzed following the 
procedure described. The overall results are 
collected in Table 1. 

4. Conclusions 

The proposed spectrophotometric method 
for the simultaneous determination of FOS and 
HCT in tablets is easily carried out and rapid, 
requiring only few minutes to prepare the sam- 
ples and to measure the absorbances. In spite 
of this, the method is sensitive, accurate and 
precise. However, to avoid unexpected interfer- 
ences, it might be convenient to add an internal 
standard to the analyzed mixture. Comparing 
the amount found with the added amount of 
standard species, it is possible to verify the 
accuracy of the analysis. In the proposed 
method, HCT acts as an internal standard 
because it may be determined by measuring the 
mixture absorbance at a fixed wavelength. In 
fact, at 271 nm only HCT absorbs (Fig. 1, 
curve a) and these results should be in agree- 
ment with those found by multiwavelength 
analysis. 



A.L. Magri' et al . /  Talanta 42 (1995) 1719-1723 

Table 1 
Determination of FOS and HCT in tablets and in spiked samples = 

1723 

Sample b FOS found c (rag per tablet) HCT found c (mg per tablet) 

a Recovery b Recovery c Recovery a Recovery b Recovery c Recovery d Recovery 
(%) (%) (%) (%) (%) (%) (%) 

I 25.6 126.0 20.2 99.4 20.3 99.9 11.4 92.9 11.9 97.0 11.8 96.2 12.0 97.8 
2 41.7 116.9 35.4 99.2 35.5 99.5 11.5 93.7 11.8 96.2 11.9 97.0 12.0 97.8 
3 26.2 128.9 20.1 98.9 20.2 99.4 20.7 92.6 21.7 97.1 21.7 97.1 21.9 98.0 
4 38.3 117.1 32.5 99.3 32.5 99.3 19.9 94.2 20.5 97.1 20.5 97.1 20.8 98.5 

a Each result is the average of at least three independent assays. Relative standard deviations, in any case, were less than 
0.02 and 0.03 for FOS and HCT, respectively. 
b (1) Tablet (certified contents: FOS, 20.32 mg per tablet; HCT, 12.27 mg per tablet). (2) Sample spiked with FOS (FOS, 
35.67 mg per tablet; HCT, 12.27 mg per tablet). (3) Sample spiked with HCT (FOS, 20.32 mg per tablet; HCT, 22.35 mg 
per tablet). (4) Sample spiked with FOS and HCT (FOS, 32.72 mg per tablet; HCT, 21.12 mg per tablet). 
c (a) Analysis performed by QUEST without blank solution spectra. (b) Analysis performed by QUEST with lactose and 
PVP blank solution spectra. (c) Analysis performed by QUEST with all excipients blank solution spectra. (d) Analysis 
performed by referring to a calibration curve prepared at 271 nm. 
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Abstract 

A rapid electroanalytical method for the determination of residual styrene in polystyrene is described. The 
sample of polymer was dissolved in toluene and, following the addition of 10% DMF and electrolyte, a 
square-wave voltammogram was recorded at a gold microdisc electrode (radius, 6 IJm). A standard addition 
technique was used to relate the peak current to the styrene concentration in solution and, hence, the styrene 
content of the polymer. The method gave results which are similar to those of the accepted standard 
procedure. It does not. however, require the precipitation of the polymer and hence is quicker and more 
convenient. 

1. Introduction 

The determination of  residual monomer  in 
polymers used for food packaging is a routine 
test since leaching of  the monomer  into the 
foodstuff is known to degrade the taste and is a 
potential toxic hazard. This paper  describes a 
rapid procedure for the determination of  
styrene in polystyrene; in contrast to the stan- 
dard procedure [1], where it is necessary to 
precipitate the polystyrene before the determi- 
nation of  the styrene in solution by gas chro- 
matography,  no treatment of  the solution is 
necessary before the analytical determination. 
The method is based on the measurement of  
the electrochemical response for styrene [2]. In 
the development of  the method, it was neces- 
sary to define a medium (a) in which polystrene 
is readily soluble, and (b) where good quality 
electrochemical responses could be obtained. In 
fact, polystyrene is insoluble in most of  the 
solvents generally used for electrochemistry. 
The medium selected, 90% toluene/10% N,N- 

* Corresponding authors. 

dimethylformamide (DMF)  would normally be 
considered a very poor  one for electrochem- 
istry and the procedure is entirely dependent 
on the use of  an ultramicroelectrode, which, in 
this work, is a gold microdisc of  radius 6 gtm. It 
is only during the past decade that the proper- 
ties and advantages of  ultramicroelectrodes 
have been widely recognized [3]. Here, the key 
property is the ability to obtain high quality 
responses in a medium of  high resistance. The 
analytical measurement used square-wave 
voltammetry which led to a well-defined and 
easily measured peaked response. 

2. Experimental 

Both the linear potential sweep and square- 
wave vol tammetry experiments were carried 
out using a potentiostat/galvanostat  E G & G  
PAR 273. The data acquisition and treatment 
was performed using a LVM 486, 33 MHz  
computer,  using the PAR software M270, ver- 
sion 3.00. The vol tammograms were plotted on 
a Roland plotter, type DXY-980A. 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights reserved 
SSD! 0039-9140(95)01643-0 
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All experiments were carried out in a two- 
electrode cell. The working electrode was a 
gold microdisc with a radius of  6 lam. The 
radius was checked by measuring the steady- 
state diffusion-controlled current for a known 
concentration of ferrocene in acetonitrile con- 
taining Bu4NCIO4 [4]. The electrode was first 
polished with fine emery paper  and then on a 
polishing cloth with 0.3 and 0.05 I.tm alumina 
(Buehler) with a polishing machine (Buehler, 
Ecomet 3); afterwards, it was washed with 
water and dried before use. Prior to each ex- 
periment, the electrode was polished with 
0.3 ~tm alumina, rinsed with water, wiped on a 
clean, wet polishing cloth, rinsed again and 
dried. The reference/counter electrode was a 
Radiometer,  model 401, saturated calomel elec- 
trode (SCE) and all potentials are quoted ver- 
sus the SCE. 

All solutions were prepared with the highest 
grade chemicals available in high purity 
to luene/DMF mixtures, previously dried with 
Prolabo alumina, size 2 - 5  mm. The supporting 
electrolytes used were Bu4NCIO4 and 
Bu4NBF4. The first was available in high pu- 
rity and the second was prepared by mixing 
aqueous solutions of  NaBF4 and 
Bu4NHSO4.The product in each case was re- 
crystallized in methanol/water and dried under 
vacuum. 

Experiments were conducted at room tem- 
perature, and all solutions were degassed with 
a fast stream of  argon prior to the experiments. 

3. Resu l t s  

3.1. The selection o f  the medium 

tures  which will be reported elsewhere [6] but, 
in general, our  conclusions are the same. 

Fig. 1 shows current vs. potential curves for 
the reduction of  styrene in different concentra- 
tions at a gold microdisc electrode (radius, 
6 lam) in 90% toluene/10% D M F  containing 
0.1 mol dm -3 BuaNBF4 and deoxygenated 
with a fast stream of  dry argon. It can be seen 
for each concentration that well-formed reduc- 
tion waves are observed with E~r 2 ~ - 2 . 5 1  V 
vs. SCE; the waves are steep with E3/4-EI/4 

- 1 1 0  mV. Most importantly for analysis, 
there is a good plateau current extending over 
a potential range of  a few hundred millivolts 
before reduction of  the solvent/electrolyte com- 
mences (in fact, dissolved polystrene showed 
slightly more complex behaviour, see below). 
The height of  the waves are proport ional  to the 
styrene concentration. In fact, the limiting cur- 
rent, I L, at a microdisc electrode is given by the 
equation 

I L = 4nFDcr 

where n is the number  of  electrons involved in 
the reduction, F is the Faraday constant, D is 
the diffusion coefficient of  styrene, c is the 
concentration of styrene and r is the radius of  
the microdisc. The IL(A) vs. c (mol cm -3) plot 
is linear and is represented by the equation 
(correlation coefficient, 0.997) 

I L =  7.67 X 10-6C+0.91 X 10 - ' °  

whose slope leads to a value of  4.0 x 
10 -5 cm 2 s - '  for nD, consistent with n = 2 [2] 
and D = 2 . 0  x 10-Scm2s  -~. 

The vol tammograms for the dissolved poly- 
styrene were not always the same quality as 
those for styrene. The plateaux were often slop- 

Polystyrene is most readily soluble in aro- 
matic hydrocarbon solvents such as toluene 
and ethyibenzene. Hence, the objective was to 
use a medium with a high content of  one of  
these solvents. Pefia et al. [5] have studied a 
model electrode reaction, the oxidation of  fer- 
rocene in toluene/acetonitrile solutions using 
ultramicroelectrodes; they reported that the ad- 
dition of  a small percentage of the aprotic 
solvent to toluene led to a large improvement  
in the quality of  the electrochemical responses. 
They also concluded that the addition of  an 
electrolyte, e.g. 0.1 mol dm -3 Bu4NBF4, w a s  

essential in media with a high percentage of  
toluene. We have carried out a wide range of  
experiments with styrene in to luene/DMF mix- 
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Fig. I. Current-potential curves for the reduction of 
styrene in different concentrations at a gold microdisc 
electrode (radius 6 Ilm) in 90% toluene/10% DM F, contain- 
ing 0. I mol dm-~ Bu4NBF 4. Curve a, 2.0 x 
10-4moldm-~; curve b, 3.0x 10-4moldm-~; curve c, 
4.0x 10-4moldm-~; curve d, 6.0x 10-4moldm-~; 
curve e, 8.0 x 10 -4 tool dm -3. 
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Fig. 2. Square-wave voltammogram of styrene (3.0 x 
10-4moldm -3) in 90% toluene/10% DMF, containing 
0.1 mol dm -'~ Bu4NBF4 at a gold microdisc (radius, 6p.m). 
(Square-wave amplitude, 2 mV; step height, 60 mV; fre- 
quency, 100 Hz.) 

ing and sometimes the slow scan voltammetry 
showed a drawn out wave perhaps arising from 
a second overlapping reduction wave at slightly 
more negative potentials. This suggests that 
polystyrene may contain species other than 
styrene reducible at very negative potentials. 
The specificity essential for the determination 
of  styrene in polystyrene could, however, read- 
ily be obtained by using square-wave voltam- 
metry. Square-wave voltammetry is recognised 
to give much better resolution between over- 
lapping reduction processes and converts the 
wave response into a peak [7]. The theory of  
square-wave voltammetry has been applied to 
ultramicroelectrodes by Osteryoung and O'Dea 
[8] and it has been shown that the peak current 
is given by 

lp = nFAc( D /Ittp)l/2Up 

where tp = l"/2 is the pulse width, z being the 
period of  the square wave, and U p  is the di- 
mensionless current given by 

Up = 0.846/2 + 0.750 + 0.177 e x p ( -  1.13/2) 

where 2 = r/2(Dtp) :/2 
Fig. 2 shows a square-wave voltammogram 

of  styrene (3.0 × 10 - 4 m O l d m  -3) in 90% 
toluene/10%0 D M F  containing 0.1 mol dm -3 
Bu4NBF4, at a gold microdisc electrode. A 
well-defined peak is observed at a potential of  
- 2 . 4 9  V vs. SCE. A range of  square-wave 
voltammograms was recorded for concentra- 
tions of  styrene between 2.0 and 8 .0× 
10 -4 mol dm -3 and, as expected, a good linear 
relationship was found between the peak cur- 
rent and the concentration, given by the equa- 
tion coefficient, 0.994) 

/p = 4.70 x 1 0 - % + 6 . 9 3  × 10 -1° 

where Ip is amps and c is in mol dm -3. 

3.2. Analytical procedure 

The sample of  polystyrene (approximately 
2 g) was dissolved in about 20 cm 3 of  toluene 
using an ultrasonic bath. After complete disso- 
lution (1 h), Bu4NBF4 (approximately 0.8g) 
was added as a solid together with 2.5 cm a of  
DMF.  When the electrolyte was fully dissolved, 
the solution was made up to 25cm 3 with 
toluene in a volumetric flask. A 5 cm 3 portion 
of  this solution was transferred to a simple 
electrochemical cell equipped with the polished 
gold microdisc electrode and a saturated 
calomel counter/reference electrode. Alumina 
was added to adsorb any water present and the 
oxygen was removed from the solution in a fast 
stream of  argon. A square-wave voltam- 
mogram of  the unstirred solution was then 
recorded at room temperature. A standard ad- 
dition technique was employed to establish the 
relationship between the peak current and the 
styrene concentration in solution because it 
was considered likely that the presence of poly- 
mer in solution would cause a change in the 
viscosity and therefore in the diffusion co- 
effficient of  styrene. Several 3 lal additions of  a 
solution containing styrene (0 .30moldm -3) 
in 90% toluene/10%o D M F  containing 
0.1 m o ld m  -a Bu4NBF4 were made, and a 
square-wave voltammogram was recorded after 
each addition. Fig. 3 presents the voltam- 
mograms, not corrected for the background 
current, obtained for a sample of  polystyrene 
BP(HIPS), and Fig. 4 shows the corresponding 
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Fig. 3. Square-wave voltammograms of styrene in 
polys tyrene  BP(HIPS), (2.02 g in 25 cm ~) in 9lYVu toluene/ 
10% DMF, containing 0.1 tool dm -3 Bu4NBF4 at a gold 
microdisc (radius 6 lain). (Square-wave amplitude 2 mV; 
step height, 60 mV; frequency, 100 Hz.) Addition to 5 cm 3 
of sample solution were (a) 0tool, (b) 0.9 lamol, (c) 
!.8 lamol, (d) 2.7 lamol, (e) 3.6 p.mol, (f) 4.5 lamol. 
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Fig. 4. Plot of  square-wave peak current vs. concentration 
in the standard addition method for the sample o f  
polystyrene BP(HIPS) in 90% toluene/10% DM F ,  contain- 
ing 0.1 mol dm -3  Bu4NBF4, as presented in Fig. 3. Each 
error bar represent twice the s tandard deviation o f  six 
determinations. 

1 v vs c plot. A "tangent subtraction" on the 
computer was used to correct for background 
currents which were found to be more signifi- 
cant for dissolved samples of  polystyrene than 
for solutions of  pure styrene in the medium. 
In this subtraction method, a baseline was 
drawn between the response at the start of  the 
peak and the minimum in the response nega- 
tive to the peak; this peak height was then 
measured subtracting the baseline response at 
the peak potential. Using this measurement 
procedure, it can be seen that there is a good 
linear relationship (with a correlation co- 
efficient of  0.998) between peak height and 
styrene concentration. The error bars on the 
figure are twice the standard deviation of  six 
determinations. Another effect of  the increased 
background current in the sample solution is 
the shift in peak potential to more positive 
potentials with increasing styrene concentra- 
tion. This shift is not seen with solutions pre- 
pared from styrene. The origin of  this 
background current is not clear and certainly 
no peaks could be defined in the square-wave 
voltammetry. They could arise from trace 
amounts of  electroactive plasticizers, stabiliz- 
ers, antioxidants or other additives in the 
polymer. It will be seen below that they are 
not a problem when the analysis was done by 
square-wave voltammetry. The errors were 
more significant when the analysis was based 
on the limiting current from steady-state 
voltammetry. The preference for square-wave 
voltammetry is not surprising since it is well 
known that techniques which give a "differen- 
tial" response improve selectivity significantly 
[9]. 

3.3. Typical analyses 

The procedure described above has been used 
to determine the residual styrene content of four 
samples of  polystyrene; three were commercial 
samples and the other a pot manufactured for 
Portuguese yogurt. The analyses for all four 
samples were straightforward and no interfer- 
ences or complications were observed. The re- 
sults from these analyses are reported in Table 1 
along with analyses carried out by two commer- 
cial laboratories using the standard gas 
chomatographic method. 

It can be seen that the results compared well 
especially since results from the standard proce- 
dure are normally only quoted to one significant 
figure. It should also be noted that the specifica- 
tion for polystyrene used in food packaging 
requires the residual styrene to be below 0.1%. 

4. Discussion 

The analytical procedure described in this 
paper has been shown to lead to estimates for 
the residual styrene content of polystyrene 
which compare well with the accepted standard 
procedure based on gas chromatography. It is, 
however, more rapid since it is not necessary to 
precipitate the polymer from solution before the 
analytical determination and it is much quicker 
to record the square-wave voltammogram than 
a chromatogram. It should be emplasized that 
the electroanalytical approach is only feasible 
because of  the use of  an ultramicroelectrode. It 
would not be possible to employ a traditionally 
sized electrode in a medium compatible with 
facile dissolution of  the polymer. The applica- 
tion of ultramicroelectrodes in analysis has, in 
recent years, proved a fruitful innovation and 
they have been applied in several diverse analyt- 
ical procedures [9]. The application of  square- 
wave voltammetry was also found to improve 
the analytical procedure significantly. For  a 
routine method, the equipment could be sim- 
plified substantially. The cell could be an en- 
closed beaker and the counter/reference 
electrode could be copper, aluminium or an- 
other metal (although there would, of  course, be 
a shift in the peak potential). It would also be 
possible to write simple software for a micro- 
computer which controls the experiment, ap- 
plies the potential/time function and analyzes 
the response to give the styrene content of 
polystyrene. 
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Table 1 
Comparison of the results for the analyses of residual styrene in polystyrene by the new electroanalytical method and the 
standard procedure 

Sample 'V,,, Styrene by % Styrene by 
electrochemical method gas chromatography ~ 

BP 0.031 _+ 0.002 0.024 
BASF 0.026 + 0.004 0.032 
HCC 0.021 + 0.002 0.028 
Yogurt pot 0.026 + 0.004 0.024 

Each analysis was carried out by the Instituto Nacional de Engenharia e Tecnologia Industrial and Centro Nacional de 
Embalagem. Errors vary between 0.001 and 0.004%. 
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Abstract 

The retention of cadmium by the bacteria Escherichia coil and Pseudomonas putida was optimized in order 
to develop a rapid and selective preconcentration method for cadmium from biological and environmental 
samples prior to determination by electrothermal atomic absorption spectrometry. Living and lyophilized 
cells for both bacteria were used, but the method using dead cells shows better analytical capabilities. 
Cadmium from aqueous solutions is easily retained on the outer membrane of both bacteria in the pH range 
4-10, although the selected working pHs for E. coli and P. putida were 5 and 9, respectively. Cadmium 
retained by the bacteria was dispersed in 3.5 M nitric acid and the slurry was introduced directly into the 
graphite tube. The best sensitivity and detection limit were obtained for E. coli (0.03 ng ml-~ and 
0.04 ng ml-~ respectively, in the absence of any chemical modifier). A strong spectral interference from 
nickel chloride was found and methods to overcome it were developed. The proposed extraction procedure 
was tested by the determination of cadmium in different standard biological and environmental samples. 

Keywords: Cadmium determination; Slurry electrothermal atomization atomic absorption spectrometry; 
Bacteria; Microorganisms 

1. Introduction 

At present, there is great interest in clarifying 
the role of  toxic elements in the development 
and evolution of  certain illnesses. This interest 
is an obvious result of  the improved prevention 
of  acute poisoning. In addition, an increased 
awareness concerning chronic exposure is abso- 
lutely essential because such exposure may play 
a role in the causation of  diseases with a multi- 
factorial etiology. 

Cadmium is one of  the most  toxic elements 
for animals and man. It is a ubiquitous and 
biologically non-essential element, being also 
classified as a class B and borderline element. 
Industrial exposure to cadmium can be the 
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origin of  acute and chronic toxicity in man. 
Low-level long-term exposure to cadmium 
seems to be associated with abnormally high 
hypertension, being related to renal sodium 
retention or to a direct effect on vascular 
smooth muscle [1]. The way of  entry into the 
organisms can be by either inhalation or inges- 
tion. Ingestion is related to severe gastroenteri- 
tis and inhalation to fatal pulmonary edema. 
The assimilation route of  this element is similar 
to that of  copper, zinc and manganese, being 
stored in the protein metallo-thionein [2]. An 
additional problem of  cadmium toxicity is its 
accumulative character because about  30 mg 
can be accumulated during a lifetime. The 
main sources of  cadmium are the food chain 
and the environment. F rom the analytical 
point of  view, a problem emerges because con- 

reserved 
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centrations of this element in biological and 
environmental samples are usually below the 
detection limits of the most sensitive tech- 
niques. 

Cadmium has been successfully determined 
by different techniques: neutron activation 
analysis [3], atomic fluorescence spectrometry 
[4], flame atomic absorption spectrometry [5] 
and inductively coupled plasma-atomic emis- 
sion spectrometry [6]. However, one of the 
most sensitive techniques for the determination 
of cadmium is electrothermal atomization 
atomic absorption spectrometry (ETAAS). Al- 
though some methods have been developed for 
the determination of cadmium either directly or 
with minimum sample manipulation in com- 
plex matrices (urine [7,8], seminal fluid [9], 
cigarettes [10]), many problems arising in the 
determination of cadmium by ETAAS have 
derived both from losses by vaporization prior 
to atomization and matrix interferences [11]. 
To solve these problems, different chemical 
modifiers [12-15] are currently used, in combi- 
nation with metallic or metal-impregnated 
graphite platforms or tubes as atomizers [16- 
19]. However, different separation/preconcen- 
tration procedures have also been used to 
isolate cadmium from interferent matrices [11]. 

Some recently developed procedures for the 
identification and determination of cadmium 
use different biological systems. Thus, the 
crayfish, Cambarus bartoni (Fab.) (Decapoda, 
Crustacea) has been used as a reliable indicator 
of the presence of cadmium in the fresh water 
ecosystem [20]. The yeast Saccharomyces cere- 
visiae was immobilized on controlled pore glass 
and used in flow injection-atomic absorption 
spectrometry for the preconcentration of cad- 
mium and other metals [21]. However, the 
most commonly used microoganisms in these 
tasks are algae. Cadmium ions have been 
preconcentrated from dilute solutions and 
marine reference samples by using different 
algae strains, Stichococcus bacillaris [22-24], 
Chlorella pyrenoidsa [24], Chlamydomonas rein- 
hart [24,25], and Selenestrum capricornutum 
[26,27]. On the other hand, the outer mem- 
brane of bacteria displays many functional 
groups that can be used to retain some toxico- 
logical or precious metals. Analytical capabili- 
ties of the bacteria Escherichia coli (K-235) and 
Pseudomonas putida have been tested recently 
for gold [28] and beryllium [29]. In this paper, 
we will use these bacterial cells, E. coli and P. 
putida, to develop a preconcentration proce- 

dure for cadmium from biological and environ- 
mental samples prior to determination by 
slurry ETAAS. 

2. Experimental 

2.1. Apparatus and measurements 

The experiments were carried out using a 
Thermo Jarrel Ash atomic absorption spec- 
trophotometer SHII  equipped with a heated 
graphite atomizer, model CTF-188, and the 
Smith-Hieftje background correction system. 
The operating parameters used were as follows: 
wavelength, 228.8 nm; a cadmium hollow 
cathode lamp, Visimax II, was used under the 
recommended conditions; slitwidth, 1 nm. 
Standard, uncoated, rectangular graphite tubes 
and standard pyrolytic graphite-coated plat- 
forms were used for platform atomization. An 
Epson 118 recorder was used. Solutions were 
injected into the graphite atomizer by means of 
the Fastac automatic aerosol deposition sys- 
tem, and argon (99.995% purity) served as the 
purge gas. The temperature programme used is 
shown in Table 1. The solution (10 p.1) was 
injected into the atomizer at 150°C. Three 
replicate determinations based on both inte- 
grated absorbances (PA) and peak height (PH) 
were used for each measurement. 

A Mettler AE 240 semimicro analytical bal- 
ance (sensitivity, +0.01mg) was used for 
weighing the samples. The slurry was main- 
tained during sample introduction into the at- 
omizer using a Brasonic sonicator (model B-5). 
A pH meter (Crison model Digit 505) was used 
to measure the acidity of the aqueous phase. 
Potentiometric measurements were made with 
a radiometer automatic titrator (Mettler DL 
25) (accuracy, + 0.1 mV) equipped with a com- 
bined platinum ring electrode (Mettler 
DM 140). 

2.2. Reagents, preparation of cells and 
procedures 

Cadmium stock solution (1000 lag ml -~ Cd) 
was prepared by dissolving a suitable amount 
of cadmium oxide of the highest quality 
(Suprapur, Merck) in the smallest quantity of 
nitric acid then adding the appropriate volume 
of demineralized water. The test solutions were 
prepared by appropriate dilution of the stock 
solution immediately prior to their use. The 
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Table 1 
Graphi te  furnace p rog ramme 

Parameter  Drying Pyrolysis 1 Pyrolysis 2 Atomizat ion Cleaning 

Tempera ture  (*C) 150 200, >/1400 ~ 250 1400, 2200 ~ 2200, 2400 ~ 
R a m p  time (s) 2 10(3) a 10 0 - 
Hold time (s) 0 0 0 4 3 
Purge, posit ion 1 2 1 0 3 
Read on (s) - - - 5 - 

The sampling time was 10 s, and the sampling volume was 10 lal. 
Values used to remove the interference f rom the nickel chloride. 

inorganic acids and other chemicals used in 
this study were of  the highest quality (Supra- 
pur, Merck). Distilled, deionized water was 
used for the preparation of  samples and stan- 
dards. The TSA medium was obtained from 
Merck and the TSB from Biolife. 

The preparation of  the bacterial cells is a key 
stage in the retention procedure of  metals, be- 
cause the membrane composition changes with 
modification of  those variables, affecting the 
cultivation process. Thus, the amount and type 
of  fatty acids and phospholipids vary with 
temperature, growing medium, cultivation time 
[30-32], etc. Therefore, strict control in all 
stages of  the preparation of the cells is needed. 
Cells were prepared as described elsewhere 
[28,29]. The retention efficiency was measured 
directly on the biomass. Glass (Pyrex) beakers 
were used in all measurements. 

2.3. Procedure for the separation of  cadmium 

A 25 mg amount  of biomass was added to 
25 ml of  cadmium solution at the correspond- 
ing pH. After 20 min stirring time, the biomass 
was separated by centrifugation (12 400g). The 
Cd-biomass  pellet was treated with a 4ml  
volume of  3.5 M nitric acid solution in order to 
prepare the slurry. The slurry was ultrasoni- 
cally destabilized during sampling. The amount 
of cadmium sorbed by the biomass was de- 
duced by determining the content of  cadmium 
in either the slurry introduced into the graphite 
tube or in the supernatant solution after sepa- 
ration of  the biomass. The solution pH was 
adjusted by using HNO3 and NaOH solutions 
as necessary. 

2.4. Sample treatment 

National Institute of  Standards and Technol- 
ogy (NIST) standard reference materials SRM 

1577b bovine liver, SRM 1567a wheat flour 
and SRM 1568a rice flour were digested in 
triplicate with nitric acid. The digests were 
obtained by decomposing 0.2 g of bovine liver, 
and 4 g each of  the dry powder sample materi- 
als wheat flour and rice flour with 10.0 ml of  
1:1 (v/v) nitric acid. The solutions were evapo- 
rated to near dryness at 155 °C and the vol- 
umes made up to 25 ml with 0.05 mol 1-t nitric 
acid. Prior to the determination of  cadmium, 
the digests of  bovine liver and wheat flour were 
diluted to 100 ml with 0.01 mol 1 - t  nitric acid. 

Air-dried coal fly ash SRM 1633a was 
ground to pass through a number 60 (250 ~tm) 
sieve and then ashed at 750°C to remove car- 
bonaceous material. A 0.5 g sample of  coal fly 
ash was digested in triplicate with 10ml of 
hydrochloric acid ( d =  1.19; 37.9% (w/w)) and 
20 ml of  nitric acid (d = 1.42, 69.8% (w/w)) to 
near dryness. A 20 ml amount of  perchloric 
acid (d = 1.53; 60% (w/w)) was then added, and 
the sample was allowed to evaporate to dry- 
ness. A mixture of  10 ml of  hydrofluoric acid 
( d =  1.13; 40% (w/w)) and 1 ml of  sulfuric acid 
(d = 1.84, 96% (w/w)) was then added and the 
sample was again heated to dryness. The 
residue was dissolved in water and transferred 
quantitatively to a 100 ml volumetric flask. 

3. Results and discussion 

3.1. Sorption of  cadmium 

The best retention for cadmium (1 ng ml-1) 
was obtained in the pH range 4.0-10.0 for 
both E. coil and P. putida (Fig. 1). However, 
the retention capacity (defined as the amount 
of  cadmium retained on a percentage basis of  
the total cadmium in the original solution) for 
P. putida is nearly constant over the whole 
optimum pH interval, while for E. coil the 
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maximum retention occurs at a pH of 5.0. The 
selected working pHs for the following experi- 
ments were 5.0 and 9.0 for E. coli and P. 
putida, respectively. This versatility in the re- 
tention pH of cadmium using dead cells shows 
an advantage with respect to living cells be- 
cause the latter can only work at a fixed pH 
(the pH of the culture medium). An advantage 
of the lyophilized bacterial cells is based on the 
fact that the useful retention pH is extended to 
acidic pH (3.5) and basic pH (11) compared 
with other extractants, such as algae (immobi- 
lized Selenestrum capricornutum: pH 9 and re- 
tention decreases strongly at higher and lower 
pH values [27] yeast immobilized Saccha- 
romyces cerevisiae: pH above 6.5 [21], resins 
(7-dodecenyl-8-quinolinol: pH above 6) [33], 
and cyanobacteria (immobilized spirulina 
platensis: pH above 6.5 [34]. 

Two types of functional groups (Lewis bases 
(>CO, - C O O H , - O H ,  etc.) at low pH and 
Lewis acids (-NH2) at basic pH seems to be 
involved in the binding of cadmium, mainly for 
the bacterium E. coli, as a result of the data 
shown in Fig. 1, because the maximum reten- 
tion capacity differs with the pH of the 
medium. At very strong acid (below 4-5) or 
basic (above 9-10) pHs, cadmium is not re- 
tained by the membrane wall because acidic 
functional groups are strongly protonated or 
cadmium in solution is bound to hydroxyl 
groups, respectively. It is also possible to con- 
clude that these bacterial surfaces have a num- 
ber of basic functional groups smaller (E. coli) 
or larger (P. putida) than the corresponding 
ones for the acidic functional groups, or alter- 
natively, basic functional groups would have 
an affinity for cadmium smaller or larger than 
that of the corresponding acidic groups. 

At the selected retention pH, the binding 
process shows typical two-phase kinetics (Fig. 
2) where an initial period of rapid uptake 
occurs within minutes, followed by a period of 
slow, constant uptake over many minutes. This 
process seems to be much more true for P. 
putida than for E. coli and it can be explained 
by the cadmium ions binding first to the func- 
tional groups with the highest affinity (or acces- 
sibility) and subsequently to groups with lower 
affinity (or accessibility). 

The maximum uptake was achieved in 
20 min for E. coli, but the retention of cad- 
mium by the bacterium P. putida went on for 
longer periods of time (Fig. 2). When a steady 
state is obtained (after 25 min), the percentage 

of cadmium retained is about 80.0% for both 
bacteria. However, for shorter periods of time, 
cadmium is retained more quickly by the bac- 
terium P. putida than by E. coli, while for 
longer periods of time (60 min) the retention 
capacity for P. putida increases slowly (85.85%) 
and for E. coli decreases (77.24%). In conclu- 
sion, the bacterium E. coli has a slightly lower 
retention capacity for the cadmium ion com- 
pared with that obtained for the P. putida. The 
percentage of metal adsorbed by these bacteria 
is higher than that shown by the algae at pHs 
buffered at 5.5-6.5: Stichococcus bacillaris 
(35-53% depending on cadmium concentra- 
tion, 0.1-4 mg 1-1), Chiorella pyrenoidsa (20- 
60%), and Chlamydomonas reinharti (20-35%) 
[24]. However, using the algae Stichococcus 
bacillaris (200 mg 1 -~) and a higher cadmium 
concentration (144mgl-~), the cadmium re- 
covery increases to 100% at neutral pH [23]. 

Using living cells, the removal of the cad- 
mium ions from the solutions depends not only 
on the uptake rate, but also on the growth rate 
of the bacterial cells, because the number of 
cells increases during cultivation. Therefore we 
found only the maximum retention of cad- 
mium. However, the retention of cadmium by 
living cells is always lower than when using 
lyophilized cells, probably due to some resis- 
tance mechanisms developed by the cells during 
their growth [35]. This represents a second 
advantage of the use of the lyophilized cells 
and, consequently, these cells will be the main 
tools used in the following experiments. 

The retained cadmium increases with sample 
volume for a constant concentration of cad- 
mium (0.1 ng ml-~), but to a lesser extent than 
expected because the slope of the straight line 

J!/ 
,o j 

0 2 4 8 8 10 12 14 
pH 

Fig. l. Effect of pH on the retention of cadmium 
(1 ng ml-~) by the lyophilized bacterias (25 mg) in 25 ml of 
solution (integrated absorbances by slurry platform atom- 
ization). 
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Fig. 2. Kinetics of cadmium (l ngml -~) uptake by the 
outer membrane of lyophilized E. coli and P. putida (50 mg 
of cells in 50 ml of solution). 

obtained by plotting absorbance versus sample 
volume is below unity. This suggests that in 
order to obtain the best uptake capacity of 
cadmium for increasing sample volume, it is 
necessary to use larger retention (stirring) 
times. On the other hand, no increase is ob- 
tained when the total amount of cadmium is 
maintained constant. 

3.2. Mechanism of cadmium adsorption at the 
selected pHs 

The adsorption isotherms for cadmium show 
Langmuir shapes mainly for E. coli (Fig. 3), 
suggesting that the earlier retained cadmium 
ions do not affect the sorption of the neigh- 
bouring binding sites and the following cad- 
mium-adsorbed species (Table 2). However, an 
anti-Langmuirian profile might exist at higher 
concentrations for P. putida, suggesting that 
the species adsorbed are favoured by those 
previously retained. This last result agrees well 
with the adsorption studies obtained using al- 
gae as extractants, where isotherms for cad- 
mium have always shown general 
anti-Langrnuirian shapes [24]. 

Adsorption studies [36] can usually be de- 
scribed by either the Freundlich isotherm 
(s=KFc I/") or the Langrnuir isotherm (1/ 
a= (1/a,~KL)(1/C) + l/am). Both adsorption 
isotherms establish a relationship between the 
amount of metal adsorbed (s is in nanograms 
per gram, a is in milligrams per gram) by the 
bacteria and the concentration of metal in solu- 
tion (c is in nanograms per millilitre for the 
Freundlich isotherm and milligrams per litre 
for the Langrnuir isotherm). The high values of 
the constants K~ and 1/n show a high adsorp- 
tion ability, while the parameters am and KL 

represent the amount (mg) of metal adsorbed 
at saturatibn and the equilibrium constant of 
the adsorption process, respectively. The values 
of these parameters in Table 2 show a quite 
high ability of these bacterial cells to be used 
for preconcentration of cadmium. The Lang- 
muir plot (1/a vs. l/c) for both bacteria shows 
a straight line which represents the existence of 
only one functional group responsible for the 
retention of cadmium at the selected working 
pH. These results permit us to use a unique 
formation constant to describe the Cd-mem- 
brane bond in the concentration range studied 
(0.1 - 100 ng ml- ~ Cd). In contrast, results from 
the paper by Holcombe and co-workers [24] 
show two slopes in the Langmuir plot, al- 
though for a different concentration range 
(0 .1 -4  mg 1- i Cd). 

The mechanism of cadmium adsorption at 
the best retention pH for each bacterial mem- 
brane can be explained, as for other elements, 
on the basis of the chemical bond. In order to 
obtain an explanation of this adsorption mech- 
anism, different experiments were carried out in 
which variations in the pH of a solution were 
recorded for the experimental cases shown in 
Table 3. Firstly, by adding lyophilized bacteria 
(50 mg) to water (50 ml) at the corresponding 
pH (case (i) in Table 3) we can deduce the 
amount of protons retained or liberated by the 
cells; secondly, if bacterial cells (50 mg) are 
added to a cadmium ( l n g m l  -~) solution 
(50 ml) (case (ii) in Table 3), the pH variation 
is also due to the influence of cadmium on the 
retention process; and thirdly, when a cad- 
mium solution (10 ml) is added to an aqueous 
solution of cells (50 mg bacteria per 40 ml of 
solution) at the corresponding pH (cases (iii) in 
Table 3), the variations of pH are due to the 
retention of cadmium. 

From the results of the first case (case (i) in 
Table 3), we can deduce that the bacterium E. 
coil in contact with water at pH 5.0 retains 
protons in an amount similar to that at which 
the P. putida at pH9.0 retains hydroxyl 
groups. As a result of this, we can assume that 
the retention mechanism of protons by E. coli 
and of hydroxyl groups by P. putida seems to 
be similar. Therefore the charge of the overall 
membrane will be positive for E. coli (at 
pH 5.0) and negative for P. putida (at pH 9.0). 
For the second case, Fig. 4 shows the variation 
of solution pH during the retention process for 
cadmium by the bacteria. Data in Table 3 (case 
(ii)) were derived from Fig. 4 for a time interval 
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Fig. 3. Adsorption isotherm of cadmium for P. putida (curve A) and E, coil (curve B). Data shown were obtained by 
measuring the amount of cadmium in the supernatant solution and represent the average of three experiments with a 
repeatability of 3.5%. 

of 20 min. The opposite trend in the variation 
of pH with both bacteria means that different 
types of ions are released from the bacterial 
membrane during the retention of cadmium. 
From Fig. 4 it is logical to think that hydroxyl 
groups should be released (directly or indirectly 
through the retention of protons) to the solu- 
tion from the E. coli wall (at the retention pH 
of 5.0), while protons seems to be the most 
plausible ions liberated (directly or indirectly 
through the retention of hydroxyls groups) 
from the P. putida membrane (at pH 9.0). For 
this second case, the variation of pH (ApH) for 
E. coli (ApH~r co,= 1.6) is larger than that 
obtained for P. putida (ApHe.pu,do = 1.1; (Fig. 
4); case (ii) in Table 3), while in the third case, 
the addition of cadmium to the bacterial sus- 
pension shows a smaller variation of pH of the 
medium (cases (iii) in Table 3). 

These differences suggest that the retention 
mechanism of cadmium ions differs for each 
bacterium, being also in agreement with the 
results obtained for the retention rates (Fig. 2). 
The pH variations suggest that a proton (or 
hydroxyl group)-cadmium interchange process 
can occur, but this mechanism must not neces- 
sarily be the only process present because an 
alternative explanation based on conforma- 
tional changes of the outer membrane compo- 
nents can also be assumed. In this case, any 
change in the structural conformation of the 
outer membrane components causes inner 
functional groups to be displayed to the 
aqueous environment, so retaining additional 
protons from solution. 

Changes in the structural conformation of 
the membrane are suggested because it is possi- 
ble to derive from Table 3 that the number of 
protons (or hydroxyl groups) liberated per cad- 
mium ion retained is very high. Differences in 
these values for both bacteria suggest that 
different conformational changes occur in both 
bacterial membranes at the appropriate pH. It 
is reasonable to think that bacterial membranes 
in contact with the solution display their nega- 
tive groups to the surrounding environment at 
low pH (5.0) and positive functional groups at 
basic pH (9.0). Cadmium ions would be bound 
to the negative charges of the membrane, 
changing their structural conformation in a 
different way depending on the solution pH. 

3.3. Determination of  Cd by slurry ETAAS 

The retention process was adapted to develop 
a procedure for the determination of cadmium 
by ETAAS. In this stage, those factors affecting 
the atomic absorption signal of cadmium were 
evaluated. These are the slurry characteristics 
(the washing acid concentration and slurry con- 
centration), interferences from other elements 
and some instrumental parameters. 

Slurry characteristics 
Although the Cd-biomass pellet is intro- 

duced into the graphite tube as a slurry, we 
have found better atomic absorption signals for 
cadmium when the Cd-biomass slurry is 
treated with nitric acid solution. Therefore we 
use different concentrations of nitric acid in 
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order to obtain the best atomic absorption 
signal. Different concentrations of  nitric acid 
could be used successfully (Fig. 5) at each 
retention pH, but the best results were ob- 
tained using a 3.5 M nitric acid solution at the 
selected retention pH. The 3.5 M nitric acid 
acts as a digestion agent, breaking or destroy- 
ing organic compounds of  the biomass, releas- 
ing in part the Cd ions under ultrasonic 
agitation. This total or partial release of  cad- 
mium from the biomass would also explain 
high cadmium values for the slurry in compari- 
son to the supernatant solution. However, an- 
other role can also be attributed to HNO3 in 
the slurry sample. Nitric acid acts also as a 
modifier because the sensitivity of  the determi- 
nation of  cadmium is higher when the slurry is 
prepared with 3.5 M nitric acid than with the 
water-prepared slurry. The nitric acid-prepared 
slurry shows a sensitivity 1.22 (PH) and 1.18 
(PA) times better for E. coli and 1.12 (PH) and 
1.07 (PA) times better for P. putida than the 
water-prepared slurry. These results suggest 
that the 3.5 M nitric acid favours mainly the 
atomization rate of the cadmium. This nitric 
acid concentration was used in all experiments, 
even when working with living cells. 

The washing time over intervals up to 38 h 
(using 4 ml of 3.5 M nitric acid every time) does 
not show a strong effect on the atomic absorp- 
tion signal of  cadmium (0 .1ngml  - I )  by 
ETAAS. Hence, a time interval of  20 rain was 
selected in all experiments. We have also ex- 
plored the possibility of  determining cadmium 
in either the biomass pellet by the slurry sam- 
pling or in the supernatant after separation by 
centrifugation. However, higher absorbances 
for cadmium were obtained using the slurry 
sampling, suggesting the participation of  the 
biomass on the atomization of  cadmium. It is 

Table 2 
Parameters of  the adsorption isotherms 

Parameter Bacteria 

E. coli P. putida 

possible that, like other elements, organic mat- 
ter acts as a chemical modifier. When cadmium 
was determined in the supernatant, a different 
behaviour for E. coli and for P. putida was 
noted, although results from the pellets were 
similar. Results from the analysis of  superna- 
tant show that for the P. putida, cadmium seems 
to be liberated for short time intervals, but it 
seems to be again retained for larger washing 
times. This can be due to the destruction (denat- 
uration) of  the macromolecular assembly of  the 
cell walls for long washing times, providing 
soluble organic molecules with a high complex- 
ation capacity for cadmium. The behaviour of  
E. coli seems to be a little more irregular. 

The retention of  cadmium can increase with 
bacterial mass. However, this behaviour might 
not necessarily be observed in the atomic ab- 
sorption signal of cadmium. This is because 
cadmium is introduced into the graphite tube 
as a slurry, and biomass affects the atomization 
path of  cadmium as was noted before, or it can 
even alter the sample introduction stage be- 
cause the concentration of cells in the slurry 
sample increases with the amount of  cells, 
making difficult the aspiration of the slurry by 
clogging the aspiration capillary. The cadmium 
absorbances increase gradually with the bacte- 
rial mass used in the retention process. This 
effect is mainly due to a clogging of  the aspira- 
tion capillary of the Fastac sample introduc- 
tion system, which occurs using amounts of  E. 
coli above 20 mg (Fig. 6). From this figure we 
can conclude that the bacterial mass favours 
the atomization of  cadmium. As a result of  
this, we can deduce that the maximum effective 
uptake capacity, defined as the amount of  cad- 
mium retained by a mass unit of the bacterial 
cells corresponding to the maximum atomic 
absorption signal of  cadmium when it is intro- 
duced as slurry, was about 0.1 ng of cadmium 
per milligram of  bacteria for both bacteria. As 
it is logical, this value represents an amount of  
cadmium a little lower than that derived from 
the Langmuir isotherm for the amount ad- 
sorbed at saturation (am) (Table 2). 

Freundlich's isotherm 
K v (ng g -  i) 101.95 108.09 
1/n 0.71 0.80 
Correlation coefficient 0.97769 0.98474 

Langmuir ' s  isotherm 
K L 678.68 737.22 
am ( m g g  - t )  5.7 x 10 -4  5.1 x 10 -4  
Correlation coefficient 0.98985 0.99712 

Effect of other elements 
Different elements could compete with cad- 

mium during the retention process at the wall 
sites, showing interference effects on the final 
stage of  the determination of cadmium by 
ETAAS. Thus, a ten-thousandfold concentra- 
tion (1 lag m1-1) of  the following ions: AGO), 
AI(III), Au(III), Be(II), Bi(III), Ca(II), Ce(IV), 
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Table 3 
Variation of pH (ApH = pHi,iti, I - pH~,al) during the retention process for a time interval of 20 min 

System E. coli P. putida 

pHi,itiat pHnnal ApH PHi,iti~l pH~,al ApH 

(i) H20 ~ Bacteria 5.10 6.50 - 1.40 9.00 7.56 1.44 
(ii) H20 + Cd a ,._ Bacteria 5.10 6.70 - 1.60 8.75 7.65 1.10 

(iii) H20  + Bacteria ,-- Cd a 5.05 5.14 -0 .09  9.03 8.76 0.27 
(iii) H20  + Bacteria,- Cd b 5.05 5.23 --0.18 9.02 8.85 0.17 

For cadmium solutions of concentration 1 ng m l -  ]. 
b For cadmium solutions of  concentration 50 ng m l -  ~ in the final volume. 

Co(II), Cr(VI), Cu(II), Fe(III), Hg(II), K(I), 
Mn(VII), Na(I), Nb(IV), Pd(II), Se(IV), Sr(II), 
Te(IV), Th(IV), Ti(III), TI(I), V(V), Zn(II) and 
Zr(IV) do not interfere (below 5%) in the cad- 
mium ETAAS determination using either E. 
coli or P. putida for preconcentration (Fig. 7). 
Only La(III) and Ni(II) using E. coli and 
Ni(II), and to a lesser extent, Mg(II), using P. 
putida increase the atomic absorption of cad- 
mium. However, increased interferences are ob- 
tained for Ni(II), Pd(II) and Zr(IV) using E. 
coli, and Ni(II), Co(II), Pd(II), Sr(II) and 
Zr(IV) using P. putida at higher concentra- 
tions (100 lag m -J) of these elements. 

The interference effects depend on the se- 
lected parameter (integrated absorbances or 
peak heights) used for the measurements, the 
bacterial cells, the concentration level of inter- 
feting elements and the counterion present. 
Therefore, using peak height measurements, 
interferences are qualitatively and quantita- 
tively different to those obtained using inte- 
grated absorbances for both bacteria. Thus, 
some elements (Cr) affect only the peak 
heights, but others (Co, Ni, Pd, Zr) affect both 
peak heights and integrated absorbances. This 
suggests that metal concomitants are retained 
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Fig. 4. Variation of  pH during the retention of  cadmium 
(lyophilized cells). These results were obtained on a contin- 
uous basis using potentiometrie measurements. 

together with cadmium and affect the atomiza- 
tion or the atomization rate of cadmium. In the 
same way, Ti and Cr, and, to a less extent Zr 
(at a 1 lag ml-J concentration) do not affect the 
integrated absorbances of cadmium but they 
increase the peak height of the atomic ab- 
sorbance of cadmium using E. coli. This 
reflects a positive contribution of these ele- 
ments upon the atomization rate of cadmium. 
This effect seems not to be dependent on the 
counterion because Cr was prepared in the 
absence of chlorides, while Ti was dissolved 
from titanium trichloride. However, using P. 
putida, this effect is mainly observed for Cr 
and Zr. This is probably due to the fact that 
the retention of Ti ions by the bacterium P. 
putida takes place to a lesser extent. 

Interferences from the same concomitant 
differs with the bacterial cell used (La, Mg, Ti), 
suggesting a different participation (as an or- 
ganic chemical modifier?) of the biomass in the 
atomization mechanism of cadmium or alter- 
natively a different behaviour during the reten- 
tion process. Interferences also vary with the 
concentration of the concomitant metals, and 
similar results to those obtained above were 
also found for both bacteria working at a 
higher concentration of the concomitant ele- 
ments (100 lag ml-J). A few elements interfere 
more at lower concentrations than at higher 
concentrations (La for E. coli and Mg for P. 
putida). This reflects either the existence of an 
antagonistic/synergistic effect with the reten- 
tion of cadmium, or the presence of concomi- 
tant metals in the graphite tube, modifying the 
atomization path of cadmium. 

The strongest interference effect arises from 
the presence of nickel at concentrations above 
100 ng ml-J. The interference of nickel shows a 
particular behaviour because its interference 
effect is only present when the original sample 
solution contains nickel as chloride but not as 
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nitrate. Using nickel chloride as interferent, the 
peak height of  the atomic absorption signal of  
cadmium grows with the NiCl 2 concentration 
in the original sample solution, but the inte- 
grated absorbance increases much more. The 
interference of  this element was studied to a 
greater extent, assuming that the enhanced in- 
terference effect can be explained on the basis 
of  the following factors: (i) a synergistic effect 
on the retention of  cadmium by the bacterial 
wall; (ii) a positive effect on the atomization of  
cadmium; or (iii) spectral interference. 

In order to understand the positive interfer- 
ence of  nickel, cadmium solutions without 
biomass were introduced into the graphite tube 
together with either nickel chloride or nickel 
nitrate, and solutions containing increased 
amounts of  these salts were vaporized sepa- 
rately. The following considerations can be 
outlined concerning the interference of  nickel: 
(i) the atomic absorption signal of  cadmium 
increases with concentration of  nickel chloride; 
(ii) no interference effect on the atomic absorp- 
tion signal of  cadmium in the presence of  in- 
creased concentrations of  the nickel nitrate 
exists; (iii) similar positve peaks to those re- 
ported in the presence of  cadmium were ob- 
tained with increasing concentrations of  the 
nickel chloride alone; (iv) a flat signal was 
obtained with increasing concentration of  the 
nickel nitrate alone; (v) positive interferences 
appear again if nickel nitrate solutions (alone 
or together with cadmium) are vaporized in the 
presence of  HCI. This indicates that the posi- 
tive influence of  nickel is due to the simulta- 
neous presence of  both the chloride and the 
concomitant metal. This also suggests that C l -  
ions are retained together with the Ni and Cd 
ions by the cells used as sorbents. This interfer- 
ence effect appears even when the meta l -  
biomass pellet is washed with nitric acid 
solution before introduction into the atomizer. 

We explored different ways of overcoming 
this interference by using palladium and mag- 
nesium salts as chemical modifiers, by employ- 
ing living cells as an extractant for cadmium, 
and by varying the temperature programme. 
The interference of  Ni (101agml -~) on the 
atomic absorption of  cadmium (26ngml  -~) 
was not completely overcome by adding Pd- 
based or Mg-based chemical modifiers at con- 
centrations between 20 and 1000 lag ml - t .  We 
also explored the possibility of  using living cells 
to separate cadmium from the nickel chloride 
solution. Therefore two sets of  experiments 

were developed using bacterial cells grown to- 
gether with, and in the absence of, cadmium 
with increasing concentrations of  nickel as the 
chloride or the nitrate. Stronger interferences 
were also obtained as the nickel chloride con- 
centrations increased. However, for nickel con- 
centrations of  100lagml -~ and above, the 
bacterial cells did not grow. The retention of 
the nickel and chloride ions by bacterial cells 
was clearly demonstrated, because these mi- 
croorganisms, cultured in the presence of  nickel 
chloride but without cadmium, also show a 
strong positive peak which increases as the 
nickel chloride concentration increases. A very 
small positive peak was also obtained when the 
cells were grown in a nickel nitrite solution, 
probably due to the presence in the culture 
medium of  small amounts of  chlorides. For  the 
third approach, however, the interference of  
nickel was avoided using a higher temperature 
programme (Table 1). There is a relationship 
between interference and temperature, suggest- 
ing that the interfering species were simple 
molecules, probably NiCl or NiC12 molecules. 
The production of  the nickel chloride 
molecules in the gas phase has been previously 
reported [38,39]. On the other hand, theoretical 
support for this assumption was also obtained 
[40]; it was shown [40] that the nickel chloride 
is stable in an argon atmosphere on the 
graphite surface to 630°C. 

o 

Fig. 5. Simultaneous effect of the retention pH and 
the washing nitric acid concentration (moll -~) on the 
atomic absorption signal of cadmium for E. coli 
(-- log [HNO3] = -0.86 (A); --0.56 (B); 0.0 (C); 1.0 (D); 
2.0 (E); 3.0 (F)). (integrated absorbances). Similar results 
were obtained for P. putida. The relative absorbance is the 
integrated absorbance multiplied by a factor of 1000. 
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Fig. 6. Effect of biomass on the atomic absorption signal 
of cadmium (curves A, B) without and (curves C, D) with 
the extraction stage (nitric acid treatment). A and C, 
Cd-E. coli slurry; B and D, Cd-P. putida slurry. 

In conclusion, the cause of  this interference 
would be spectral, where a strong absorption 
from nickel chloride exists. These nickel species 
would exhibit a strong molecular absorption at 
the cadmium wavelength during the low-cur- 
rent pulse of  the hollow cathode lamp used for 
the Smith-Heeft je  background correction sys- 
tem of  the spectrophotometer. However, the 
NiCI2 could also show a small positive contri- 
bution in the atomization of  cadmium owing to 
a partial hydrolysis of  the nickel chloride [37] 
during the pyrolysis stage, seemingly a nickel 
chemical modifier. As a general rule, main 
interferences resulted from those concomitants 
used as chlorides, except Sr(II) and Cr(VI) 
which were prepared from the nitrate and 
potassium dichromate, respectively. 

Effect o f  some instrumental parameters on the 
atomization o f  cadmium 

The effect of  some instrumental parameters 
(platform atomization, gas flow) upon the at- 
omization of cadmium were studied for both 
bacteria. 

Platform atomization 
The rectangular graphite tubes described in 

the experimental section can be used in a verti- 
cal or horizontal manner. The two modes of  

the platform atomization differ in the orienta- 
tion of  the platform relative to the sample 
introduction jet. In addition, different heating 
rates can be experienced by the platform for 
the two modes. The atomic absorption signals 
of  cadmium are very similar in each case, al- 
though showing some peculiarities (Fig. 8). Us- 
ing horizontal platform atomization, atomic 
absorption peaks of  cadmium appear at later 
times, showing also wider peaks. On the other 
hand, a second peak at the appearance time of 
0.2 s appears in the atomic absorption peak 
profile of cadmium for concentrations of  
l ng ml-m (vertical platform) and l0 ng ml -  
(horizontal platform) in the original aqueous 
solution. These results suggest that cadmium 
species are simultaneously vaporized from both 
the tube wall and the platform surface. Vapor- 
ization from the tube wall is more pronounced 
when using the platform in a vertical manner, 
probably due to the fact that the aerosol sam- 
ple introduced into a graphite tube is deposited 
to a large extent on the tube wall. This does 
not happen using aqueous solutions because 
the atomic absorption signal of  cadmium ap- 
pears earlier, overlapping the first peak. 

Gas ,flow 
The influence of  the purge gas flow during 

atomization was also studied using the E. coil 
slurry (Fig. 8) and the results can be summarized 
as follows. When the gas flow is "off"  (i) the 
appearance time of the cadmium atoms is always 
1 s; (ii) an increased peak width is obtained, (iii) 
the declining part of  the peak continues on for 
longer times; and (iv) the appearance of a second 
peak is observed at 0.2 s for 10 ng ml -  ~ Cd (in 
the original sample solution). When the gas flow 
is "on ' , "  (i) the appearance time of  the cadmium 
atoms is always 0.8 s; (ii) a smaller peak width 
is obtained; (iii) symmetrical peaks occur; and 
(iv) a smaller integrated absorbance is seen (Fig. 
8B). From these results we can conclude that the 
presence of  the purge gas flow during the atom- 
ization stage contributes to the desorption of  
cadmium species from the graphite surface as 
well as to the expulsion of cadmium atoms 
outside the tube. Cadmium is also vaporized as 
free atoms at low temperatures. Interactions 
between cadmium and graphite occur more 
strongly and the sensitivity is increased if the gas 
flow is "off''. The results obtained from aqueous 
solutions show only one peak in the ab- 
sorbance-t ime profile of  cadmium at 0.2 s, and 
the sensitivity is a little lower than that obtained 
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Fig. 7. Interferences of different elements (I lag ml-~) on the retention/determination of 0.1 ng ml-~ Cd in the original 
sample for (a) E. t.oli and (b) P. putida. 

from slurry atomization. This suggests that 
bacterial cells delay, simultaneously favouring, 
the atomization process of  cadmium. 

Figures o f  merit 
The analytical characteristics (Table 4) show 

both that these bacterial cells were effective at 
preconcentrating small amounts  of  cadmium 

and that it is possible to determine cadmium by 
slurry ETAAS in the presence of  an organic 
matrix. Beneficial effects were derived by using 
bacterial cells not only in the extraction step 
but also in the atomization process, because 
the introduction of  cadmium together with the 
biomass into the graphite tube favours its at- 
omization. 
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Fig. 8. Atomic absorption peak profile of  cadmium 
(0.625 ng) for (A) vertical and (B) horizontal platform 
atomization. (A) curve a, E. coli; curve b, P. putida; curve 
c, aqueous solution. (B) curve a, E. coli; curve b, P. putida; 
curve c, the same as for curve a but with the gas flow "on" .  
The gas flow was "off" always except in B, curve c. 

The blank level of cadmium from the 
biomass against water was 0.005 AU and it was 
compensated for in the determination of the 
samples by setting the "zero" of the instrument 
for a biomasss slurry without cadmium. Cali- 
bration graphs were constructed by treating 
cadmium standards in the same way as the 
sample according to the procedures described 
in the experimental section. The sensitivity rep- 
resents the slope of the analytical calibration 
graph of absorbance versus concentration 
(ng ml-1) obtained by linear regression. Limits 
of detection found in this paper (Table 4) are 
similar to (0.05 ng ml- ~ [27], 0.06 ng ml- ~ [33]) 
or even better than (0.2ngml -I [21], 0.4rig 
ml -~ [34], 0 .6ngml- '  [41]) those reported in 
other work for different extractants. 

The preconcentration factor was defined as 
the ratio between the volume of the initial 
sample and the final volume obtained after the 
extraction step. As the first aim of this paper 
was not to find a high preconcentration factor, 
a comparison with the very high concentration 
factors found in other work [33,42] using im- 
mobilized resins is unreliable. The AAS signal 
obtained on the direct injection of an aqueous 
cadmium solution compared with the obtained 
on the injection of a cadmium-pellet slurry of 
the same cadmium concentration (1 ngml -~) 
was termed the atomization factor. The atom- 
ization factor is the result of the simultaneous 
positive contribution of HNO 3 and the biomass 
to the atomization of cadmium. As the positive 
contribution factor ora) of HNO 3 was derived 
previously (see the section on slurry character- 
istics (3.3)) from the values of the atomization 
factors (FA) shown in Table 4, we can derive 
the positive contribution factor of the biomass 
Orb), because F A =fD'b. From the results found 
forfb, 1.81 (PA) and 2.38 (PH) for E. coli and 
2.52 (PA) and 1.43 (PH) for P. putida, we can 
conclude that the biomass shows a positive 
effect larger than does the nitric acid. The 
enhancement factor of Table 4 was derived by 
comparing the AAS signal obtained on direct 
injection with that obtained after preconcentra- 
tion and treatment with the appropriate vol- 
ume and concentration of the nitric acid 
solution. The enhancement factors obtained 
were good for both bacteria. 

The repeatability varies from 2.45 to 4.50% 
for cadmium concentrations between 0.5 and 
12.5ngml -~, but the best relative standard 

Table 4 
Figures of merit 

Parameter Aqueous 
solution, PA(PH) 

Lyophilized bacteria Living cells 

15. coli, PA(PH) P. putida, PA(PH) E. coil (P. putida), PA j 

Linear range b (ngml - I )  0.3-25(0.2-10.0) 0.1-5.0(0.1-4.0) 0.1-12.0(0.1-10.0) 0.1-25 
Sensitivity (ng ml-~) 0.16(0.09) 0.07(0.03) 0.09(0.05) 0.31(0.22) 
Limit of  detection ¢ (rig m l -  )) 0.20(0.10) 0.05(0.04) 0.08(0.05) 0.1 
Characteristic mass (pg) 1.57(0.94) 0.73(0.30) 0.88(0.55) 3.14(2.2) 
Preconcentration factor 1 6.25 6.25 25 
Atomization factor 1 2.14(2.9) 2.7(1.6) 0.28 a(0.2) d 
Enhancement factor 1 13.4(18.1) 16.9(10) 7.0(5.0) 
RSD c) l n~ mr- ,)(%) - 2.45 2.74 7.25(7.56) 

Similar results were obtained from peak height measurements. 
b The optimum linear range was established over which the measured and predicted absorbances differed by less than 5%. 
c Three values of  nine consecutive measurements of  the signal from a blank. 
d These values have been obtained against the absorbance of  an aqueous solution. 
c Relative standard deviation (n = 9). 
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Table 5 : e , 
Accuracy of the developed method using lyophilized bacteria (n = 3) 

1743 

NIST sample Cd certified" Cd found" 
(I.tg g - I  ) (llgg -I  ) 

E. coli P. putida 

Bovine liver SRM 1577b 0.500 + 0.003 0.497 5:0.003 0.502 4- 0.005 
Wheat flour SRM 1567a 0.026 5:0.002 0.027 + 0.002 0.028 5:0.002 
Rice flour SRM 1568a 0.022 _+ 0.002 0.021 _ 0.002 0.023 5:0.002 
Coal fly ash SRM 1633a 1.00 5:0.15 0.988 5:0.030 1.005 5:0.033 

The errors represent two standard deviations. 

deviation was obtained for a cadmium concen- 
tration of 1 ng ml-~ for both bacteria (Table 
4). The accuracy of this procedure was tested 
by replicate determinations of cadmium in 
different standard samples, and the measured 
cadmium concentrations compared well with 
the certified values (Table 5). The blank levels 
of the NIST standard reference samples were 
estimated by parallel experiments applying the 
same separation procedure to 100 ml of Milli-Q 
water with the same amount of cadmium. 
These values represent 0.005 AU for the diges- 
tion procedure for the biological samples and 
0.010 AU for the digestion procedure for the 
coal fly ash sample. 

4. Conclusions 

From this study we can conclude that the 
bacteria E. coli and P. putida show similar 
analytical possibilities when they are used to 
separate and preconcentrate cadmium from 
complex biological and environmental samples. 
The retention process for both bacteria shows 
higher efficiency over a wide pH interval, and 
the procedure for the retention/determination 
of cadmium exhibits good analytical sensitivity 
and excellent specificity. 
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Abstract 

A preparative supercritical fluid extraction system is described and was used with supercritical carbon 
dioxide to extract the active insecticide components pyrethrin I (PI) and pyrethrin II (PII) successfully from 
pyrethrum flower. A high-performance liquid chromatography method was developed and was used to 
separate and analyze the supercritical carbon dioxide extracts. Extraction efficiencies under several different 
extraction conditions were examined. Under the conditions examined, the most effective extractions of PI 
and PII (140 + 18 mg and 55 + 9 mg per 100 g of dry pyrethrum flower powder) were performed at 40"C and 
1200 psi. The results showed that extraction efficiencies of supercritical carbon dioxide are much better than 
those of n-hexane for pyrethrins I and II. During the extraction process, the most efficient extraction period 
was the first 3 h of the experiment. 

Keywords: High-performance liquid chromatography; Insecticides; Preparative supercritical fluid extraction; 
Pyrethrin I; Pyrethrin II; Pyrethrum flower 

1. Introduction 

Natural pyrethrum insecticides that contain 
six similar pyrethrins have been prepared from 
the organic solvent extracts of  pyrethrum flow- 
ers [1,2]. Pyrethrins have been used for the 
control of  insects on animals in the house and 
on plants in agriculture for many years [3,4]. 
They possess exceptionally high selectivity ra- 
tios (mammalian oral LD50/insect topical 
LD5o) compared to other classes of  insecticides. 
Selectivity ratios for pyrethrins are generally 
greater than 1000, whereas those for members 
of  other insecticide classes, e.g. organochlo- 
rines, organophosphorus, and carbamate, are 
typically less than 100 [5,6]. Therefore, the use 
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of  natural pyrethrum insecticides has increased 
tremendously [7]. In recent years, since people 
are now more concerned about environmental 
contamination and vertebrate toxicity, scien- 
tists are searching for new extraction tech- 
niques for pyrethrins to replace conventional 
solvent extraction. 

Supercritical fluid extraction (SFE) has 
proved to be an effective technique for the 
extraction of  flavors and active ingredients 
from plant materials [8-10], polyaromatic hy- 
drocarbons from contaminated soil [11,12], and 
pyrethrins from pyrethrum flowers [13]. Super- 
critical carbon dioxide has been used as pri- 
mary solvent for SFE, because it has no 
toxicity and a relative low critical temperature 
(31°C) and pressure (1070psi). Supercritical 
carbon dioxide is an excellent solvent for non- 
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Fig. 1. The configuration of the SFE system used in this study. 
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polar organics because its solvating power and 
polarity can be controlled and adjusted by 
changing the temperature and pressure and by 
adding organic modifiers [14,15]. 

Dried pyrethrum flowers contain about 1- 
2% of natural pyrethrins by weight. Natural 
pyrethrins include pyrethrin I (PI), pyrethrin II 
(PII), jasmolin I (JI), jasmolin II (JII), cinerin I 
(CI), and cinerin II (CII) [12]. Among these six 
active ingredients, PI and PII are the major 
components and PI is the most potent one 
[7,16]. Therefore, the purpose of this investiga- 
tion was to examine the usefulness of SFE for 
the extraction of PI and PII from pyrethrum 
flower powder; moreover, for comparison pur- 
poses, organic solvent extraction was per- 
formed and evaluated. In addition, an HPLC 
method was developed to determine the 
amount of PI and PII in the exctracts. 

2. Experimental 

2. I. Reagents 

Carbon dioxide was purchased from Chin- 
Fong Hong (99.999%; Taipei, Taiwan, ROC). 
Dry pyrethrum flower was purchased from 
S.A. Pyrethrum Company, Ltd. (Landsberg, 
South Africa). HPLC-grade n-hexane was ob- 
tained from J.T. Baker Inc. (New Jersey, 
USA). Deionized water was collected from a 

Milli-Q water purification system (Millipore 
Corp., Massachusetts, USA). HPLC-grade an- 
hydrous dichloromethane was purchased from 
Mallinckrodt Chrom AR (Germany). Satu- 
rated dichloromethane was prepared by shak- 
ing dichloromethane with Milli-Q water (80:20, 
v/v) for 15 min, letting the mixture stand for 
10 min, and then discarding the aqueous por- 
tion. Pyrethrin standard was obtained from 
Riedel-deHa~n AG (Germany). The composi- 
tion of this standard is 26.8% of PI, 19.9% of 
PII, 1.4% of JI, 1.1% of JII, and a trace 
amount of CII. The standard (250mg) was 
dissolved in 50 ml of n-hexane then dispensed 
into five 10 ml light-shield bottles and stored in 
a refrigerator. 

2.2. Supercritical fluid extraction 

A supercritical extraction system with a 1 1 
extraction vessel was self-assembled as shown 
in Fig. 1. A CO2 purifier from J&W (model 
300 -  1, California, USA) was used. A dual 
piston pump was used to increase the pressure 
in the system (LCD Corp., model 2396-89, 
Florida, USA), a I 1 extraction vessel was pur- 
chased from Zaar Tech. Inc. (Chicago, IL, 
USA), and a water bath was used to maintain 
the extraction temperature. A strainless steel 
in-line filter (part no. 2F-F4L, Parker-Hannifin 
Corp., Alabama, USA) was used to prevent 
clogging of the restrictor. A needle valve 
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Fig. 2. Schematic of the semi-closed solvent delivery system and HPLC apparatus used in this study. 

(Micrometering valve, part no. 30048-12, Auto- 
clave Engineering Corp., Pennsylvania, USA) 
wrapped with a heating tape was used as a 
restrictor. 

It has been demonstrated that the thermo- 
labile PI and PII could be extracted without 
decomposition in the temperature range from 20 
to 40°C [9]. Since the critical temperature of 
CO2 is 310C, the extraction temperature was 
fixed at 40°C in order to prevent PI and PII 
decomposition and to keep CO2 in the supercrit- 
ical phase. Four different extraction pressures 
were used: 1200, 2000, 2800 and 3600 psi. Each 
pressure was repeated at least three times. The 
outlet flow rate of atmospheric CO 2 during 
extraction was set at 3 1 min- :. About 200 g of 
dry ground pyrethrum flower powder were used 
in each SFE extraction. The extraction outlet 
was inserted into a flask containing 100 ml of 
n-hexane for trapping the crude extracted mate- 
rials. Since some n-hexane evaporates during 
the collection period, additional n-hexane was 
added to maintain an adequate amount of the 
trapping solvent. After each extraction, n-hex- 
ane was added to the extraction flask to a total 
of 100 ml. 

2.3. Organic solvent extraction 

A 50 g portion of dry ground pyrethrum 
flower powder and 200 ml of n-hexane were 
placed in a flask wrapped with aluminum foil. 
After 5 h of continuous stirring at room temper- 
ature with a magnetic stirrer, the flask was 
refrigerated overnight, and the solution was 
then filtered. The filtered solution was stored in 
a light-shield bottle which was kept in a refrig- 
erator. A 50 lal portion of the n-hexane extract 
was injected for HPLC analysis. All the above 

procedures were repeated three times on differ- 
ent days. 

2.4. Chromatographic analysis 

A Dionex 4000i chromatography system with 
a UV detector (California, USA) was used for 
HPLC analysis. The analytical separation was 
achieved on a 300mm x 3.9mm i.d. la- 
Porasil column (Waters Association, Massachu- 
setts, USA) with a mixture of 40% water-satu- 
rated dichloromethane and 60% anhydrous 
dichloromethane (v/v) as mobile phase. A Spec- 
tra-Physics (model 4400) data jet integrator 
(California, USA) was used for data acquisition 
and recording. The HPLC flow rate was 
0.8 ml min- ~. A 2 ml portion of the SFE extract 
was combined with n-hexane to give a 100 ml 
solution, and 50 p.l aliquots were then injected 
into the HPLC system for quantitative analysis. 

A semi-closed solvent delivery system (shown 
in Fig. 2) was used to minimize the evaporation 
of the mobile phase during analysis. This system 
consisted of three identical solvent reservoirs 
placed in series, with only the reservoir furthest 
from the pump vented to the air, while the 
others were totally closed. Details of the chro- 
matography data will be discussed in the follow- 
ing section. 

3. Results and discussion 

The relatively long analysis time required by 
published HPLC methods for the analysis of 
pyrethrins makes them less desirable [17,18]. We 
developed a rapid and reliable method. An 
evaluation of the effect of different mobile phase 
compositions on the retention times of PI and 
PII is summarized in Table 1. Results 
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Table 1 
Retention times of PI and PII for different mobile phase 
compositions 

Water-saturated Anhydrous Retention time 
(min) 

dichloromethane dichloromethane 
(%, v/v) (%, v/v) Pi PII 

0 100 53.66 71.50 
25 75 15.18 78.08 
40 60 9.00 16.64 
50 50 7.08 10.3 
75 25 6.09 9.41 

show that the retention times of PI and PII 
decreased as the amount of water-saturated 
dichloromethane increased. Adequate separa- 
tion of each component was achieved by using 
a mixture of 40% water-saturated dichloro- 
methane and 60% anhydrous dichloromethane 
(v/v) as mobile phase. The chromatogram is 
shown in Fig. 3, and the retention times of PI 
and PII with this mobile phase composition 
were approximately 9.0min and 16.5 min, re- 
spectively. Furthermore, good linearity ranges 
were observed from 0.7 to 214mgL -~ for PI 
(r2=0.999) and from 0.9 to 151mgL -~ for 
PII (r2= 0.999), respectively. 

The total amounts of PI and PII extracted at 
various pressures by SFE are shown in Fig. 4. 
The extracted amount described in this figure 
has been normalized to 100 g of dry pyrethrum 
flower powder. At 40°C, the best extraction 
efficiencies for PI and PII were observed at 
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a 6 8 10 12 14 ~6 18 20 
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Fig. 3. Chromatogram of a standard. (Mobile phase flow 
rate; 0.8 ml rain- ' ;  injection volume 50 lfl. The UV detec- 
tor was set at 254nm.) PI is pyrethrin l and Pll is 
pyrethrin II. 
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Fig. 4. Effect of SFE extraction pressure on the total yields 
of PI and Pil. The values are the mean + the standard 
error of the mean (SEM). The asterisk denotes milligrams 
of extract per 100 g of dry pyrethrum flower powder. 

1200 psi (140 + 18 mg and 55 + 9 mg per 100 g 
of sample). This might be attributed to a low 
density and a high diffusivity of supercritical 
carbon dioxide at low pressure. As the extrac- 
tion pressure increases from 1200 to 2000 psi, 
the density of supercritical carbon dioxide in- 
creases from 0.337 to 0.768 g ml -~. As a result, 
the SFE extraction efficiencies for PI and PII 
decrease significantly. However, there is much 
less change in the extraction efficiency when the 
pressure is increased from 2000 to 3600 psi 
since the density of supercritical carbon dioxide 
increase to a lesser extent (0.768-0.885 g ml- ' )  
from 2000 to 3600 psi. 

For comparison purposes, n-hexane extrac- 
tion was performed and the total amounts of 
PI and PII extracted were 70___8mg and 
39 ___ 7 mg per 100 g of pyrethrum flower pow- 
der, respectively. This study demonstrated that 
SFE has a much better extraction efficiency 
than of n-hexane extraction, with 100%o and 
41% enhancement for PI and PII, respectively. 

Fig. 5 shows SFE extraction kinetics of PI 
and PII from pyrethrum flower powder sam- 
ples at 40°C and 1200 psi. The results indicate 
that the extraction of PI and PII from 
pyrethrum flower powder is most effective dur- 
ing the first 3 h; the extraction rate decreased 
significantly after 3 h. 

4. Conclusion 

Supercritical carbon dioxide extraction has 
been shown to be an effective technique for the 
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Fig. 5. Detection of the total yield of Pl and PII in the 
SFE collector vs. extraction time. Values are the 
mean + SEM. The asterisk denotes milligrams of extract 
per 100 g of dry pyrethrum flower powder. 

ex t rac t ion  o f  pyre th r ins  f rom p y r e t h r u m  flower 
powder .  F o r  the t empe ra tu r e  and  pressure  
range examined ,  the mos t  effective ex t rac t ion  
cond i t ions  are  40°C and  1200 psi. C o m p a r e d  
with the n -hexane  ex t rac t ion  me thod ,  there  is 
significant enhancemen t  in ex t rac t ion  
efficiencies for  PI  and  P I I  by using SFE.  

A n  H P L C  m e t h o d  was deve loped  and  has  
been used successfully to  separa te  the extracts .  
A semi-closed solvent  del ivery system was used 
to  e l imina te  the  mobi le  phase  e v a p o r a t i o n  
p rob lem.  A d e q u a t e  sepa ra t ion  o f  each 
c o m p o n e n t  was achieved by  us ing a mix ture  o f  
40% wa te r - sa tu ra t ed  d i c h l o r o m e t h a n e  and  60% 
a n h y d r o u s  d i c h l o r o m e t h a n e  (v/v) as mobi le  
phase.  In  add i t ion ,  excellent  l inear i ty  ranges  
for  PI and  PII  were achieved.  

W e  are  cur ren t ly  s tudying  the effectiveness o f  
S F E  extracts  as insecticides.  The  init ial  test  

d a t a  indicate  tha t  the  ext rac t  ob t a ined  by the 
S F E  m e t h o d  is as effective as tha t  ob ta ined  
using the n -hexane  ex t rac t ion  me thod .  
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Abstract 

A flow-injection system with a co-immobilized malate dehydrogenase/reduced nicotineamide adenine 
dinucleotide (NADH) oxidase reactor and a chemiluminometer is described for the determination of free 
L-malate in wine. Malate dehydrogenase and NADH oxidase were co-immobilized on poly(vinyl alcohol) 
beads and packed into a stainless-steel column (5 cmx  4 mm i.d.). The hydrogen peroxide produced was 
detected chemiluminometrically via a luminol-hexacyanoferrate(III) reaction. The calibration graph was 
linear from 3 x 10 - 7  M to 2.5 x l0 -4 M (the linear correlation coefficient was 0.9998); the detection limit 
(signal-to-noise ratio, 3) was 8 x l0 -s  M. The sample throughput was 30 h- t  without carryover. The reactor 
was renewed every 2 weeks. 

Keywords: Chemiluminescence; Flow injection; Co-immobilized enzyme reactor; Malic acid; Wine 

1. Introduction 

L-Malic acid affects the sensory characteris- 
tics of  wines and its content is associated with 
microbial changes during aging and handling. 

Enzymatic flow-injection (FI) methods for 
the specific determination of  L-malate in wine 
have been developed using L-malate dehydroge- 
nase (EC 1.1.1.37; M D H )  [1-6]. Since the equi- 
librium constant [7] for the reaction catalyzed 
by M D H  [L-malate + nicotineamide adenine 
dinucleotide (NAD +) = oxaloacetate + reduced 
nicotineamide adenine dinucleotide (NADH)  + 
H +] is 6 x 10 -~3, hydrazine is added to the 
carrier at a relatively high concentration to shift 
the reaction equilibrium toward oxaloacetate 
production through hydrazone formation [4]. 
However, hydrazine, which is carcinogenic [8], 

* Corresponding author. Fax: (81) 552-20-8568. 
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is not suitable for use in routine assays. AI- 
muiabed et al. [6] developed a hydrazine-inde- 
pendent assay for malate, in which a higher pH 
( l l .0)  and a higher concentration of  N A D  + 
(3.6 mM) are used to shift the enzymatic reac- 
tion in the direction of oxaloacetate. The 
method is unsuitable for use in routine analysis 
because controlled-pore glass, which was used 
as a support  for the covalent at tachment of  
MDH,  is unstable in alkaline solution [9]. As- 
partate aminotransferase (EC 2.6.1.1; AAT) 
[10] and oxaloacetate decarboxylase (EC 
4.1.1.3; OXD) [l l]  were used as trapping en- 
zymes to shift the equilibrium of the M D H  
reaction in the direction of  oxaloacetate. 

In this work, N A D H  oxidase (NAOD) was 
used as a trapping enzyme, which catalyzes the 
oxidation of  N A D H  with the production of  
hydrogen peroxide in the presence of molecular 
oxygen as an electron acceptor ( N A D H  + 02 + 

reserved 
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H ÷ = N A D  ÷ --I-H202]. The NAOD was co- 
immobilized with MDH onto poly(vinyl 
alcohol) beads. The NADH produced by the 
MDH reaction is removed by the NAOD reac- 
tion with concomitant formation of  hydrogen 
peroxide. 

FI systems with immobilized oxidase reac- 
tors and the chemiluminometric detection of  
H20:  with luminol were used for rapid and 
sensitive determination of  the substrates [12- 
15]. Unfortunately, the high pH (pH 10-11) 
required for efficient light production is not 
compatible with most oxidase reactions. A 
problem with such enzyme-coupled chemilumi- 
nometric FI systems is that a two-storage 
buffer sequence must be employed. A simple 
chemiluminometric FI system for the determi- 
nation of substrates for dehydrogenases can be 
achieved by coupling a co-immobilized dehy- 
drogenase/NAOD reactor with luminol chemi- 
luminescent detection of H202. 

In the present investigation we have devel- 
oped a FI system for the chemiluminometric 
determination of  L-malate with a co-immobi- 
lized M D H / N A O D  reactor, in which enzy- 
matic reactions and the luminol reaction were 
performed in the same buffer system (0.3 M 
carbonate buffer (pH 10.0)); in this system the 
pH mismatch problem previously encountered 
in coupled enzymatic luminol chemiluminomet- 
ric detection systems can be eliminated. The 
method was adapted to the assay of  wines. 

2. Experimental 

2. I. Chemicals and reagents 

MDH (from Thermus sp., type III, 
120 U mg -~) and NAOD (EC number not as- 
signed, from Bacillus megaterium, 50 U mg -~) 
were obtained from the Amano Pharmaceutical 
Co. (Nagoya) and Asahi Kasei (Tokyo), re- 
spectively. The activity for MDH was evalu- 
ated from the increase in absorbance at 340 nm 
with k-malic acid and NAD ÷ at pH 9.0 at 
40"C. For  NAOD it was estimated from the 
decrease in absorbance at 340 nm with NADH 
as substrate at pH 9.0 at 40°C. NAD ÷ (free 
acid; 96%) and N A D H  (98%) were from Kho- 
jin (Tokyo). Poly(vinyl alcohol) beads (GS-520, 
131am) and nylon beads (A-1030, 100-150 
mesh) were purchased from Showa Denko 
(Tokyo) and Unitika (Osaka), respectively. The 
purity of  L-malic acid, which was obtained 

from Sigma, was tested by the enzymatic 
method [16]. All other chemicals were of  ana- 
lytical-reagent grade. 

A carbonate buffer (pH 10.0) consisting of 
0.3 M sodium carbonate-0.3 M sodium hydro- 
gen carbonate was used. A potassium hexa- 
cyanoferrate stock solution (150mM) was 
prepared and diluted fivefold with water before 
use. NAD ÷ solution (1.5mM N A D  ÷ in 
0.01 M phosphate buffer (pH 7.0)) was pre- 
pared daily. Luminol solution (3.0 mM luminol 
in 0.3 M carbonate buffer (pH 10.0)) was pre- 
pared and stored for 3 days in a refrigerator 
before use [12,17]. By means of  the incubation, 
the background chemiluminescence emitted on 
admixing with the luminol solution and potas- 
sium hexacyanoferrate solution reduced to 
about one-half of  its initial value, for unknown 
reasons. 

Nylon be/lds were packed into a stainless- 
steel column (2cm x 4 m m  i.d.) having a 
needle for injection, with use of  the dry-pack- 
ing method (nylon cartridge). The cartridge 
was used for filtration and removal of polyphe- 
nols and dyes. 

2.2. Preparation of the co-hnmobilized enzyme 
reactor 

MD H  and NAOD were immobilized simul- 
taneously onto the poly(vinyl alcohol) beads. 
The beads were aminated with epichlorohy- 
drine and ammonia water; the procedure was 
similar to that described previously [18]. The 
aminated beads were packed into a stainless- 
steel column (5 cm × 4 mm i.d.) and activated 
with 2.5% glutaraldehyde in 0.1 M phosphate 
buffer (pH 7.0). Enzyme solution (5 mg MD H  
(600 U) and 5 mg NAOD (250 U) in 10 ml of  
0.1 M phosphate buffer (pH 7.0)) was circu- 
lated through the column for 6 h at a flow rate 
of  0.2 ml min -  ~. The time course of  the immo- 
bilization process for NAOD was monitored 
by use of a spectrophotometer (Jasco Uvidec- 
100-VI) equipped with a flow-through cell at 
380 nm. The NAOD was immobilized with a 
82% yield. The reactor was washed with the 
NAD solution and stored in a refrigerator 
when not in use. 

2.3. F1 system and procedure 

A schematic diagram of  the system is shown 
in Fig. 1 The system consisted of  four piston 
pumps (Hitachi L-6000), an injection valve 
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(Sanuki SVI-6M2) equipped with a 50 I~1 loop, 
a reactor, a luminometer (Soma S-3400) with a 
flow-through cell (100 ~tl) connected to a signal 
cleaner (SIC SC77) and a recorder (TOA FBR- 
251A). The reactor was maintained at 40°C. 

Wine (about 3 ml) was placed in a glass 
syringe. A nylon cartridge was fitted at the tip 
of  the syringe, and the first 1 ml was discarded, 
after which 500 lal of  filtrate were diluted two- 
hundredfold with water. An aliquot (50 pl) was 
injected into a carrier stream. The cartridge 
was renewed for each sample. 

The results obtained by the present method 
were compared with those obtained by use of  
an F-kit (Boehringer Mannheim) with soluble 
M DH and AAT. 

WB 

I w 

~ l  s E ................... 

Fig. 2. Flow-injection manifold for the enzyme activity 
measurements. A, NAD + solution (0.3 ml min-=); B, car- 
bonate buffer (0.3 ml min-J); C, 30raM potassium hexa- 
cyanoferrate solution (0.3 ml min-~); D, 1.5 mM luminol 
in 0.3 M carbonate buffer (pH 10.0) (0.3 ml min-~); PI, P2, 
P3 and P4 pumps; S, injector with a 50pl loop; ER, 
co-immobilized enzyme reactor; WB, water bath; MC, 
mixing coil; G, luminometer with flow-through cell 
(100 lal); SC, signal cleaner; R, recorder; W, waste. 

3. Results and discussion 

3.1. Properties of  co-immobilized 
MDH/NA OD 

In order to determine the optimum operating 
parameters for chemiluminometric FI determi- 
nation of  L-malate using a co-immobilized 
M D H / N A O D  reactor, the system shown in 
Fig. 2 was used and a series of  investigations 
was first conducted in order to determine the 
influence of  pH, temperature and NAD +. 

The effect of  pH on the activity of  the reac- 
tor was studied in the pH range 9.0-10.5 by 
injecting l0 laM L-malate (50 ~tl). The optimum 

WB SC 

~ w 

Fig. I. Schematic diagram of chemiluminometric flow-in- 
jection system for the determination of L-malate with a 
co-immobilized malate dehydrogenase/NADH oxidase re- 
actor. A, H20 (0.3mlmin-J); B, 1.5mM NAD + in 
0.01 M phosphate buffer (pH 7.0) (0.3mlmin-~); C, 
3.0mM luminol in 0.3M carbonate buffer (pH 10) 
(0.3 ml min-  ~); D, 30 mM potassium hexacyanoferrate so- 
lution (0.3 ml min-=); P~, P2, P3 and P4, pumps; S, injector 
with a 50 lal loop; ER, co-immobilized enzyme reactor 
(5 em x 4 mm i.d.); WB, water bath thermostatted at 40"C; 
MC, mixing coil (100em x 0.5ram i.d.); G, luminometer 
with a flow-through cell (100 pl); SC, signal cleaner; R, 
recorder; W, waste. All connecting tubing (0.5 mm i.d.) 
was of Teflon. 

pH for the reactor was about 10.0, as shown as 
Fig. 3. The activity of  the reactor at different 
temperatures was examined over the range 4 0 -  
50°C. The reactor exhibited maximum activity 
at 50°C, as shown in Fig. 3. The water bath 
was thermostated at 40"C to prolong the life- 
time of  the reactor. The effect of  NAD + con- 
centration on peak height was examined over 
the range 0 .2-6  mM at an L-malate concentra- 
tion of  500 ~tM. The optimum NAD + concen- 
tration was about 1.0mM; for the M D H  
reaction lower NAD ÷ concentrations are unde- 
sirable for the formation of  NADH,  and at 
higher concentrations the equilibrium of  the 
reaction is shifted to the right. However, for 
the NAOD reaction, higher NAD + concentra- 
tions are undesirable for the production of  

Temperature, "C 
40 45 50 55 

"i 90 
80 

70 

609 . . . .  9 5 10 0 10 5 
DH 

Fig. 3. Effects of pH and temperature on the response. C), 
Effect of pH on the enzyme reactions; 0 ,  effect of temper- 
ature on the enzyme reactions. The FI system shown in 
Fig. 2 was used. The concentrations of N A D  +, luminol 
and potassium hexacyanoferrate were ! raM, 1.5 mM and 
30 raM, respectively. All  values were within 0.6% of the 
relative standard deviation (n = 6). 
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H202. A NAD ÷ solution of  1.5 mM was used 
in this system; as shown in Fig, 1, since the 
solution is diluted threefold with the luminol 
solution and carrier stream, the NAD ÷ con- 
centration in the reactor is 0.5 mM. 

The influence of luminol concentration on 
the peak height was studied from 0.3 to 
12 mM, using the system shown in Fig. 1. The 
reactor exhibited a maximum response at 
9 mM, but the inactivation of  the reactor com- 
menced at above 4.5 mM. The response for 
H202 increased linearly with increase in lumi- 
nol concentration when the reactor was omit- 
ted. A luminol solution of  3 mM was used in 
this system; the luminol concentration in the 
reactor is 1 mM. 

The operational stability of  the reactor was 
evaluated over a period of  6 weeks. The reactor 
was used for 4 h per day (120 injections of  
300 laM L-malate solution containing 15 mM 
ethanol) and then washed with the NAD ÷ 
solution and stored in a refrigerator when not 
in use. The activity decreased slowly to 82% of  
the initial value after 6 weeks (5000 injections). 
When the daily washing procedure was elimi- 
nated, the activity decreased rapidly to 32% of  
the initial value after 5 days. 

The chemiluminescence intensity-time varia- 
tion was measured by changing the flow rates 
of  the reactor eluent and the potassium hexa- 
cyanoferrate solution, using the smaples con- 
taining only H202. During the experiments the 
flow rate ratio of  the eluent and the solution 
was kept at 3:1. Maximum response was ob- 
tained about 10 s after the mixing of  the solu- 
tions. The peak height was measured by 
changing the flow rates of  the NAD ÷ solution, 
the luminol solution and the carrier stream, 
keeping the flow rate ratio of  the solutions at 
1.0. The peak height decreased linearly from 
0.3 to 1.2 ml min-  ~ for the total flow rate. The 
peak height at 0 .3mlmin  - t  was about 1.6 
times that at 1.2 ml min -1 and the half peak 
width for the former was 1.9 times that of  the 
latter. A total flow rate of  0 .9mlmin  -I  
(0.3 ml min-  i each) was selected, as a compro- 
mise between sensitivity (peak height) and 
sample throughput; at this flow rate, the 
sample throughput was 30 h - t .  On the basis 
of  these results, the flow rate of  the potassium 
hexacyanoferrate solution selected was 0.3 ml 
min- l ;  since the total flow rate was 1.2ml 
min- I  at the flow through cell, a mixing coil 

of  100 cm x 0.5 mm i.d. was used. 

The influence of  reducing substances on the 
peak height for malate (50 laM) was measured 
over the range 5-50~tM. The presence of  
equimolar amounts of  sodium ascorbate and 
sodium sulfite depressed the peak height to 
97% and 96%, respectively. Under the same 
conditions, the peak height did not change with 
the presence of l mM concentrations of car- 
boxylates such as tartrate, citrate, lactate, suc- 
cinate and acetate, and of  ethanol up to 
30 mM. The relative activities for L-malate and 
D-malate were 100 and 2, respectively. 

3.2. Calibration 

Under the conditions shown in Fig. l, the 
plot of  peak height against malate concentra- 
tion was linear from 0.3 to 250 laM. The least- 
squares calibration equation for malate was 
Y =  0.7085x + 5.6464, where Y is log(peak 
height (cm)) and x is log(malate concentration 
(M)), with a linear correlation coefficient of  
r=0 .9998  (15 data points). In the reactor 
malate reacted in 48% yield. Below a concen- 
tration of  0.3 laM a concave graph was ob- 
tained, and above a concentration of  300 ~tM 
the graph was convex. The relative standard 
deviation (R.S.D.) for seven replicate injections 
of  1001aM malate was 0.54%. The R.S.D. 
(n = 7) for 100 ~tM malate in the system shown 
in Fig. 2 was 1.4% because of  incomplete mix- 
ing of  the luminol solution with the reactor 
eluent. 

The lower limit of  detection (signal-to-noise 
ra t io - -3)  was 8 × 10-SM (0.5 ng in a 50-1al 
injection). 

3.3. Application 

The method was applied to the determina- 
tion of  the free L-malate content in wines. 

3.4. Recovery  

First, a recovery test was performed by using 
a red wine sample which was supplemented 
with L-malate to give a final concentration of  
45.5 mM. The results that had poor recoveries 
were obtained by subjecting wine samples that 
were merely diluted, without filtration through 
the nylon cartridge. These results are probably 
due to the presence of  sulfites which are at- 
tached to dyes and polyphenols in wine; they 
react with the H202 produced in the reactor. 
Good  results were obtained after removal of  
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Table 1 50.0 
Recovery of L-malate added to red wine using the present ~ n.23 e~ A 

method ~ ~ ~ 40.0 r-0.9999 
~, ~ Y-0.9993 * 0.0029 ~) 

Added Recovered b Recovery ~ 
(mM) (mM) (%) g .5 0 

=, ,_ 30 .0  0 ~ o  

5.00 4.92 + 0.03 98 ~ -~ , 4 ~  
10.0 9.90 + 0.06 99 g ~ S 20.0 
15.0 15.2__.0.1 101 "7 ~,~ ZX 
20.0 20.1 _+0.1 101 8 
25.0 25.0 __+ 0.1 100 10.0 
25.0 ~ 18.5 _+ 0.4 74 0 

0 

Values corrected for L-malate (16.5 mM) already present 0"00.0 ' ' at) ' 10.0 20 .0  .0 40.0 50.0 
in wine. concentration of L-malate, tam 
b Mean _+ standard deviation. The values are the means of F-kit 

nine determinations. Fig. 4. Comparison of L-malate concentration in wines 
sample without filtration through nylon cartridge, determined by the flow-injection method and by use of the 

F-kit (Boehringer Mannheim). O, red wines; A, white 
the compounds with the nylon cartridge (Table wines. 
1). The recovery was in the range 98-101%. 

drawback of  rather low conversion efficiency to 
3.5. Precision and reproducibility be overcome. The co-immobilized M D H /  

N A O D  reactor is stable enough to permit the 
Red wine was repeatedly analyzed over a measurement of  more than 1000 samples. 

period of  3 weeks with use of  the reactor. The 
reactor was used for the analysis of  90 samples 
per day and standards were measured at 30- References 
sample intervals, in order to correct the varia- 
tion of  conversion efficiency. The r e a c t o r  w a s  [1] J.L.F.C. Lima and A.O.S.S. Rangel, Am. J. Enol. 
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I. Introduction 

Recently we have reported a potentiometric 
method for the titration of  urea with perchloric 
acid in acetic anhydride as solvent [1]. Subse- 
quent to this report, we also have titrated urea 
thermometrically with antimony pentachloride 
in the same solvent and have obtained very 
identical results to those obtained in the previ- 
ous work. 

2. Experimental, results and discussion 

The antimony pentachloride used in this ti- 
tration was purchased from Merck (99% pu- 
rity) in small ampules and was used without 
further purification. In order to prepare a solu- 
tion of  this compound, an ampule was cooled 
to approximately 4°C [2,3]. The ampule was 
then opened and its contents were decanted 
immediately into a 50.0ml volumetric flask 
containing about 25 ml of  purified 1,2- 
dichloroethane [2]. The volumetric flask was 
then weighed accurately. Since the flask to- 
gether with its contents had been weighed be- 
fore the antimony pentachloride was decanted 
into the flask, the difference between the 
weights was taken to be the mass of  the anti- 
mony pentachloride. The flask containing the 

* Corresponding author. 

antimony pentachloride solution was shaken 
vigorously and then left for 2 h to attain ther- 
mal equilibrium. Subsequent to this process the 
flask was filled to the red line and was then 
stoppered. The solution prepared in this way was 
stored as stock solution. By taking the required 
amount of solution from this stock solution, a 
0.2 M antimony pentachloride solution was pre- 
pared and standardized against 1,3-diphenyl- 
guanidine. 

The 1,3-diphenylguanidine was purchased 
from Fluka (99.5% purity) and was recrystal- 
lized twice from pure dry toluene, then dried at 
100°C for 2 h (m.p., 148°C). A compound dried 
in this way is one of the best primary standards 
for non-aqueous-medium acids [4]. 

Urea was purchased from Fisher Scientific 
(99.5% purity) and was recrystallized three times 
from absolute ethanol. In addition, the com- 
pound was analyzed five times by the Kjeldahl 
method in order to determine its percentage pur- 
ity; this was found to be 99.3%. This latter was 
accepted to be the true value. A 0.0200 M stock 
solution was prepared from this compound in 
acetic anhydride and was used in the titrations. 

Acetic anhydride was purchased from Merck 
(99.8% purity) and was used without further 
purification. 

Titrations were carried out in a fume cup- 
board made heat-proof with blown polystyrene 
sheeting. Its small window was left unisolated 
in order to view the whole titration assembly 
and to operate it properly, (see Fig. 1). The 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights reserved 
SSDI 0039-9140(95)01661-9 
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assembly was simple and consisted of  (i) a 
small Dewar flask with a capacity of  30 ml; (ii) 
a tin-tipped semi-microburette with a reservoir; 
(iii) a Beckmann and two good-quality ther- 
mometers; and (iv) a good-quality magnetic 
stirrer. The Dewar flask was placed in a beaker 
with a capacity of 250 ml, and the walls of  the 
Dewar flask were insulated from the walls of  
the beaker with blown polystyrene sheeting. 
The beaker was also insulated from the mag- 
netic stirrer with blown polystyrene sheeting. 

The Dewar flask was covered with a blown 
polystyrene lid suitably pierced to hold the 
Beckmann thermometer and the tin-tipped 
semi-microburette with a reservoir holding the 
titrant. On top of  the reservoir was placed 
U-tubing filled with anhydrous calcium chlo- 
ride in order to prevent moisture entering. The 
Beckmann thermometer was immersed in the 
urea solution to a definite depth in each titra- 

~ F  

I I 
II II 

±_! _ 1  

Fig. I. Thermometric titration assembly: A, Dewar flask; 
B, blown polystyrene insulation layer; C, magnetic stirrer; 
D, Beckmann thermometer; E, microburnette and its reser- 
voir; F, blown polystyrene insulation layer; G, tubing filled 
with dry calcium chloride to keep the titrant dry; H, a 
sensitive thermometer to read the temperature of the ti- 
trant. 

tion, and enabled temperature changes to be 
read to within 0.001°C. The tin-tipped semi-mi- 
croburette enabled the volume of  the titrant 
solution to be read to within 0.01 ml. Except 
for the graduated parts and the tap, the semi- 
microburette was also insulated with blown 
polystyrene sheeting in order to prevent heat 
exchange with the operator during the titration 
(see Fig. 1). Two thermometers were used to 
measure the ambient temperature of  the whole 
assembly and to measure the temperature of  
the titrant in the reservoir. Both thermometers 
were able to read the temperature to within 
0.01°C. 

Stock 0.0200 M urea solution was kept in the 
insulated fume cupboard to keep it in thermal 
equilibrium with the titrant. The sample vol- 
umes of  the urea solution placed in the Dewar 
flask are 15.0ml and the solutions were mag- 
netically stirred during the addition of  titrant. 
Addition of  the titrant was performed discon- 
tinuously, and the amount  of  the solution 
added at a time was 0.25 ml. After each addi- 
tion of  titrant, the solution was allowed to 
attain thermal equilibrium for at least 1 min 
and then the corresponding temperature in- 
crease was determined by use of the Beckmann 
thermometer. Each temperature reading was 
repeated three times and the mean of  these was 
taken as the temperature increase for each ad- 
dition. The temperature increases were rather 
large to be monitored accurately by the Beck- 
mann thermometer. One titration run was 
completed in about 25 min. A titration curve 
for each urea sample was drawn and the end- 
point of titration was then fixed. One of  the 
titration curves is presented in Fig. 2 as an 
example. 

Five accurately weighed 1,3-diphenyl- 
guanidine samples, each dissolved in 10 ml of  
acetic anhydride, were titrated with approxi- 
mately 0.2 M antimony pentachloride solution, 
and the true concentration of  the antimony 
pentachloride was then calculated and was 
found to be 0.2070 M. Seven urea samples 
from the 0.0200 M solution were then taken 
and titrated with 0.2070M antimony pen- 
tachloride solution. The mean value of  the 
recovery of  urea was 99.8% and the relative 
standard deviation was 0.2%. This result 
clearly shows that the thermometric method 
proposed is very suitable for the titration of  
urea .  

In addition, we also have titrated eleven 
aliphatic and aromatic amines including tri-n- 
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~,8 iion of  the titrant was 0.2070 M. The changes 
in temperature during the titrations of  these 

7.4 ................................................................................................................ compounds were 0.85-1.10"C. This obviously 
shows that antimony pentachloride, as a Lewis 

7.2 ................................................................................................ acid, has no steric hindrance in an appreciable 
amount. Therefore the use of antimony pen- 
tachloride as a Lewis acid titrant can be ex- 

7.0 ............................................. tended further to the thermometric titration of 
other compounds containing a basic side or ~ o.s ............................................................................................................. sides. 

~o We believe that the coordinate covalent 
~0 

o.0 ............................................................................................ bond is formed between antimony pentachlo- 
ride and urea as follows 

0.4  ............................................................................................................ C l s S b  ¢._ O C ( N H 2 ) 2  

As is well known, antimony pentachloride 

0.2 oxygenf°rms a[6,7].strong coordinate covalent bond with 

0.0 
0 0.5 1 1.5 2 2.5 @ 

Volume of  t i t ran t  aOclecl, rnl 

Fig. 2. Thermometric titration curve of a urea sample with 
antimony pentachloride in acetic anhydride, at 20 + I°C. 

butylamine, piperidine and aniline with anti- 
mony pentachloride in 1,2-dichloroethane as 
solvent, and have obtained recoveries for tri-n- 
butylamine of  98.2%, for piperidine of  97.5% 
and for aniline of 98.5%. The relative standard 
deviations of  these are, respectively, 0.2%, 0.4% 
and 0.2% [5]. The concentrations of  the amines 
were approximately 0.02 M and the concentra- 
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Abstract 

The ability of enzymes to work in non-aqueous media offers new and almost unexploited possibilities for 
the development of new optical biosensors. The advantages of performing biocatalytic reactions in 
non-aqueous media are discussed in relation to their possible application in optical biosensor design. 
Attention is focused on the factors that influence enzymatic catalysis in organic solvents, including the role 
of enzyme-associated water, criteria for solvent selection and the alteration of enzyme specificity. Recent 
examples of relevant applications and future prospects of organic-phase optical biosensing are discussed. 

Keywords: Optical biosensing; Organic phase enzymatic catalysis 

1. Introduction 

A biochemical sensor is an analytical device 
comprising a biological recognition element (en- 
zyme, receptor, antibody or microbe) in inti- 
mate contact with a physicochemical transducer 
(electrochemical, optical, mass, thermal) which 
is capable of  converting the particular biochem- 
ical event into a continuous signal which is 
proportional to the concentration of  a specific 
chemical or group of  chemicals. 

Enzymes were the first biological components 
employed in optical biosensors [1] and remain 
by far the most commonly used elements. En- 
zymes possess extremely high catalytic activity 
and unique substrate specificity. It is these mer- 
its that make the application of  enzymes in 
optical sensing devices extremely promising. 
Conventional enzymatic methods have been 
conducted in aqueous solutions mainly due to 
the preconceived idea that an aqueous environ- 
ment is optimal to maintain the native, catalyt- 

* Corresponding author. 
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ically active enzyme conformation for binding 
and catalysis. This notion is not completely true. 
Many enzymes (or multienzyme complexes) 
such as lipases, estearases, dehydrogenases and 
those responsible for xenobiotic metabolism, 
function in natural hydrophobic environments, 
usually in the presence of  or immobilized to a 
membrane [2]. The water concentration in the 
proximity of  these enzymes is significantly less 
than 55.5 M, the bulk water concentration in 
aqueous environments. 

The activation of enzymes in organic solvents 
is a noteworthy achievement in the fields of 
enzymology and organic chemistry. Many en- 
zymes were shown to be catalytically active in a 
wide variety of  different organic solvents [3-7], 
their catalytic efficiency in organic media being 
comparable to that in water. From an analytical 
viewpoint there are numerous potential advan- 
tages in carrying out enzymatic reactions in 
organic media as opposed to aqueous solutions: 
(i) efficient catalysis may be achieved with sub- 
strates poorly soluble in water; (ii) undersirable 
side reactions in organic media as well as 
substrate and product inhibition may be 

reserved 
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Fig. !. Grossly simplified representation of enzymatic catalysis in organic solvents. 

reduced; (iii) thermal stability of the enzymes 
is enhanced; (iv) immobilization is often un- 
necessary as enzymes are insoluble in organic 
solvents; (v) if immobilization is desired, ad- 
sorption onto non-porous surfaces is satisfac- 
tory as enzymes are unable to desorb from 
these surfaces in non-aqueous media; (vi) mi- 
crobial contamination is eliminated; and (vii) 
recovery and reuse of the enzyme is easier. 

At present, various organic-phase enzymatic 
electrodes have been developed for monitoring 
some water-insoluble substrates [8-11]. How- 
ever, little or no attention has been paid to the 
development of optical sensing schemes based 
on biocatalysis in organic media despite the 
variety of optical transduction methods suit- 
able for sensing applications. This article is 
intended to bring this methodology to the at- 
tention of analytical chemists by discussing the 
basic principles of organic-phase enzymology 
and giving specific examples of optical biosens- 
ing in organic solvents that open up promising 
analytical prospects in the field. 

2. Role of water 
In an aqueous environment, the folding of 

an enzyme is driven by the tendency of hydro- 
phobic amino acid residues to be excluded 
from water and confined to the interior of the 
protein molecule. In turn, the charged and 
hydrophilic residues are exposed to the 
aqueous solvent. When water is replaced by an 
organic solvent, not only the tertiary structure 
but also the secondary structure such as the 

alpha helix and the beta structure may be 
distorted. 

In order to ensure a catalytically active en- 
zyme conformation in organic media the en- 
zyme molecule must have a definite hydration 
shell [12,13] to separate the solvent from con- 
tact with the protein surface. Water is essential 
for enzyme catalysis because of its contribution 
to all non-covalent bonding and to the hydro- 
gen bonds of the protein structure: however, 
the appropriate amount of water necessary for 
enzyme activity in organic media has been the 
subject of numerous discussions and papers 
[14-16]. Zaks and Klibanov [15] examined 
three model enzymes, polyphenol oxidase, alco- 
hol dehydrogenase and alcohol oxidase, in sol- 
vents of different hydrophobicities and water 
contents. They showed that the enzyme activity 
was related to the amount of water bound to 
the protein and not to the concentration of 
water in the organic solvents. Water bound to 
those enzymes in organic solvents could not 
form a true water layer coverage but rather a 
few clusters probably around charged and po- 
lar regions on the ezyme surface. Taking into 
account that water is required absolutely for 
the catalytic function of enzymes in organic 
solvents, that "wet" immediate microenviron- 
ment of the enzyme could be considered as the 
region through which the enzymatic reaction 
should proceed. The situation is schematically 
presented in Fig. 1. 

Although the presence of essential bound 
water remains a necessary condition for the 
retention of enzyme catalytic activity and sta- 
bility in non-aqueous solvents, there have been 
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studies [17-20] in which some enzymes, such as 
erythrocuprein, porcine pancreatic lipase, subtil- 
isin or xanthine oxidase, have been shown to 
retain catalytic activity in truly anhydrous 
organic solvents (dimethyl sulphoxide, for- 
mamide, pyridine or dimethylformamide). The 
molecular mechanisms protecting the enzyme 
conformation and catalytic properties in these 
dry organic solvents still remain unclear. 

3. Criteria for solvent selection 

The selection of a suitable solvent is crucial 
because it may affect enzymatic catalysis in 
different ways. Firstly, the solvent can inactivate 
the enzyme by directly interacting with it: the 
solvent may alter the native conformation of the 
enzyme by penetrating into the hydrophobic 
core of protein thus disrupting hydrogen bond- 
ing and hydrophobic interactions and leading to 
reduced activity and stability [21]. This situation 
is particularly important with soluble enzymes in 
biphasic systems (water/water-immisicible or- 
ganic solvent) and aqueous systems with low 
concentrations of water-miscible organic sol- 
vents. In contrast, the insolubility of enzymes in 
monophasic organic solvents prevents the en- 
zyme from severe distortion of its conforma- 
tional stability. In fact, many enzymes in 
monophasic organic media are known to retain 
their native conformation even after vigorous 
vortexing [14]. An additional stabilization of the 
enzyme could also be due to a "cage effect": 
enzyme molecules inside the protein particle 
would be tightly squeezed from all sides by 
surrounding molecules, resembling an immobi- 
lized state that should favour increased confor- 
mational stabilities [22]. 

Another way in which solvents affect enzy- 
matic activity is by interacting directly with the 
essential water around the enzyme molecule [23]. 
Although this interaction may not affect the 
enzyme itself, it does have implications for 
catalysis. Highly polar solvents are capable of 
thirstily absorbing water and stripping the hy- 
dration shell from the enzyme, entailing the loss 
of catalytic properties. Conversely, hydrophobic 
solvents are less able to pull away or distort the 
hydration shell and hence are less likely to affect 
catalytic activity. 

It is important to note that although this 
solvent effect holds true for most enzymes, there 
are some notable exceptions, as we have seen 
before. Xanthine oxidase [18], porcine pancre- 

atic lipase [19] and subtilisin [20] still function 
when suspended in some water-miscible sol- 
vents. One possible explanation of this fact is 
that these enzymes are capable of retaining their 
hydration shell so tightly that even hydrophilic 
solvents cannot usurp the water [19]. Such 
enzymes are active in both hydrophobic and 
hydrophilic solvents. Although our understand- 
ing of the effects of organic solvents on enzyme 
activity and stability is growing, the choice of the 
suitable solvent is not straight forward and, 
recently, some general empirical rules have been 
formulated for the optimization of biocatalytic 
activity in different organic solvents [15]. The 
parameter P (the partition coefficient of the sol- 
vent between octanol and water) was introduced 
as a quantitative measure of solvent polarity 
[24,25]. Generally, the enzymatic activity is low 
in polar solvents having log P < 2, is moderate 
in solvents having log P = 2-4 and is high in 
apolar solvents having log P > 4 (see Table 1). 

Another consideration for solvent selection is 
the solubility of substrate and product in the 
media [26]. For example, sugars are soluble only 
in hydrophilic water-miscible solvents such as 
pyridine or dimethylformamide. The use of 
water-immiscible solvents is impractical for en- 
zyme-catalysed sugar oxidation as there would 
be no interaction between the insoluble sugar 
and insoluble enzyme. In a similar way, com- 
patibility of the enzymatic reaction products 
with the solvent is crucial. Polar products tend 
to remain in the water shell surrounding the 
enzyme and this could cause inhibition or un- 
dergo undesirable side reactions. This situation 
was found in the catalysis of phenols by 

Table 1 
Log P values of some organic solvents ~ 

Solvent Log P Solvent Log P 

Dimethyl sulphoxide -1.30 Dipropyl ether 1.90 
Dioxane - 1.10 Chloroform 2.00 
Methanol --0.76 Heptanol 2.40 
Acetonitrile -0.33 Toluene 2.50 
Ethanol -0.24 Xylene 3.10 
Propanol 0.28 Hexane 3.50 
Tetrahydrofuran 0.49 Deeanol 4.00 
Butanol 0.80 Heptane 4.00 
Cyclohexanone 0.96 Octane 4.50 
Hexanone 1.30 Dodecanol 5.00 
Phenol 1.50 Dibutylphthalate 5.00 
Cyclohexanol 1.50 Undecane 6.10 
Hexanol 1.80 Tetradecane 7.60 
Benzoic acid 1.90 Butyl oleate 9.80 

a Data taken from Ref. [25]. 



1766 M.E. Dia~-Garcia, M.J. Valencia-Gon=,~le: / Talanta 42 (1995) 1763-1773 

polyphenol oxidase in hexane [5], the polar 
quinone products are insoluble in hexane and 
rapidly polymerize in the water environment 
around the enzyme, giving rise to its incativa- 
tion. In the more polar chloroform, products 
(quinone, catechol) favourably partition into 
the bulk solvent and do not inactivate the 
enzyme [5,27]. 

This is not the only example. A similar situa- 
tion was observed in the oxidation of benzyl 
alcohol by alcohol oxidase in non-aqueous sol- 
vents [28]. Benzaldehyde, the reaction product, 
partitions differently between the water bound 
to the enzyme and the organic medium depend- 
ing on the solvent chosen. For example, using 
hexane benzaldehyde was favourably parti- 
tioned into the aqueous enzyme environment 
giving rise to alcohol oxidase inhibition. How- 
ever, using toluene the product was efficiently 
solubilized in the organic phase, so minimizing 
benzaldehyde inhibition of alcohol oxidase. 

Another interesting practical problem con- 
cerns the effect of the reaction pH. All enzy- 
matic reactions in water are strongly pH 
dependent. In organic solvents, a difficulty 
stems from the fact that one cannot reliably use 
a glass electrode; even if this could be done in 
the vicinity of the enzyme, no reliable value 
could be obtained because for this "special" 
aqueous environment no pH calibration is 
available. Quoting Klibanov [19], an enzyme 
"remembers" the pH of the aqueous solution 
from which it was last recovered. In an 
aqueous buffer solution the enzyme's ionogenic 
groups acquire the corresponding ionization 
state, which then remains unchanged in organic 
solvents as well as in the solid state. Moreover, 
the buffering capacity of the aqueous microen- 
vironment can be controlled by the enzyme 
itself. Therefore, it is often worthwhile to em- 
ploy enzymes that have been lyophilized or 
precipitated from an appropriate pH (and 
buffer) before use [29]. 

Other criteria that should be taken into ac- 
count in the selection of organic solvents for 
developing optical biosensors include compati- 
bility with the optical transducer, toxicity 
flammability, waste disposal and cost. 

4. Enhancement of thermal stability 

In aqueous media at high temperatures, en- 
zymes inactivate due to both alterations in the 
primary structure of the molecule and unfold- 

ing of the enzyme molecule [30,31]. The chemi- 
cal and structural changes that result in 
irreversible thermal inactivation all require wa- 
ter. Therefore, if enzymes are placed in an 
essentially water-free solvent, it should be pos- 
sible to enhance the thermostability. In fact, it 
has been confirmed by Zaks and Klibanov [32] 
who showed that porcine pancreatic lipase in 
aqueous solutions at 100°C was completely 
inactivated within seconds. Conversely, in a 
dry tributyrin-heptanol mixture the lipase had 
a half-life at 100°C of 12 h. Furthermore, at 
this temperature the enzyme is 10 times more 
active than at 20°C. Reslow et al. [33] (~t-chy- 
motrypsin dried onto glass beads) and Zaks 
and Klibanov [15,32] (crude lipase powder, 
lyophilized pure ~-chymotrypsin and subtilisin) 
agree that thermal stability increases with sol- 
vent hydrophobicity. However, for any given 
solvent, adding water (less than 1%) reduces 
enzyme half-life. This result has been inter- 
preted as an increased enzyme flexibility due to 
the higher water content [34]. 

Biosensors, in general are operated at opti- 
mum temperatures for the biocatalytic reaction 
to proceed rapidly and sensitively, although 
such a condition could not be optimum for 
wide applicability. The enhanced thermal sta- 
bility of enzymes in non-aqueous media is an 
important advantage from an analytical point 
of view because it extends the temperature 
range in which a given optical biosensing 
device is analytically useful. 

5. Alteration of enzyme specificity 

There exists the possibility that enzyme spe- 
cificity may be altered by the presence of an 
organic solvent by modifying the active site 
conformation. Elimination of bulk water results 
in conformational rigidity [22] and the inability 
to accommodate a given substrate. For exam- 
ple, "wet" porcine pancreatic lipase can accept 
a broad range of substrates of varying sizes, 
which suggests that the protein backbone of 
lipase is flexible and can adopt a variety of 
conformations to accommodate substrate 
molecules. However, the "dry" enzyme does 
not react with bulky substrates, presumably due 
to its now rigid active site not being able to 
open up to accommodate them [4]. 

Also, organic solvents may affect the binding 
of substrates to the active site by altering the 
apparent Km values. For instance, in aqueous 
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solutions chymotrypsin hydrolyses non-polar 
amino acid substrates. The driving forces of 
enzyme-substrate binding are the hydrophobic 
interactions operative in aqueous media; hy- 
drophobic substrates are "expelled" from water 
into the enzymatic active centre [14]. In non- 
polar organic media, this partitioning is re- 
duced and the apparent Km increases [35]. 
Therefore, in water the catalytic efficiency (kcat/ 
K~) of N-acetyl-L-phenylalanine ethyl ester hy- 
drolysis is nearly 100 times higher than with 
the ethyl ester of N-acetyl-L-histidine because 
of the lipophilicity of the former substrate. In 
octane the substrate specificity is reversed and 
the histidine derivative becomes a markedly 
better substrate than phenylalanine. 

Such specificity shifts could have significant 
implications on the development of optical 
biosensing devices for compounds for which 
enzyme-catalysed reactions are not feasible in 
water. For example, lipase - -  the most studied 
enzyme in organic media - -  can catalyse, in 
organic media of lower water concentrations 
with low water activities, a variety of reactions 
including transesterification, esterification, 
aminolysis, thiotransesterification oximolysis 
and acyl exchange [6,36]. In water, these reac- 
tions are almost completely suppressed by hy- 
drolytic processes. 

Some enzymes in non-aqueous media exhibit 
very high stereospecificity. The preferred inter- 
action of the enzyme with one of the two 
enantiomers is due to several geometric factors 
and differences in the binding energy [37] and 
this fact could be used in the development of 
optical biosensors to recognize optical isomers. 

6. Enzyme immobilization 

In order to develop an efficient and effective 
optical biosensor it is required that the enzyme 
is in close proximity with the optical trans- 
ducer. On the other hand, to preserve the 
integrity and activity of enzymes in organic 
solvents it is necessary to fix the conformation 
of the catalytically active enzyme to the in- 
crease rigidity. 

Enzyme immobilization has proved to be an 
extremely powerful approach to fulfill the 
above requirements. Various methods are 
available to immobilize enzymes: entrapment 
within a support (membrane, gel, microcap- 
sule), physical adsorption, cross-linking be- 
tween molecules and covalent binding [38]. 

D u e  .to the insolubility of the enzymes in 
organic solvents, simple adsorption on a solid 
support is often sufficient. Adsorption is used 
here in its broadest sense to cover all the 
processes by which enzymes are held at the 
phase boundary by non-covalent forces. The 
adsorption of enzymes onto solid phases can be 
achieved by using finely divided particles or 
macroporous structures with large surface ar- 
eas [5]. There is easy availability of good, 
ready-made support materials, such as ion ex- 
changers [39], alumina [8], polymeric gels [40] 
and, especially, glass porous beads [41]. The 
bound enzyme will have no propensity to des- 
orb from the surface and facile immobilization 
is feasible by impregnation of the support with 
an aqueous solution of enzyme, without the 
cumbersome covalent cross-linking or entrap- 
ment procedures required in conventional 
aqueous-based systems. Moreover, organic sol- 
vents may attack the covalent binding of en- 
zymes to the support. 

The support was regarded as inert and with- 
out influence on the kinetic behaviour of the 
enzyme. However, an important aspect of im- 
mobilized enzymes in organic solvents is the 
possibility of the support to alter the microen- 
vironment close to the enzyme [42,43]. Hy- 
drophilic supports such as calcium alginate are 
compatible with enzymes and can be used to 
increase the level of enzyme hydration, avoid- 
ing the formation of a separate aqueous phase 
in the organic solvent. On the other hand, 
extremely polar supports may limit the rate of 
mass transfer of hydrophobic substrates to the 
enzyme layer. This fact should cause apparent 
Km values to increase and the enzyme catalytic 
efficiency to decrease. Hydrophobic supports 
such as polyurethanes [44] overcome the latter 
problem but are less compatible with hy- 
drophilic enzymes. An elegant solution to 
obtain optimal hydrophilicity/hydrophobicity 
matching between reagents and the support 
matrix has been devised by the use of gels 
based on photopolymerizable resins and ure- 
thane macromonomers by varying the ratio 
between hydrophilic and hydrophobic moieties 
in the monomer molecules [45]. 

In order to quantify the support influence 
and to derive general rules to predict the per- 
formance of the enzyme in organic solvents 
using specific supports, the concept of aqua- 
philicity has been introduced [46]. Aquaphilic- 
ity is a measure of how the water in a volume 
of water-saturated diisopropyl ether is parti- 
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Table 2 
Examples of recent applications of organic-phase enzyme electrodes 

Enzyme Solvent Analyte Detector Detection Ref. 
limit (mM) 

Horseradish peroxidas¢ Dioxane Hydrogen peroxide Carbon electrode l0 [47] 
Ethanol Organic peroxides Carbon microelectrode 1 [48] 
Acetonitrile Hydrogen peroxide Carbon electrode S 0.0003 [49] 

Tyrosinase Ethanol Phenols Carbon microelectrode 0.7 [48] 
Acetonitrile Phenols Carbon electrode ~ 0.0001 [49] 
Various Phenols Oxygen electrode 0.0002 [50,51] 
Acetonitrile Moisture Carbon electrode 0.072°/,, (v/v) [52] 

Vegetal t i s sues  Choloroform Phenols Graphite electrode 0.03 [53] 
Cholesterol oxidase Hexane/chloroform Cholesterol Oxygen electrode - [8] 
Laccase Alcoho l s  Hydroquinone Glassy carbon electrode 0.0006 [10] 
Glucose oxidase  Acetonitrile/water Glucose Glassy carbon electrode - [54] 

Enzyme entrapment into polyester sulphonic membranes. 

tioned between the ether phase and a fixed 
amount of  dry support. The higher the 
aquaphilicity of  the support, the greater its 
tendency to sequester water from the ether 
phase, thus leaving less for enzyme hydration 
and thereby decreasing its activity. 

7. Current and potential analytical applications 

The analytical applications of  enzymes in 
organic solvents centre around the develop- 
ment or organic-phase enzyme electrodes. 
Table 2 summarizes some of  the recently re- 
ported examples of  applications. Apart from 
isolated enzymes, whole cell preparations from 
plant sources have been proposed as biocata- 
lytic materials for the construction of  biosen- 
sors. Plant,tissue-based biosensors are con- 
structed by physically retaining a thin slice of  
the tissue at the surface of  a detection element 
using a porous membrane. An example is the 
phenol sensor [53] when a thin slice of  mush- 
room or banana is held at the surface of  a 
graphite disc electrode (see Table 2). 

Flow measurements of  enzyme inhibitors 
and trace water in non-aqueous media repre- 
sent attractive and novel applications of or- 
ganic-phase enzyme electrodes. Inhibition of  
tyrosinase and horseradish peroxidase (HRP) 
in acetonitrile by thiourea, benzoic acid and 
other poorly water-soluble inhibitors can be 
indirectly monitored from the decrease of  the 
flow-injection peak of  the phenol substrate, 
used as the maximum reference signal [55]. A 
wide variety of  inhibitors with poor  water solu- 
bility (pesticides, PAHs, drugs) could be mea- 
sured based on inhibitor biosensors in organic 

media. Also, a tryosinase electrode has been 
used to measure water in an organic solvent 
[56]. Here, the influence of  low levels of  water 
on the rate of  the biocatalysed phenol oxida- 
tion can be related to the water concentration. 
This indirect biosensing approach, pioneered 
by Wang and Reviejo [56], is an attractive 
alternative to the Karl-Fisher titration method. 

While most of  the recent advances in or- 
ganic-phase enzyme biosensors have been made 
using electrochemical detection techniques, 
there have been very scarce efforts to use opti- 
cal sensing approaches. A number of  optical 
transducing mechanisms and sensing designs 
are potentially available for application in or- 
ganic-phase biosensing. Parameters such as 
oxygen, C02, hydrogen peroxide or pH are 
commonly detected in biocatalytic reactions 
and, for them, a wide choice of  spectrophoto- 
metric methods and/or sensors (absorbance, 
reflectance, fluorescence, room-temperature 
phosphorescence and chemi/bioluminescence) 
are feasible. However, most, if not all, have yet 
to realize their full potential for developing 
optical organic-phase biosensing approaches. 

Up to now, the physical combination of 
immobilized enzymes and optical transducers 
to form selective detection devices in the or- 
ganic phase has followed three main ap- 
proaches (see Fig. 2): 

(i) Enzyme reactor-optical  detection sys- 
tems, where the biochemical event produced in 
an enzymatic reactor in a flow system is fol- 
lowed by directly monitoring either production 
or consumption of  a chromophore. Braco et al. 
[57] reported the first example of  this type of  
biosensing in organic media for cholesterol 
analysis. The system, previously studied by Ka- 
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Fig. 2. Different approaches for organic-phase optical biosensing, (A) Enzyme reactor-optical detection system. (B) 
Enzyme reactor-optical sensor system. (C) Flow-through enzyme optosensing. 

zandjian et al. [14] using a batch approach, 
used a non-covalently immobilized cholesterol 
oxidase (COD) and HRP reactor operating in 
toluene. Cholesterol is first oxidized by molecu- 
lar oxygen in a COD-catalysed reaction, releas- 
ing stoichiometrically equivalent hydrogen 
peroxide, which is, in turn, converted to water 
by HRP in oxidizing p-anisidine (chromogenic 
indicator substrate) yielding a coloured product 
which was monitored at 458 nm by means of a 
flow-cell UV-vis  detector. The strategy dev¢l- 

oped combines the remarkable benefits offered 
by enzymology in organic solvents and the 
advantages inherent to flow injection methods. 

(ii) Enzyme reactor-optical sensor systems, 
where the enzyme is immobilized in a reactor 
preceding an optical sensor in a flow system. A 
COD reactor-room-temperature phosphori- 
metric sensor system, operating in a chloro- 
form-hexane mixture for use in a flow- 
injection system has been developed [58]. Oxy- 
gen consumption during the enzymatic choles- 
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Table 3 
Comparative analytical performance characteristics for optical biosensing of cholesterol in organic media 

Conditions/ Enzyme reactor-  Enzyme reactor-RTP sensor Flow-through enzyme 
performance optical detection optosensing 
characteristics 

Temperature (°C) 25 35 25 25 
Detection limit (M) 10 -6 5 x 10 - s  1.4 x 10 -4 3 x 10 -4 
Linear range (M) Up to 2 x 10 -4 Up to 4 × 10 -3 More than 10 -2 Up to 10 -2 
RSD (%) - 2.5 2 3 
Response time (min) - 2 2 1.5 
Solvent Toluene Chloroform-hexane Chloroform- hexane Chloroform- hexane 

terol oxidation was followed via the changes in 
the room-temperature phosphorescence (RTP) 
of an oxygen-sensitive metal chelate immobi- 
lized on an anion exchange resin packed into a 
conventional flow-through cell [59,60]. This 
work has opened the door for similar analytical 
sensor devices to measure other poorly water- 
soluble analytes such as bilirubin, fatty and 
other carboxylic acids, aldehydes, etc. for 
which suitable oxidases are available. 

(iii) Flow-through enzyme optosensing, 
where the immobilized enzyme is in close prox- 
imity to the optical sensing phase in a flow 
configuration. A flow-through cholesterol RTP 
biosensing device using the optical sensing ba- 
sis mentioned above illustrated this latter point 
[58]. The immobilized COD glass beads and 
the RTP sensing beads were mixed and packed 
into the small space of a flow-through cell. 
Although the detection limit for cholesterol 
working at room temperature was twice higher 
than that obtained with the reactor-room-tem- 
perature phosphorimetric sensor approach, a 
strict comparison among the systems cannot be 
made because reactors are generally designed 
with an excess of reagent (large reactor vol- 
ume), whereas the flow-through approach 
offers a limited surface for the enzyme reaction 
to take place. 

The immobilized COD glass beads and the 
RTP sensing beads mixture could be placed on 
the common end of the bifurcated optical fibre 
in order to develop an organic-phase optrode. 
Work in this direction using fluorescence and 
RTP sensing materials for oxygen is currently 
in progress in our laboratory. 

Some important analytical features of these 
systems are listed in Table 3. 

While the concept of organic-phase optical 
biosensing (OPOB) is presented here within the 
framework of on-line cholesterol analysis, the 
approach may have a bright future in several 

fields, due not only to the several important 
advantages accrued from enzymology in or- 
ganic media but also from the use of fibre-optic 
chemical sensors [61]. On the other hand, sam- 
ple pretreatment can be eliminated or mini- 
mized, which is extremely attractive in some 
instances for continuous monitoring purposes. 
For example, a field in which OPOB could find 
important applications is food technology and 
food testing, with its many challenging water- 
insoluble samples. Frequently performed analy- 
ses are of aldehydes or phenol in fats and oils, 
cholesterol or lactose in butter and margarines, 
quality of edible oils monitoring, etc. Tempera- 
ture abuse detection is another area in which 
OPOB may find an application. The monitor- 
ing of temperature maintenance is important in 
the transport of chilled or frozen foods and 
pharmaceuticals and other heat-sensitive mate- 
rials. A prototype of a device was developed 
which relies on the low catalytic activity of 
peroxidase in a solid solvent (hexadecane at 
4 °C) to reliably, accurately and irreversibly 
detect temperature abuse [62]. Once the tem- 
perature rises above the melting point of the 
solvent, the peroxidase quickly catalyses the 
oxidation of p-anisidine and colour is pro- 
duced. Adequate mixing of various hydrocar- 
bons allows the melting point of the solvents to 
be varied. 

Another area in which OPOBs could be used 
is clinical diagnostics. Poorly water-soluble an- 
alytes such as cholesterol or bilirubin are 
amenable to detection using the approach. An 
area of growing importance is the monitoring 
of the quality of water and effluents. The deter- 
mination of water contaminants such as fat-sol- 
uble biodegradable pesticides, phenol and other 
organic contaminants may be made possible by 
the implementation of OPOBs. In most cases, 
an organic extraction will be necessary in order 
to preconcentrate the organic contaminant. 
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The pharmaceutical industry is another area 
in which OPOBs could make a significant con- 
tribution as many pharmaceutical products are 
not readily dissolved in aqueous media. For 
example, of interest are steroids and steroid- 
based drugs production or peroxide bleaching 
agents in cosmetic products. One of the most 
valuable features of some enzymes in non- 
aqueous media is their ability to discriminate 
between enantiomers of racemic substrates 
and, therefore, could be used to determine 
optically active (chiral) products in pharmaceu- 
ticals. 

Other opportunities come from the petro- 
chemical industry, where many analytes such 
as alcohols, aldehydes and esters could be 
analysed in an organic phase using suitable 
enzymes. However, in this industry, environ- 
mental conditions are generally too harsh (high 
temperature and/or pressure) for the immobi- 
lized biocatalyst and/or the optical transducer 
to work effectively. The operation may be lim- 
ited to an automated off-line arrangement. 

Future research is likely to solve the critical 
issues of optical sensor stability in organic sol- 
vents, ease of fabrication and calibration. Al- 
though the basic technology is straightforward, 
each application requires customized engineer- 
ing to produce optical biosensing devices with 
the expected capabilities. 

Enzymatic catalysis has recently been ex- 
tended to the gas phase and some enzyme- 
based sensors for use in the gase phase are at 
present under development. For example, an 
alcohol-oxidase-based sensor for the analysis of 
ethanol in air has been developed [63] and is 
attractive for breathalyser analysis. Alcohol 
oxidase and catalase (to prevent H202-based 
inactivation of the alcohol oxidase) were code- 
posited onto cellulose particles and the reaction 
was followed in situ by oxidation of a chro- 
mogen. In another approach, Barzana et al. 
[63] also described a method for detecting 
harmful organic vapours using solid state en- 
zymes. The fact that enzymes retain their cata- 
lytic activity in an almost dry state has 
interesting implications for the development of 
fibre-optic-mediated biosensors. Fiber optic 
chemical sensors for the measurement of oxy- 
gen, ammonia or carbon dioxide could be cou- 
pled with solid state enzymes in the gaseous 
phase to produce a biosensor. We have begun 
to explore the suitability of this new optical 
biosensor scheme for alcohols using an RTP 
sensor based on a xanthene dye. 

Enzymatic  catalysis in organic media is an 
exciting field capable of revolutionizing analyti- 
cal technology in disciplines as diverse as vet- 
erinary medicine, agriculture, bioprocessing, 
clinical biochemistry and defence. The use of 
new biocatalysts in organic media - -  either 
through protein and antibody engineering or 
recent isolation - -  could also open up new 
areas of research. Future prospects and oppor- 
tunities of organic-phase biosensing (in the 
context of electrochemical and other transduc- 
ers) have recently been discussed by Saini et al. 
[9] and Wang et al. [11]. 

8. Conclusions 

The development of organic-phase optical 
biosensing is still very much at the basic re- 
search stage. From a practical standpoint the 
ability to easily immobilize and retain the ac- 
tivity of enzymes within an organic solvent 
should find many applications in optical 
biosensor technology, e.g. via the use of sensi- 
tive optical detection techniques and/or via the 
use of multienzyme systems. On the other 
hand, the possibility of finding or inducing new 
biocatalysts (enzymes or antibodies) tailored to 
a particular analytical need could also open up 
new areas of research and application. From a 
basic point of view several fundamental issues 
remain unresolved: the parameters that govern 
enzymatic activity in non-aqueous media must 
be addressed, the role of water and the nature 
of the organic solvent on the biocatalyst must 
be fully understood, a mechanistic and kinetic 
description of enzymatic catalysis in organic 
solvents is needed, etc. Biocatalysts in non- 
aqueous media thus open up another promis- 
ing horizon for basic study and the application 
of biochemical analysis. We hope this overview 
stimulates fresh ideas and new approaches that 
will aid progress in this exciting field. 
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Abstract 

A new PVC membrane electrode based on lipophilic (2,9,16,23-tetra-tert-butylphthalocyanine)tin(IV) 
dichloride which demonstrates excellent selectivity and fast response toward the salicylate ion is described. 
The membrane electrode displayed a linear response for salicylate in the concentration range 10-5-0.1 M 
and exhibited an antiHofmeister pattern, with high selectivity for salicylate compared with lipophilic 
inorganic and biologically important organic anions. The electrode was successfully applied to the determi- 
nation of salicylate in pharmaceutical preparations and biological samples. 

1. Introduction 

The conventional anion-selective electrodes 
based on quaternary ammonium or phospho- 
nium salts are essentially non-selective because 
the selectivity is determined by the hydration 
energy and the relative solubility of  the individ- 
ual anions in the solvent mediator, i.e. the 
electrodes always display the so-called 
Hofmeister sequence [1,2]. Recently, electrodes 
using plasticized poly(vinyl chloride) (PVC) 
membranes incorporating derivatives of  vita- 
min B]2 [3], the porphyrin complexes of  Co(III) 
[4], Sn(IV) [5], In(III) [6], Mn(III) [7], 
organometallic compounds such as organotin 
[8] or organomercury [9] compounds as well as 
Schifl's base complexes have been reported. 
Many of  them showed potentiometric anion- 
selectivity sequences which were derived from 
the Hofmeister pattern. The mechanism for the 
selectivity obtained is believed to be based on 
the coordination of  the analyte ions with the 
respective metal atoms involved in the carrier 
molecules. The work reported here extends this 
concept with the development of  a new salicy- 
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late-selective membrane electrode based on the 
t in(IV)-phthalocyanine complex, "I-FBPcSnCI 2. 

Salicylate and its analogues such as acetylsal- 
icylate (aspirin) are commonly used as effective 
analgesics. Despite their utility as pain relievers 
and antipyretics, salicylate derivatives can be 
quite toxic if taken in large doses. The most 
widely used spectrophotometric method [10] 
for determining "total"  salicylate is rather te- 
dious and exhibits poor  selectivity. With the 
wide use of  aspirin, there is an increasing need 
for measurement of  "free" salicylate in biologi- 
cal samples such as urine and serum. Polymeric 
membrane electrodes for salicylate measure- 
ments have been proposed previously [l l]. 
Since these earlier probes were based on disso- 
ciated ion exchangers such as quaternary am- 
monium or phosphonium salts, they lacked 
adequate selectivity for salicylate over a num- 
ber of  phisiologically important anions such as 
chloride and lactate. A salicylate-selective elec- 
trode useful in the analysis of  biological sam- 
ples were reported by Meyerhoff and 
co-workers [5] using tetraphenylporphyrin- 
tin(IV) dichloride as the carrier. The electrode, 
unfortunately, possessed a relatively long re- 
sponse time ( 2 - l 0  min to reach 9 0 0  of  equi- 

reserved 
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librium). This drawback prompted us to de- 
velop a new salicylate-selective electrode with a 
rapid response as well as a high selectivity. The 
metal phthalocyanines, with a structure similar 
to the metal porphyrins, neverthlesss exhibit 
properties different from the latter, probably 
owing to the difference in, say, the "hole" size 
[12]. In addition, the metal phthalocyanines are 
more easily obtained and chemically stable 
than the metal porphyrins. This paper de- 
scribes a new lipophilic phthalocyaninetin(IV) 
based salicylate sensor with a relatively high 
selectivity over common inorganic and organic 
anions, rapid response time, and wide linear 
range. The proposed membrane electrode pro- 
vides an alternative useful device for measuring 
salicylate in pharmaceutical preparations and 
physiological samples. 

2. Experimental 

2. I. Reagents and chemicals 

All potentiometric measurements were car- 
ried out in phosphate buffer solutions. 
Aqueous solutions were prepared with doubly 
distilled water. Tetrahydrofuran (THF), high 
molecularweight poly(vinylchloride) (PVC), 
potassium tetraphenylborate (KTPB), dinonyl 
sebacate (DNS), and n-dibutyl phthalate 
(DBP) were obtained from Shanghai Chemicals 
Co. Chemicals used for the synthesis were of 
reagent grade quality and were used without 
further purification. 

2.2. Preparation of  (2,9,16,23-tetra-tert- 
butylphthalocyanine)tin(IV) dichloride 
(TTBPcSn(IV), Fig. I) 

The synthesis based on the literature [13] was 
modified as follows. A finely powdered mixture 

( C H 3 ) 3 C ~  f , ~  C(CH3)3 

~ - ~  ~ ~c(cH3) 3 
(CH3)3 c 

Fig. 1. Structure of the carrier studied. 

of 2.9g (48.5mmol) of urea (water-free), 
235mg (4.5mmol) of ammonium chloride, 
575 mg (2.5 mmol) of stannous chloride and 
34 mg (0.03 mmol) of ammonium molybdate 
was mixed thoroughly with 1.8 g (8.1 mmol) of 
4-tert-butylphthalic acid prepared according to 
Hanack et al. [14]. The mixture was heated at 
180 °C and kept at this temperature for 30 min. 
The temperature was then increased to 200 *C 
and maintained for 4 h. The crude product was 
boiled for I h in 1 mol 1 -t  HCI, filtered, and 
washed with water until the filtrate was neutral. 
The product obtained was further purified by 
dissolving in CHCI3 and the resulting solution 
was chromatographed using a silica gel column 
with elution with a mixture of CHC13 and 
CH3OH (8:1 v/v). The eluted solution was 
evaporated under reduced pressure, and a blue 
solid was obtained. Analysis: calculated for 
C48H48NsSnCI2(Mr., 926.62); C, (62.16%) H 
(5.18%); N (12.08%); found: C (62.61%); H 
(5.47%); N (I 1.95%). 

2.3. Apparatus 

Potentiometric and pH measurements were 
made with use of a model PHS-10A digital 
Ionnalyzer (Xiaoshan). The cells used for 
millivolt measurements were of the following 
type: Hg/Hg2Cl2(s), KCl(saturated)lsample 
solution II a v c  membrane [1 NaSal(0.001 M), 
KCI(0.1 M), AgC1/Ag. The cell potentials were 
measured at room temperature (10°C). The 
solutions were buffered with 0.05 mol I- ' phos- 
phate and adjusted to the required pH with 
KOH. 

2.4. Electrode preparation and handling 

The PVC membrane electrodes were fabri- 
cated from various carriers and assembled ac- 
cording to Thomas and co-workers [15,16]. The 
membrane composition was 2 wt.% TTBPc- 
Sn(IV), 31 wt.% PVC and 67 wt.% DNS. The 
Aliquat-336 membranes were prepared with 
7 wt.% Aliquat, 30wt.% PVC and 63 wt.% 
DBP. Before use, the electrodes were condi- 
tioned in 0.01 mol l- i  NaSal solutions for 2 h. 
When not in use, the electrodes were stored in 
10 -4 mol l- ~ NaSal solutions at room tempera- 
ture and protected from the ambient light to 
prevent any possible photodecomposition of 
the ionophores as a precautionary measure, 
although during a period of at least 1 month 
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there was no detectable change of  the electrode E (m V )  
characteristics. 

2.5. Determination of EMF response and 
selectivity of the membranes 

Anion selectivity coefficients, log K ~ .  a,ion, 
were determined in 0.1 M solutions of  the cor- 
responding sodium salts by the separate solu- 
tion method [17]. The solutions were buffered 
with 0.05 M phosphate adjusted with KOH to 
pH 5.5. Concentrations were used rather than 
activities due to uncertainties in estimating the 
ionic strengths of  zwitterion background elec- 
trolytes. The concentration of  the dissociated 
anions of  weak acids in the test solutions was 
calculated using the Henderson-Hasselbalch 
equation. The pH response curve of  the salicy- 
late-membrane electrode was obtained by ti- 
trating 0.05 M phosphoric acid with small 
aliquots of  KOH, while simultaneously moni- 
toring the pH of  the sample solution with a 
combination glass pH electrode. 

1777 

4513 

40C 

350 

300 
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200 

150 

- l o g [ N a S a l l , M  

Fig. 2. Potentiometric response curves of the electrode at 
various pH values in 0.05 rno l l - '  phosphate buffer. @, 
pH 5.5; O, pH 6.2; + ,  pH 7.2. 

2.6. A.c. impedance experiments 

The a.c. impedance spectra of the electrode 
membrane containing TTBPcSn(IV) were 
recorded with use of a PAR M368-2 system 
(EG & G Princeton Applied Research, USA) in 
0.05moi l -~ phosphate at pH 5.5. The fre- 
quency range used was 105-0.01 Hz (at 10 °C). 
The a.c. amplitude was 5 mV. 

2. 7. UV- Vis absorption spectra 

Recovery experiments were undertaken on 
urine samples drawn from healthy persons not 
taking aspirin. Urine samples (5 ml) were di- 
luted with 0.05 mol l-~ phosphate buffer 
(pH 5.5) to the appropriate volume and the 
standard additions method was used to obtain 
the salicylate concentration which was com- 
pared with the results obtained by the conven- 
tional colorimetric method [10]. 

Spectra of  the chloroform phase obtained by 
shaking a solution of  the TTBPcSn(IV) com- 
plex in CHCI 3 with water (pH 5.5) or with 
0.1 mol l -  ~ NaSal for 30 min were recorded on 
a PE Lamada 17 spectrophotometer (Perkin- 
Elmer). 

2.8. Determination of salicylate in aspirin 
tablets and urine 

Tablets of aspirin (Central South Pharma- 
ceutical Co., Hunan) were finely powdered and 
treated according to the procedure described 
by Choi and Fung [ll]. A standard additions 
method was employed to evaluate the concen- 
tration of  salicylate. A standard procedure for 
the assay of  soluble aspirin tablets [18] was 
used as the reference method. 

3. Results and discussion 

3.1. Potentiometric response 

The calibration curves of  the electrode incor- 
porating TTBPcSn(IV) are shown in Fig. 2. 
The electrode showed a linear potentiometric 
response over a wide concentration range of  
1 x 10-5-0.1 mol 1 -~ salicylate (with a slope of  
- 5 0 - -  54 mV per decade at room tempera- 
ture, 10 °C) in 0.05 mol I - I  phosphate buffer 
solution, pH 5.5. The limit of detection was 
determined to be 7 x 1 0 - r m o l l  -I  salicylate. 
The standard deviation of  the potential read- 
ings was 0.8 mV when the electrode pair was 
dipped alternately into 10 -3 and 10 -2 M NaSal 
solutions. 
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Fig. 3. The tg~./., response time of the electrode as a func- 
tion of sample salicylate concentration in phosphate buffer, 
pH 5.5. 

3.2. Response time 

For  analytical applications, the response 
time of  a sensor is an important factor. With a 
salicylate-selective electrode based on te- 
traphenylporphyrintin(IV), tg~,/, values of  2 -  
10 min have been reported, depending on the 
concentration of  salicylate tested, and the rela- 
tively long response time was ascribed to the 
exchange between salicylate and the axial coor- 
dination anions. For  the membrane electrode 
containing TTBPcSn(IV), the tg~,/, was deter- 
mined to be 20 -6  s from lower to higher salicy- 
late concentrations, which is similar to those 
observed with classical ion-exchange membrane 
electrodes (see Fig. 3). It seems that the com- 
pound TTBPcSnCI2 could act as a charge car- 
der in the membrane after exposure to the test 
solutions. In fact, in UV-Vis spectroscopic ex- 
periments as described in the experimental sec- 

A 

1.0 t 
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IS  
• ! 0 . 6 ,  - 

,, .a 
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0.0 
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tion 2.7, the TI'BPeSn(IV) complex in CHCI3, 
after shaking with a phosphate buffer, showed 
a change in the absorption spectra (see Fig. 4). 
This spectral change is thought to have origi- 
nated from the axial coordination of  either 
H20  or O H -  ions at the fifth and/or sixth 
coordination positions, that is to say, the sub- 
stitution of  H 2 0  or O H -  ions with salicylate 
ions. It was noticed that the equilibration time 
in such spectroscopic experiments was rela- 
tively fast compared with the time observed in 
a similar spectroscopic experiment for te- 
traphenylporphyrintin(IV) (3-4  days) [19]. It 
seems that the kinetic rate for axial ligand-ex- 
change on TTBPcSn(IV) is faster than that of  
tetraphenylporphyrintin(IV); this may be asso- 
ciated with the relatively short response time of  
the TTBPcSn(IV)-based electrode compared 
with the tetraphenylporphyrintin(IV)-based 
electrode. 

3.3. Effect of  pH 

The pH response profiles for TTBPcSn(IV) 
were examined by titrating 0.05 mol 1-1 phos- 
phoric acid with KOH (Fig. 5). Similar to the 
electrodes based on metal porphyrins and other 
organometallic compounds, the TTBPcSn(IV)- 
based membrane also exhibits pH sensitivity, 
possibly as a consequence of  the tendency of  
the central metal atom to form oxides and, or 
hydroxides at moderate or high pH values. For  
metal-phthalocyanine based membrane elec- 
trodes, this might be explained by the coordi- 
nation of  water molecules or hydroxyl groups 
as axial ligands to the central metal atoms. The 
calibration curves for the TTBPcSn(IV)-based 

e~ j 

540.16  620 .08  700 .00  
n m  

Fig. 4. UV-Vis absorption spectra of the TTBPcSn(IV) complex: - - ,  spectrum of CHCI 3 solutions of "I-FBPcSn(IV); 
. . . . . . .  spectrum of the above solution after extraction with phosphate buffer for 30 rain; . . . . . .  , spectrum after extraction 
with 0.1 mol I- ' aqueous NaSal for 30 rain. 
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Fig.  5. p H  r e s p o n s e  o f  the  T r B P c S n ( W ) - b a s e d  m e m b r a n e  

e lec t rode .  

T a b l e  1 
P o t e n t i o m e t r i c  select ivi ty coeff icients ,  pot log K,~n/~ o f  sal icy-  

la te  e l ec t rodes  p r e p a r e d  wi th  di f ferent  ca r r i e r s  

A n i o n  T T B P c S n ( 1 V )  T T B P c S n ( I V ) "  A l i q u a t  

3 3 6 - s a l  

Sal icyla te  0 0 0 

C h l o r i d e  - 4 . 7 8  - 4 . 8 0  - 1.96 

B r o m i d e  - 3 . 9 5  - 4 . 2 0  - 1.31 

N i t r a t e  - 3.60 - 4 .00 - 1.05 
Ni t r i t e  - 2.89 - 3.40 - 1.86 

P e r c h l o r a t e  - 1 . 7 8  - 3 . 3 3  2 .10 

T h i o c y a n a t e  - 1.65 - 2 . 9 1  0 .90 

Iod ide  - 2.58 - 3.58 0 .14  

C i t r a t e  - 3.36 - 3.48 - 1.61 

A c e t a t e  - 3.31 - 3.42 - 2.3 I 

L a c t a t e  - 1.29 - i . 64  - 2.01 

Benzoa te  - 0 . 7 6  - 1.12 - I . I  I 

T h e  m e m b r a n e  c o m p o s i t i o n  is the  s a m e  as  t h a t  desc r ibed  

in the  expe r imen t a l  sec t ion  wi th  the  a d d i t i o n  o f  a b o u t  

0.1 w t . %  K T P B .  

electrode at different pH values are shown in 
Fig. 2. There is no obvious difference between 
the calibration curves for the electrode at 
pH 5.5 and pH 6.2 due to the relatively weak 
pH response of the TTBPcSn(IV)-based elec- 
trode. (At pH values below 5.5 a significant 
fraction of salicylate changes to the protonated 
form which is not detected by the electrode.) 
At pH 7.2, on the other hand, owing to the 
increased interference of the hydroxide ions, 
the detection limit of the electrode for salicylate 
deteriorates. 

3.4. Selectivity of  the electrode 

The potentiometric selectivity coefficients for 
membranes containing different carriers are 

shown in Table l. For comparison, the selectiv- 
ity data for a conventional salicylate electrode 
based on Aliquat-336s are also presented. The 
TTBPcSn(IV)-based membrane displayed sub- 
stantially improved selectivity for salicylate 
over common inorganic and biologically im- 
portant organic anions. Most of these ions 
would be expected to interfere seriously with 
classical anion-exchanger-type membrane sen- 
sors. It is evident that the binding constant 
between tin and the salicylate anion is much 
higher than those for most other anions; the 
relatively high electron density around the cen- 
tral tin atom of TTBPcSn(IV) would weaken 
the coordinating ability of this atom. The selec- 
tive bonding of the salicylate ion is thought to 
be the origin of the high selectivity of the 
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Fig.  6. T h e  a .c .  i m p e d a n c e  o f  the  m e m b r a n e  i n c o r p o r a t i n g  T T B P c S n ( I V )  a f t e r  c o n d i t i o n i n g  f o r  2 h in ( • )  1 0 -  ~ m o l  I -  i 
N a S a l  so lu t ion ,  ( © )  i 0 -  ~ m o l  I - 0 N a S a l  so lu t ion ,  a n d  ( E3 ) l 0 - s m o l  I - 0. 
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Table 2 
Recovery o f  salicylate added to human  urine 

Sample Salicylate Salicylate found (mmol 1- t) 
added 
(mmol I -  t) Electrode me thod"  Colorimetric method b 

Average 
recovery 
(electrode) (%) 

1 0.00 0.86 + 0.02 0.84 
1.89 2.83 _ 0.01 

2 0.00 0.61 + 0.01 0.69 
0.95 1.52 + 0.04 

3 0.00 1.16 _+ 0.03 1.20 
0.49 1.66 + 0.07 

104 

94.7 

102 

average of  three determination + s tandard deviation. 
b Single measurement.  

TTBPcSn(IV)-based electrode of salicylate over 
other anions. It is of particular significance that 
the electrode displayed a very high selectivity 
over chloride, making possible the use of the 
electrode for the determination of salicylate in 
biological samples. The selectivity of this sali- 
cylate-sensitive TTBPcSn(IV)-based electrode 
relative to perchlorate and thiocyanate is some- 
what worse than that of the Sn(IV)-porphyrin 
system, as reported by Meyerhoff and co- 
worker [9]. 

Recently, Schaller et al,[20] and Bakker et al, 
[21] have demonstrated independently that for 
anion ionophores which operate via a charged 
carrier mechanism, the addition of small 
amounts of negative sites in the membranes 
will benefit the selectivity of electrodes. To 
check whether it is possible to further improve 
the selectivity of the TTBPcSn(IV)-based elec- 
trode, a small amount of potassium te- 
traphenylborate (KTPB) was added to the 
membrane. The selectivity coefficients of such a 
membrane incorporating KTPB are also shown 
in Table 1. The selectivity of  the resulting 
electrode over other anions, especially perchlo- 
rate and thiocyanate, is really slightly im- 
proved. On the other hand, according to the 
theoretical models that predict the effects of 
lipophilic anion sites on the selectivity of mem- 
branes [20-21], it also demonstrates that the 
membrane incorporating TTBPcSn(IV) is oper- 
ating via a charged carrier mechanism. 

3.5. A.c. impedance spectra 

The a.c. impedance spectra of the membrane 
incorporating TTBPcSn(IV) were recorded af- 
ter conditioning in salicylate solutions for 
2 h. Well-defined semicircles at high frequency 

and Warburg impedance at low frequency 
intervals were observed (see Fig. 6). The 
bulk resistance increased with the decrease 
in the concentration of aqueous salicylate 
solutions, indicating that the transfer process 
of salicylate across the solvent polymeric 
membrane was controlled by the diffusion pro- 
cess. It is interesting to notice that according 
to the cyclic voltammetric experiments of 
Nakamura et al. [22], a phthalocyaninecobalt- 
immobilized polymer membrane also showed 
facilitated transfer of some anion species. 

3.6. Analytical applications 

The high selectivity for salicylate over com- 
mon inorganic and organic anions as well as 
the lower detection limit of the TTBPcSn(IV)- 
based electrode made it possible to determine 
salicylate in pharmaceutical preparations and 
biological samples. The electrode was em- 
ployed for the assay of aspirin. The salicylic 
acid produced by the hydrolysis of acetylsali- 
cylic acid was determined as described in the 
experimental section. The result obtained was 
44.80 + 0.34% (by weight, n = 5), which was in 
fair agreement with that of the pharmacopoeia 
method (44.67-1-0.29%; n = 5). 

A more detailed evaluation of the electrode 
method for determining salicylate in urine was 
carried out. Recovery studies with salicylate- 
spiked urine yielded recoveries ranging from 95 
to 104% as shown in Table 2. The results 
obtained by the electrode method were in 
agreement with those of the colorimetric proce- 
dure. The new TTBPcSn(IV)-based electrode 
seemed to provide a nice alternative device for 
the direct determination of salicylate in biologi- 
cal samples. 
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Abstract 

A new electrochemical biosensor was developed by incorporating an enzyme into a solid-paraffin- 
graphite-particle matrix. Tyrosinase served as model enzyme and the biosensor response was characterized 
with respect to its response to dopamine. The influence of different experimental parameters (tyrosinase 
loading, flow rate, oxygen dependence, pH, etc.) was investigated in order to optimize the biosensor 
performance. The electrode response was fast, reversible and linear in a large concentration domain 
(0.1 pM-I mM). The enzyme-solid paraffin carbon paste electrode (CPE) showed markedly improved 
stability in flow injection analysis compared to the classical liquid paraffin-graphite-based biosensors. The 
biosensor allowed a sampling rate of 79 samples per hour, the repeatability of the injections was improved 
with respect to the classical CPE with a relative standard deviation of 2.2% (N-- 63), and the detection limit 
for dopamine was 50 riM. The biosensor response to some phenol and catechol derivatives was also 
investigated. 

1. Introduction 

Amperometric biosensors are increasingly of 
considerable interest for monitoring analytes in 
flowing streams in pharmaceutical and environ- 
mental analysis [1-5]. The immobilization of a 
biological component in a water-insoluble ma- 
trix such as carbon paste (graphite + liquid 
paraffin) is currently extensively used for the 
development of amperometric biosensors [3-6]. 
Interestingly, the carbon paste electrode (CPE) 
exhibits a low background current compared to 
other solid electrodes [7], and enzyme-modified 
CPEs show fast responses due to the proximity 
of the biocatalyst-graphite particles. The elec- 
trode may be additionally mixed with a catalyst 
(redox mediator [8-12], metal particles [ 1 3 -  

* Corresponding author. 
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16]) and the biocatalyst is protected by the 
hydrophobic matrix of the electrode [17]. The 
enzyme loading may be important, allowing 
high rates of substrate conversion. However, 
applications under hydrodynamic conditions 
are limited by the instability of such biosensors 
[3,8], due in part to the poor mechanical 
strength of the paste [18] giving rise to enzyme 
leakage along with progressive erosion of the 
electrode surface [8,19]. Several interesting 
strategies have been considered for improving 
these so-called bulk-modified enzyme elec- 
trodes by using carbon composite matrixes 
such as epoxy [20-22], KeI-F [23], silicone 
grease [2], PVC [24], or Teflon [25] as binders, 
by stretching a dialysis membrane over the 
electrode [13,17,26], by chemically modifying 
the enzyme [27], or by chemically attaching the 
enzyme to the graphite particles [28]. In our 

reserved 
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preliminary work, we described the preparation 
of a new solid paraffin-based carbon paste 
electrode (SCPE) for the development of an 
enzyme-immobilized electrode [29]. By studying 
the latter under hydrodynamic conditions (how 
injection analysis (FIA)), it appeared that the 
solid paraffin improved remarkably the me- 
chanical stability of the biosensor, and the 
reproducibility and repeatability of the results 
compared to a liquid paraffin-based biosensor. 
We report here the characterization and prop- 
erties of a tyrosinase-immobilized solid CPE 
(SCPE) by studying phenol and catechol 
derivatives and dopamine as model compounds 
in FIA and batch experiments. Tyrosinase 
(polyphenoloxidase) has already been used ex- 
tensively for biosensor preparation [2,9,22,26, 
28,30-34]. The enzyme is known to catalyze 
the oxidation of phenolic compounds via hy- 
droxylation in the presence of molecular oxy- 
gen to catechol and finally to the 
corresponding o-quinone. The latter can be 
monitored amperometrically at -0 .2  V vs. a 
saturated calomel electrode (SCE) and quanti- 
tatively related to the concentration of phenol 
or catechol derivatives [30-32]. A tyrosinase- 
immobilized CPE has been extensively studied 
by Ortega et al. [28,32] and the results have 
shown the high instability of the paste under 
hydrodynamic conditions, e.g. in HPLC [32]. 
Here, the electrochemical detection of quinones 
occurs at low potentials; this reduces the mag- 
nitude of the background current and mini- 
mizes the risks of interferences by uric acid, 
ascorbic acid and acetaminophen [33,35]. 

2. Experimental 

2. I. Apparatus 

FIA experiments 
The experimental set-up consisted of an ana- 

lytical pump (Perkin-Elmer, series 10, liquid 
chromatograph) with a sample injector of vol- 
ume 20 lal, connected to the detector by a con- 
duit of 40 cm length (Peek tubing, 0.03 cm i.d.). 

The wall-jet configuration consisted of a 
large volume cell [36] containing the reference 
electrode (SCE); the enzyme electrode and a 
stainless-steel chromatographic tube as auxil- 
iary electrode completed the cell. An applied 
potential of -0 .2  V was maintained with a 
Braker E 230 LC potentiostatic detector. The 
surface of the biosensor was positioned at a 
distance of 1 mm in front of the impinging jet. 

A flow-through cell of thin layer design was 
also employed to check for the oxygen depen- 
dence of the biosensor. It was positioned 
within the FIA experimental set-up outlined 
above. The detection cell (BAS) housed the 
enzyme electrode (dual electrode, 3 mm in di- 
ameter), an Ag/AgC1 (3 M NaCI) reference 
electrode (BAS) and a stainless-steel block as 
auxiliary electrode. The potential was con- 
trolled by a BAS LC 4B amperometric detec- 
tor. The current output was displayed on a 
Kipp and Zonen Y-t recorder. 

Samples for injection were prepared using 
the carrier solution. 

Batch experiments 
Amperometric measurements were per- 

formed with use of a 20 ml cell containing the 
working electrode, an SCE as reference elec- 
trode and a glassy carbon electrode as the 
auxiliary electrode. The applied potential was 
maintained with a Braker E 230 LC potentio- 
static detector. A magnetic stirrer and a stirring 
bar provided convection. The current output 
was displayed on a Kipp and Zonen recorder. 

Voltammetric measurements were performed 
with use of a Bioanalytical system (BAS) model 
CV 27 voltammetric analyzer connected to a 
7090A Hewlett Packard printer. 

All measurements were made at room tem- 
perature (22 ___ I°C). 

2.2. Reagents 

All chemicals were of analytical grade 
(Merck or Sigma) and were used as received. 
Stock solution of dopamine, catechol and phe- 
nol derivatives were prepared in nitrogen-deaer- 
ated phosphate buffer solutions. The latter were 
prepared from sodium dihydrogen phosphate 
and the pH was adjusted to the desired value by 
H3PO4 or NaOH. Deionized water was used for 
preparing the solutions. Graphite particles (di- 
ameters 10-100 lam) were cleaned by lixiviation 
with acetone, then activated with aqua regia 
and thoroughly rinsed with water to neutral pH 
and finally dried at 400"C for 4 h. The carbon 
paste electrode (CPE) was prepared by using 
commercial carbon pastes from Metrohm 
(E.A.207c), namely type A, consisting of 76% 
graphite and 24% liquid paraffin, and type B 
having 66% graphite and 34% liquid paraffin. 
Tyrosinase EC 1.14.18.1 (tyrosinase activity, 
3900 U mg -~ solid; polyphenol oxidase activ- 
ity, 84 000 U mg-~ solid; catechol oxidase ac- 
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tivity, 400 000 U mg- '  solid) was purchased 
from Sigma as a lyophilized powder. 

2.3. Electrode preparation 

The solid carbon paste electrode (SCPE) was 
prepared by melting paraffin wax for 15 min in 
a mortar thermostated in a water bath, at a 
temperature close to its melting point (46- 
48°C) in the presence of graphite particles in 
the ratio 34:66 (m/m). The mortar was re- 
moved from the water bath and the paste was 
thoroughly mixed and crushed with a pestle. 

For the enzyme-immobilized paste prepara- 
tion, and in order to achieve optimum re- 
sponses and reproducibility between pastes the 
dry enzyme powder was added by direct ad- 
mixing with the carbon paste [32]. 

Metrohm carbon paste electrode (EMCPE) 
types A and B 

The enzyme tyrosinase was mixed homo- 
geneously with the Metrohm carbon paste 
(MCPE) in a mortar (5% (m/m)) at room 
temperature. 

New solid carbon "paste" electrode (ESCPE) 
The paraffin wax was melted in a mortar 

thermostated in a water bath at a temperature 
close to its melting point (46-48°C). The mor- 
tar was then removed from the bath and the 
lyophilized tyrosinase was added and thor- 
oughly mixed. Subsequently, the graphite parti- 
cles were added and mixed with a glassy 
spatula to obtain a prehomogeneous paste. The 
final "solid paste" was obtained by crushing 
with a pestle in the mortar. A portion of this 
mixture was packed into the Teflon body of the 
electrode (1 mm i.d.). Before the measure- 
ments, the new enzyme electrode was smoothed 
to a mirror finish using a clean paper card. 

3. Results and discussion 

The hardness of the ESCPE greatly mini- 
mized the leakage of the enzyme into the solu- 
tion compared with a tyrosinase-MCPE. This 
was confirmed in batch conditions by dipping 
the enzyme-modified electrode (5% (m/m)) into 
a 20 ml cell containing 0.1 M phosphate buffer 
(pH 7.0) during 22 h under mild stirring. The 
presence of solubilized tyrosinase was demon- 
strated by the addition of catechoi (10 -4 M) to 
the solution and monitoring the o-quinone 

produced by amperometric reduction using an 
MCPE. No reduction current was observed in 
the solution which contained the ESCPE, in 
contrast to the result obtained with the solu- 
tion which contained the EMCPE type A. 

3.1. Influence of flow rate 

The dependence of the peak height upon the 
flow rate of the carrier (0.1 M phosphate buffer 
(pH 7.0)) was investigated in the range 0.3- 
2 ml min- '  using the ESCPE by injecting a 
34 ~tM dopamine solution into the FIA wall-jet 
system. A nearly exponential decrease of the 
signal was observed on increasing the flow rate 
in accordance with literature data [28, 32] 
which showed that the enzymatic conversion is 
limiting the response. It should be noted that at 
a flow rate of 1.0 ml rain- ' ,  the response ob- 
tained represented approximately 55% of the 
response achieved at 0.3 ml min-i .  The latter 
flow rate was used for further experiments. 

3.2. Influence of pH 

The optimum pH for the ESCPE was deter- 
mined in 0.1 M phosphate buffer in the pH 
range 5-9 using a 12~tM solution of do- 
pamine. Experiments were carried out with the 
FIA system (wall-jet configuration) and the 
batch set-up (100% steady state). As shown in 
Fig. l, curves A and B, similar behaviour was 
observed, with a maximum response at pH 7.0 
in accordance with literature data on tyrosinase 
immobilized in a polypyrrole matrix [34], in a 
CPE [28,32], and in a graphite-epoxy com- 
posite electrode [23]. 

3.3. Influence of buffer concentration 

The ESCPE response was investigated in the 
FIA system (wall-jet configuration) by varying 
the phosphate buffer concentration between 
0.01 and 0.2 M at pH 7.0. The response de- 
creased by approximately 50% from 0.01 to 
0.1 M, then it stabilized to reach a plateau at 
0.1 M. The response was quasi-independent of 
buffer concentration between 0.1 and 0.2 M. 
Further experiments were performed using a 
0.1 M pH 7.0 buffer concentration. 

3.4. Influence of temperature and enzyme 
loading 

In order to check for the risk of enzyme 
degradation by heat, the influence of the tern- 
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Fig. 1. Relative response of  the ESCPE as a function of  pH. Experimental conditions were optimized (see details in text). 
Curve A, FIA systems; curve B, Batch set-up. 

perature during the paste preparation was in- 
vestigated at 48, 58, and 68°C. No significant 
difference in the responses was observed 
(within experimental error) in this temperature 
range. The response of the biosensor (5.4 BM 
dopamine injection) increased non-linearly by 
raising the enzyme loading, e.g. 0.31nA, 
0.95 nA, and 2.2 nA at 2%, 5% and 8% (m/m), 
respectively. The second paste composition was 
selected in this study as it showed a better 
background current stability than the 8%, (m/ 
m) loading. Using the latter, the background 
current was stable for 2 h then it started to 
increase gradually. This may be related to a 
higher hydrophilicity (inferred from an initially 
higher background) of the electrode surface, 
dissolution of the enzyme and progressive ero- 
sion of the electrode surface. 

3.5. ESCPE stability in FIA 

The operational stability of the ESCPE (5% 
(m/m)) and the tyrosinase-MCPE types A and 
B (5% (m/m)) were compared by repetitive 
injections of a 9.2 ~tM dopamine solution. As 
shown in Figs. 2A and 2B, a progressive in- 
crease of the background current and a peak 
current decrease with time were observed for 
the tyrosinase-MCPE types A and B com- 
pared to the ESCPE. As expected, the enzyme 
electrode with a higher graphite loading i.e. 
EMCPE type A (Fig. 2A), showed dramatic 
behaviour under hydrodynamic conditions due 
to its lower mechanical strength. For identical 
electrode compositions with respect to the 

binder:graphite:enzyme ratio, the ESCPE 
showed a markedly improved behaviour com- 
pared with the EMCPE type B (Figs. 2C and 
2B, respectively). Note also that the initial re- 
sponse at the EMCPE were four times higher 
than at the ESCPE. This suggested that a 
larger amount of tyrosinase was spread over 
the tyrosinase-MCPE surface than over the 
ESCPE, but progressive dissolution of the en- 
zyme (peak decrease) and gradual erosion 
(background increase) of the EMCPE types A 
and B limited their applicability. The ESCPE 
maintained 100% and 90% of its initial FIA 
response after 12 h and 24 h of continuous use, 
respectively. The long-term storage stability of 
the solid paste at 5°C was determined by study- 
ing the response of the ESCPE (injection of 
12 BM dopamine in FIA). The ESCPE showed 
69% of its initial response using a 65-days- 
stored solid paste. 

The background current at the ESCPE was 
stabilized within 30 rain following the applica- 
tion of the potential under the FIA optimal 
conditions. 

3.6. Influence of  oxygen 

In the wall-jet configuration, the ESCPE re- 
sponse was not significantly affected when the 
carrier was permanently deaerated by nitrogen. 
This might be explained by the presence of 
traces of oxygen absorbed and entrapped in the 
ESCPE [19]. The oxygen non-dependence was 
also observed when using the FIA thin-layer 
configuration. The presence of entrapped oxy- 
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Fig. 2. Typical amperometric recordings in FlA. (Dopamine concentration, 9.2 raM; injection loop, 20~1; 0.1 M 
phosphate buffer (pH 7.0); flow rate, 0.3 ml rain -~, E, pp = -0.2 V vs. SCE.) (A) Metrohm CPE (type A)-tyrosinase 5% 
(m/m); (B) Metrohm CPE (type B)-tyrosinase 5% (m/m); (C) solid CPE-tyrosinase 5% (m/m). 

gen was inferred from the broad reduction 
peak observed (in the negative potential range 
below - 0 . 3 4 V )  in the cyclic voltammetric 
curves recorded in nitrogen-degassed 0.1 M 
phosphate buffer (pH 7.0) at MCPE types A, B 
and the SCPE (figures not shown). 

In FIA, using the wail-jet configuration un- 
der optimum conditions (flow rate, 0.3ml 

min-~; 0.1 M in phosphate buffer (pH 7.0)) the 
reproducibility (calculated by studying do- 
pamine injections at two different concentra- 
tions, 3.61aM and 5.41aM) for different 
electrode surfaces ( N =  5) was 5.1%. The ES- 
CPE showed a linear response (FIA wall-jet 
system) in the concentration range 0.1 I~M- 
l mM; Y=0.151x- -0 .617  where Y is in 
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nanoamps and x is in micromoles; and with a 
linear correlation coefficient of r = 0.997 (eight 
data points). The detection limit (signal-to- 
noise ratio, 3) was 50 nM. The calculated re- 
peatability of several injections ( N =  63) 
corresponded to a relative standard deviation 
(RSD) of  2.2%. The electrode response was 
fast, with a half-peak value of  23 s correspond- 
ing to a sampling frequency of  79 injections per 
hour. 

It was of  interest to compare the sensitivity 
for dopamine of  the new biosensor with the 
results obtained by the direct oxidation of do- 
pamine at the SCPE at a potention of  + 0.6 V 
vs. SCE. At the latter potential, the linear 
domain range was from 0.2 lam to 1 mM and 
the detection limit was 40 nM, but the re- 
sponses were less reproducible (RSD, approxi- 
mately 5%) and less selective due to the 
relatively high applied potential. 

Trends in sensitivity taking into consider- 
ation other related molecules were established 
by studying the relative response for four phe- 
nol and catechol derivatives (taking the do- 
pamine sensitivity as 100%). A calibration 
graph was obtained for each molecule investi- 
gated in the FIA system (wall-jet), using a flow 
rate of  1 m i m i n - ' .  The results reported in 
Table 1 are in accordance with those reported 
by Ortega et al. for a tyrosinase-CPE [28]. 
The high response towards catechol may be 
attributed to the high catechol oxidase activity 
of  the enzyme (see reagents). Differences in 
sensitivity among the catechols (catechol 
> dopamine > noradrenaline) are likely to be 
due to differences in the K,~ values of  the 
catechol oxidase [37]. 

With respect to the possible use of the elec- 
trode in liquid chromatography, the ESCPE 
behaviour was tested in aqueous hydro organic 
media (methanol-buffer  or acetonitrile-buffer) 

Table I 
Relative responses (slopes of the calibration curves) in the 
FIA wall-jet system of the tyrosinase-solid carbon paste 
electrode towards various substrates 

Compound Slope 
C/,,) 

Dopamine 100 
Catechol 680 
Phenol 380 
L-Tyrosine 51 
Noradrenaline 23 

in the FIA system. On repetitive injections 
(N = 23) of  a 6.5 x 10 -4 M dopamine solution, 
the response decrease slightly but continuously, 
using both the acetonitrile (10% (v/v)-contain- 
ing and methanol (I0% (v/v)))-containing carri- 
ers. The initial response was reduced by 
approximately 12% after 23 injections. A 
slightly more rapid decrease in response was 
observed in the acetonitrile-containing carrier. 
By raising the acetonitrile content to 40%, the 
intensity of the current dropped by 75% of  its 
initial value within 2 h of  use. Using a 40:60 
(v/v) methanol-0.1 M phosphate buffer 
(pH 7.0), the intensity of the response (intermit- 
tent injections) was stable for 8 h. Further stud- 
ies were carried out using 10:90 (v/v) 
methanol-buffer.  Reproducible results (RSD, 
1.8%; N =  14) were observed by allowing a 
waiting time of  5 min between each injection. A 
calibration graph was obtained in the concen- 
tration range 2.5 laM- 1.8 mM; Y= 0.026x + 
0.232, where Y is in nanoamps and x is in 
micromoles; r = 0.9992; with a detection limit 
of  1 laM. 

Despite its gradual loss in sensitivity, the 
biosensor response was regenerated to 85% of  
its initial value by allowing a phosphate buffer 
carrier to flush over the biosensor for 1 h. 

4. Conclusion 

The immobilization of an enzyme such as 
tyrosinase in solid paraffin in the presence of  
graphite particles appeared to be a judicious 
way of preparing electrochemical (micro) 
biosensors showing high stability and rapid 
response rates suitable for hydrodynamic appli- 
cations. The detection limits were as good as 
those obtained at the enzyme-carbon paste 
electrode i.e. 40 nM, but the reproducibility of  
the response and the stability of the probe in 
aqueous organic media were considerably im- 
proved. Possible application of  this new "ro- 
bust" enzyme electrode may be considered in 
on-line phenol (and derivatives) monitoring, in 
"in vivo" sensing or as a detector in HPLC 
analysis. 
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Abstract 

Strip-type, preconcentrating/voltammetric sensors, prepared by incorporating a cation-exchange resin 
within screen-printed carbon inks, are described. Such single-use strips combine the efficient electrostatic 
accumulation of heavy metals with the use of "mercury-free" surfaces. The uptake of copper(II) from dilute 
solutions (under open circuit conditions) is followed by voltammetric measurements in a separate blank 
solution. Various experimental variables have been optimized to yield low detection limits (e.g. 0.5 ~tg 1- 
with l0 min accumulation) and good reproducibility (relative standard deviation, 2%,). The applicability to 
assays of drinking water is demonstrated. 

Keywords: Cation-exchanger-modified surface; Trace copper; Voltammetric sensors 

1. Introduction 

There is a growing need for decentralized 
testing of trace metals in connection with en- 
vironmental field screening or near-patient 
clinical diagnosis [1]. The remarkable sensitiv- 
ity of electroanalytical procedures, coupled 
with their compact instrumentation and low- 
power requirements, make them very attrac- 
tive for the task of on-site metal analysis. 
Particularly useful are single-use sensor strips 
based on screen-printing technology. Such thin 
film microfabrication capability allows the 
mass production of  highly reproducible, and 
yet extremely inexpensive disposable electrode 
strips [1-3]. Useful metal sensors have thus 
been developed based on the coupling of 
screen-printed electrodes with highly sensitive 
electrochemical stripping procedures [1,4]. 

* Corresponding author. 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights 
SSD! 0039-9140(95)01647-3 

Voltammetric and potentiometric stripping op- 
erations of these disposable electrodes offer 
reliable and yet convenient quantitation of 
heavy metals down to the nanomolar concen- 
tration level. One concern related to the field 
application and disposal of  stripping-based 
screen-printed electrodes is their reliance on 
mercury-coated surfaces. The development of 
"mercury-free" metal sensors thus represents a 
challenging and important task. 

This paper describes the performance of  a 
cation-exchanger-based single-use sensor for 
heavy metals. While chemically modified 
screen-printed electrodes have been reported 
previously in connection with electrocatalytic 
modifiers [2,5], no reports are available on 
analogous tailoring of screen-printed elec- 
trodes with preconcentrating agents. The pre- 
concentration/voltammetric strategy enjoys 
remarkable sensitivity [6], and its coupling to 
screen-printing technology holds great promise 

reserved 
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for on-site metal analysis. Preconcentrating 
modified electrodes also allow the use of  
medium-exchange procedures, i.e. the removal 
of  the sensor from the sample matrix and 
potential interferences. In the present study, a 
cation-exchanger resin, Dowex 50W-X8, was 
dispersed within a commercial carbon ink prior 
to the screen-printing process. The ability of  
this cation exchanger to rapidly collect metal 
ions from dilute solutions was demonstrated 
earlier in connection with modified carbon 
paste electrodes [7-9]. Similarly, as will be 
illustrated in the following sections, this resin 
modifier retains its attractive electrostatic accu- 
mulation behavior upon incorporation within 
printing carbon inks, and the resulting screen- 
printed preconcentrating electrode offers con- 
venient quantitations of  trace copper, lead and 
cadmium. 

2. Experimental 

2. I. Apparatus 

All voltammetric experiments were carried 
out using an EG&G PAR Model 264A voltam- 
metric analyzer, in connection with an EG&G 
PAR Model 0073 X - Y  recorder. Measure- 
ments were performed in a 10 ml electrochemi- 
cal cell (BAS, Model VC-2). The working 
electrode strip, reference electrode (Ag/AgCI, 
Model RE-I,  BAS) and platinum wire auxiliary 
electrode joined the cell through holes in the 
Teflon cover. 

pH measurements were carried out using a 
Beckman O12 pH/ISE meter, in combination 
with a Beckman combined pH electrode (No. 
39 831). 

2.2. Screen-pr&ting fabrication 

A semiautomatic screen printer (Model TF- 
100, MPM Inc., Franklin, MA) was used for 
fabricating the working electrode strips. The 
modified inks were prepared by thoroughly 
mixing the appropriate amounts of commercial 
carbon ink (product no. G-488 [I], Ercon, 
Waltham, Ma) with the solid cation exchanger 
Dowex 50W-X8 (H ÷ form, 2 0 - 5 0  mesh 
(Fluka)) in a porcelain mortar. Prior to mixing, 
the cation exchanger was ground in a mortar  
to a very fine powder. A group of  ten elec- 
trodes was printed onto the alumina ceramic 
plate (1.33 in x 4.00 in) through a pattern sten- 

cil. Each electrode consisted of  a 1.5 x 30 mm 2 
area. After letting the electrodes dry at room 
temperature, a layer of  insulator was placed 
onto part of  the printed ink, leaving a defined 
1.5 x 5 mm 2 working-electrode area. 

2.3. Reagents 

All solutions were prepared with deionized 
or nanopure water (for experiments using very 
low concentrations of  copper). The disodium 
salt of  ethylenediaminetetraacetic acid (EDTA) 
and dipotassium hydrogen phosphate were re- 
ceived from Fisher, while potassium dihydro- 
gen phosphate was obtained from Aldrich. 
Chemicals were used as received. Standard so- 
lutions of  copper, antimony, bismuth, cad- 
mium, iron, mercury, lead, silver and zinc 
(1000 mg l - t )  were purchased as standards for 
atomic absorption from Aldrich, and were di- 
luted with nanopure water prior to use. The 
ground water sample was collected at Hanford 
site (Richland, WA), while the drinking water 
was sampled at the NMSU laboratory (Las 
Cruces). Both samples could be used after ad- 
justment of  the pH with nitric acid (Fisher) 
without further treatment. 

2.4. Procedure 
Both unmodified and modified screen- 

printed electrodes were used without further 
pretreatment. 

Preconcentration 
For  the accumulation of  copper, the elec- 

trode was exposed to the stirred sample solu- 
tion (10ml of  double-distilled water, pH 5.7) 
containing copper(II) for the required time. 
After the preconcentration period, the elec- 
trode was removed, rinsed with water, placed 
into the voltammetric cell and connected to the 
polarograph. 

Voltammetry 
The supporting electrolyte for the voltam- 

metric measurements was phosphate buffer 
(0.005 M; pH 5.7). Cyclic voltammograms 
(CV) were recorded with a scan rate of  
5 0 m V s - I ;  the scan was initiated at + 0 . 6 V  
and then switched in direction at - 0 . 6  V. All 
quantitative measurements were performed in 
the differential pulse mode (DPV). The initial 
potential was - 0 . 4  V; the final potential was 
+0.3 V. An equilibration time of  15 s with the 
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Fig. 1. Cyclic voltammograms for copper, preconcentrated at (A) plain and (B) modified screen-printed electrodes: 
(curves a) 0 ppm, (curves b) I ppm and (curves c) 4 ppm of copper in the sample solution, respectively. (Scan rate, 
50 mV s-~; supporting electrolyte, 0.005 M phosphate buffer, (pH 5.7). Medium exchange technique: accumulation time, 
l min; pH of the sample solution, 5.7. Modifier (Dowex 50W-X8) loading (B), 5% (w/w).) 

initial potential applied was required to obtain 
complete reduction of copper(II) to copper(0). 
The pulse height was 50 mV and the scan rate 
was 20 mV s -  ~ with an increment of  4 mV per 
data point. The current range was set accord- 
ing to the concentration of  copper. 

Regeneration 
Following the voltammetric quantitation, the 

strip was immersed in a well-stirred aqueous 
solution of  EDTA (0.1 M) for 15 s. After care- 
ful rinsing with water, the blank voltam- 
mogram was recorded. 

3. Results and discussion 

Solid cation exchangers have not been em- 
ployed for the modification of screen-printed 
electrodes. The finely ground Dowex 50W-X8 
particles, admixed thoroughly within the car- 
bon ink, retain their attractive uptake proper- 
ties following the screen-printing process. Fig. 
1 compares the voltammetric response of  the 
(A) plain and (B) modified screen-printed 
strips, following accumulation from copper so- 
lutions and transfer to a blank solution. As can 
be clearly seen, accumulation of  copper takes 
place only when modified screen-printed elec- 
trodes are used, resulting in a rather small and 
broad cathodic wave corresponding to the re- 
duction of  copper(II) to copper(0) at a poten- 

tial of about - 0 . 1  V (vs. Ag/AgCI), and in a 
very sharp and well-defined reoxidation (strip- 
ping) signal at +0.1 V; the anodic peak shifts 
to more positive potentials with increasing cop- 
per concentration. No distinctive copper peaks 
are observed with unmodified screen-printed 
electrodes. 

The irreversible character of  the reduction of  
copper(II) is in contrast to its behavior at 
Dowex-50W-XS-modified carbon paste elec- 
trodes [8]. In this latter case the reduction of 
copper(II) yielded a sharp signal, which was 
exploited for DPV quantitation. As only the 
copper reoxidation yielded a defined response 
at the modified screen-printed electrodes, this 
signal was exploited for all further investiga- 
tions. For  quantitation purposes, the accumu- 
lated copper is first reduced to the metallic 
state during the equilibration step (at the initial 
potential of  - 0 . 4  V), and then reoxidized upon 
scanning in the anodic direction. An equilibra- 
tion time of  15 s was found to be sufficient to 
ensure complete reduction of  the accumulated 
copper prior to measurement. The ion-ex- 
change accumulation and measurement pro- 
cesses may be described by the following 
equations 

Accumulation: 

2[RSO7 H +]surf + [ Cu:~ +]sol 

*--, [ (RSO; )2 Cu2 + ]surf + 2Hs+ol (1) 
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Fig. 2. Effect of modifier loading on the (A) peak and (B) background current. (Differential pulse voltammetry: potential, 
- 0 . 4 -+0 .3 ;  scan rate, 2 0 m V s - ' .  Medium exchange technique: 100ppb copper; I min accumulation time. Other 
conditions as in Fig. 1). 

Equilibration ( -0 .4  V) 

[ ( R S O ~ - ) 2 C u 2 + ] s u r f - t . - 2 H ~ I  + 2e- 

,--, 2[RSO~- H +]surf + [Cu°]surf (2) 

Measurement ( - 0 . 4 -  + 0.3 V) 

[Cu°]su,f *-+ [Cu2+]sol + 2e- (3) 

The removal of accumulated copper residues 
after the voltammetric measurement is essential 
for the repeated use of the electrode strips. 
Such cleaning is possible by exposure of the 
electrode to solutions of EDTA or KCN. As 
screen-printed electrodes are aimed mainly for 
on-site environmental applications, the use of 
KCN as the regeneration agent was considered 
to be less favorable. A 15 s immersion of the 
electrode in a 0.1 M EDTA solution was suffi- 
cient for complete regeneration of the surface, 
without loss of analytical performance. Repro- 
ducible repetitive runs require recording of the 
blank voltammogram after each regeneration 
procedure, probably to remove complexed cop- 
per from the electrode surface, and to return 
the cation exchanger to its "active" form. 
Careful rinsing of the electrode after exposure 
to the regeneration solution was found to be 
extremely important in order to avoid contami- 
nation of the sample or measurement solutions 
with EDTA. 

The loading of the resin modifier within the 
ink has a profound effect on the performance 
of the modified screen-printed electrode strips. 

Higher surface loadings normally result in a 
higher accumulation capacity, but also in 
larger background currents. In order to opti- 
mize the composition of the modified elec- 
trodes, strips were prepared with various 
loadings of the resin modifier. Similar to the 
trend obtained with Dowex-40W-X8-modified 
carbon paste electrodes [8] it was found that 
the exchange capacity increased up to a 
modifier loading of 5% (w/w), but decreased 
with higher modifier loadings accompanied by 
a drastic increase of the background current 
for loadings greater than 5% (Fig. 2). Screen- 
printed electrodes with a modifier loading of 
5% (w/w) were thus found to yield the opti- 
mum signal-to-background ratio. 

While screen-printed electrodes are mainly 
designed for "one-shot" applications, the 
Dowex-modified strips are also found to yield 
high stability and reproducibility after regener- 
ation. They can be used throughout several 
days, without deterioration of the analytical 
performance. No special pretreatment is neces- 
sary when using freshly prepared strips, and 
the copper signals attain a constant height after 
two preliminary accumulation/measurement/re- 
generation cycles, yielding a relative standard 
deviation of less than 2o  for I0 consecutive 
measurements. The variability between differ- 
ent electrodes is also good. A relative standard 
deviation of 5o  was calculated for the response 
of 100 lag 1-~ Cu at five different electrodes (ac- 
cumulation time of 1 rain). 
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Fig. 3. Effect of  (A) pH and (B) ionic strength on the peak current (5% (w/w) modified screen-printed electrode; (B) 
pH 5.7; other conditions as in Fig. 2). 

Experiments were performed to explore the 
optimum conditions for the accumulation/mea- 
surement procedure. When varying the differ- 
ential pulse scan rate between 10 and 
100mV s -I, it was found that a scan rate of 
20mVs -1 provided the optimum ratio be- 
tween peak height and peak shape. Lower scan 
rates resulted in much smaller peak currents, 
whereas with higher rates, broadening of the 
peaks took place, without any gain in peak 
height. 

Parameters which influence the analytical 
performance of preconcentration strip elec- 
trodes to a great extent are the composition 
and pH of the measurement and sample solu- 
tions. As for the supporting electrolyte (for the 
measurement solution), it was found in prelimi- 
nary investigations that both non-complexing 
potassium nitrate and phosphate buffer are 
suitable electrolytes for the modified screen- 
printed electrodes. Similar results were ob- 
tained when modified carbon paste electrodes 
were used [8]. However, as the pH of the 
measurement solution had a great influence on 
the peak current of the copper reoxidation 
signal in the range between 6 and 8, and to 
ensure constant pH, phosphate buffer was cho- 
sen as the supporting electrolyte. The optimum 
pH for the measurement step was found to be 
5.7, in conjunction with a phosphate buffer 
concentration of 0.005 M. The influence of dis- 
solved oxygen was investigated with respect to 
the applicability of the Dowex-modified elec- 
trodes in field analysis. It was found that re- 
moval of oxygen by purging nitrogen through 
the solution results in slightly higher peak cur- 

rents (approximately 5%), but did not alter or 
improve the general voltammetric behavior. 
Therefore, this procedure is not necessary for 
improving the results. 

Even more important than the measurement 
solution are the composition and pH of the 
sample solution as they directly effect the accu- 
mulation step. Fig. 3A displays the dependence 
of the peak current on the pH of the sample 
solution. As can be seen, the pH has a great 
influence on the accumulation behavior. At 
high concentrations of hydronium ions, the 
equilibrium of Eq. (1) is shifted to the left-hand 
side, in favor of the binding of hydronium ions 
to the sulfonic acid groups of the cation ex- 
changer. On the other hand, the presence of 
high levels of hydroxide ions may lead to ion 
pairs with copper, which is no longer acessible 
for accumulation. Additionally, it is possible 
that the pH influences the accumulation capac- 
ity of the cation exchanger itself. A pH of 5.7 
thus offers an optimum accumulation of cop- 
per. The pH had to be kept constant through- 
out a whole series of measurements, and was 
monitored periodically (after five consecutive 
accumulation/measurement cycles). 

As can be seen from Fig. 3B, an increase of 
the ionic strength of the sample solution leads 
to a rapid decrease of the peak current, due to 
competition by coexisting cations of the elec- 
trolyte solution for the surface cation-ex- 
changer sites. 

As expected for preconcentration electrodes, 
the response of the sensor strip is strongly 
dependent upon the accumulation time. Fig. 4 
shows the dependence of the peak current on 
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Fig. 4. (A) Dependence of the peak current on the accumulation time; (B) the resulting differential pulse voltammograms. 
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accumulation times: (curve a) 0 min: (curve b) 3 min; (curve c) 5 min: (curve d) 8 min; (curve e) 12 min; (curve f) 15 min. 
Other conditions as in Fig. 3. 

the preconcentration time for three different 
copper concentrations (Fig. 4A), as well as the 
corresponding differential pulse voltam- 
mograms for 10 ppb of copper with increasing 
times. The curves for 100 and 10 ppb of copper 
in Fig. 4A display an initial linear increase of 
the peak current with increasing preconcentra- 
tion times, followed by a leveling off, indicating 
saturation of the modifier functionalities with 
copper ions; a slight decrease is observed at 
very long accumulation times. The correspond- 
ing curve for the 1 ppb copper level exhibits a 
linear increase of up to 60 min preconcentra- 
tion time, followed again by a horizontal re- 
gion. There is no deterioration of the peak 
shape with very long accumulation times, as 
can be seen from the response of Fig. 4B. 
Notice also the well-defined response for 
10 ppb copper (even at short times of 3-5 min 
curves b, and c), and the low background 
current. As expected, the linear range is wider 
when lower copper concentrations are used, as 
saturation effects occur only with longer pre- 
concentration periods. The results obtained in 
this study indicate that the exchange between 
the copper and the hydronium ions bound to 
the surface of the modified screen-printed elec- 
trode takes place rather slowly. 

The lowest achievable limit of detection de- 
pends on the preconcentration time used. For a 
preconcentration period of 10 min, copper lev- 
els as low as 0.5 ppb can be determined with 
high precision (relative standard deviation 
(RSD), 2%). The detection limit could be even 

further reduced with longer preconcentration 
times (although such periods are not practical). 

An additional study was carried out to assess 
the accumulation behavior in quiescent (un- 
stirred) solutions, with the prospect of placing 
sample drops on these modified screen-printed 
electrode strips, as is common for stripping 
assays of lead in urine and drinking water [4]. 
Experiments showed that the resulting peak 
currents were approximately five times lower 
without stirring than with stirring, but that the 
peak shape was not altered at all. Due to the 
overall remarkable sensitivity, low parts-per- 
billion concentrations can be measured for qui- 
escent solutions. The dependence on the 
preconcentration time without stirring dis- 
played a wider linearity than with stirring, as 
saturation can be obtained only for very long 
preconcentrations periods. 

As expected for ion-exchange equilibria, the 
amount of collected ions is related to their 
solution concentration (as long as saturation 
effects are not observed). Fig. 5 shows the 
dependence of the peak current on the concen- 
tration of copper in the sample solution, for a 
2min accumulation time. The peak current 
increases linearly with increasing copper con- 
centration of up to I l0 ppb, and then starts to 
level off, reaching a constant value at 400 ppb, 
indicating saturation of surface functionalities. 

Several other metal ions were examined with 
respect to their influence on the copper re- 
sponse (50 ppb; 1 min accumulation time). Due 
to the nature of the electrostatic accumulation 
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process, interferences from these cations, 
present in the sample soluution, are expected. 
However, it was found that at the same con- 
centration level (50 ppb) only Pb(II) interfered 
strongly, leading to a decrease of  the copper 
signal by 40%; in contrast, Sb(III), Zn(II), Bi(- 
III), Cd(II), Ag(I), Hg(II) and Fe(III) had no 
or very little effect (less than 10%). A less than 
10% change in peak height was observed in the 
presence of  a tenfold excess of Sb(III), Zn(II), 
Bi(III), Cd(II) and Fe(III). A tenfold excess of  
Pb(II) and Ag(I) decreased the peak height by 
50%, the latter yielding a second peak at about 
+0.2 V, and an increased background current 
at the beginning (around - 0 . 4  V). Strong in- 
terference was found only for a tenfold excess 
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Fig. 5. Dependence of the peak current on the concentra- 
tion of copper in the sample solution. Accumulation time, 
2 rain; other conditions as in Fig. 3. 
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Fig. 6, Assay of drinking water sample. Response for the 
sample (curve a), as well as for subsequent additions of 
(curve b) 10 ppb, (curve c) 20 ppb, (curve d) 30 ppb, (curve 
e) 40 ppb copper (accumulation time, 2 min: other condi- 
tions as in Fig. 3). Also shown (inset) is the resulting 
standard addition plot. 

absolute peak currents are slightly lower than 
those in pure sample solutions, but the preci- 
sion of  the determination is quite high. 

In the case of  groundwater, a 5 min precon- 
centration time had to be employed, as the 
amount of copper was very low (1 ppb). Due to 
a higher content of interfering substances in the 
ground water samples, additional peaks, as 
well as higher background currents, were ob- 
served. However, as these additional peaks did 
not overlap with the copper reoxidation signal, 
quantitation was possible. 

Finally, attempts were made to employ the 
Dowex-modified screen-printed electrodes in 
the simultaneous analysis of  several metal ions. 
Fig. 7 displays differential pulse voltam- 
mograms for subsequent additions of cad- 
mium, lead and copper to the sample solution, 
using 2 min preconcentration. Although the 
conditions had been optimized only for the 
accumulation of copper, defined oxidation sig- 
nals are observed for cadmium (at a potential 
of  - 0 . 9 V )  and lead ( - 0 . 6 V ) .  These peaks 
increase linearly upon increasing concentration 
of these metal ions. The peaks are well-sepa- 
rated, with no obvious interference. 

In conclusion, the results presented above 
demonstrate that modified screen-printed elec- 
trodes, prepared by direct admixing of  the 
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Fig. 7. Simultaneous differential pulse voltammograms for 
cadmium, lead and copper. Potential, - 1.1 - +0.3 V; 2 min 
accumulation time; curve (a) blank; (curve b) 50 ppb Cu, 
100 ppb Cd and 100 ppb Pb; (curve c) 100 ppb Cu, 200 ppb 
Cd and 200 ppb Pb. Other conditions as in Fig. 3. 

cation exchanger to the carbon ink prior to the 
screen-printing process, allows efficient precon- 
centration of  copper(II)  ions before voltammet-  
ric measurement. High precision and very low 
detection limits in the nanomolar  region can be 
obtained with short preconcentration times. 
The modified screen-printed electrode strips 
provide a useful tool for multielement analysis 
of  metal ions analogous to stripping-based sen- 
sors (but without a mercury coating). Future 
attention will be given to adopting these 
screen-printed strips for the on-site field screen- 
ing of  environmentally important  trace metals. 
Even though the concept is presented in the 
context o f  the Dowex cation exchanger, a num- 
ber of  other sensors based on non-electrolytic 
preconcentration schemes can be visualized. 

For  example, a new "one-shot"  sensor for ni- 
trite was recently developed in our laboratory 
based on admixing a liquid anion exchanger 
with carbon inks [10]. 
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Encapsulation and Controlled Release, edited by 
D.R. Karsa and R.A. Stephenson, The Royal 
Society of Chemistry, Cambridge, 1993, 
viii + 178 pp., £37.50. ISBN 0-85186-615-8. 

This book is based on a symposium or- 
ganised by the North West Region of the In- 
dustrial Division of the Royal Society of 
Chemistry and the Water Soluble Polymers 
Sector Group of the British Association for 
Chemical Specialities at UMIST, Manchester, 
UK on 14-15 October 1992. It is classified as 
specialist publication No. 138 by the RSC. 

The contents consist of 15 papers by indus- 
trial and academic researchers from not only 
the UK but also from Germany, Italy, Den- 
mark, Belgium, the Netherlands and USA. As 
expected, the majority of topics are related to 
drug delivery but there are also papers on 
pesticides, flavours and fragrances, inorganic 
pigments (TiO2) and enzyme encapsulation. 

The multi-disciplinary approach required for 
this subject area is apparent in this publication 
but, as it is aimed at chemists, the biological 
aspects related to release of drugs are kept 
somewhat in the background. It is mainly the 
technology of producing microspheres, mi- 
croparticles and nanoparticles and the use of 
biodegradable/non-biodegradable polymers 
that is covered here. Of course, much informa- 
tion in this field is commercially sensitive as 
teaching old drugs new tricks can be very 
profitable. This is borne out in the text where 
most papers are clear and complete whilst a 
few leave you feeling that some details are 
missing, perhaps requiring a visit to the patent 
literature. The paper on the infusion of drugs 
into polymers, for example, is intriguing but is 
one of only two presentations which lacks ref- 
erences. 

Most of the papers are general rather than 
specific and are therefore very useful introduc- 
tions to this area. For example, Industrial 
Microencapsulation--Polymers for Microcap- 
sule Walls by C.A. Finch, Encapsulation and 

Controlled Release of Flavours and Fragrances 
by H.C. Greenblatt et al., and Biodegradable 
Microspheres for Controlled Drug Release by 
T.L. Whateley (who is, incidentally, the editor 
of the Journal of Microencapsulation) are ex- 
cellent summaries of methods and materials. I 
also enjoyed reading--and benefited from--  
the papers on Nanoparticles by J. Kreuter and 
Softgels by K. Hutchinson. 

A useful subject index is provided and the 
various fonts and print sizes do not detract 
from the quality of the contributions. Indeed 
all the papers should be of interest to those 
involved in the expanding field of controlled 
release technology and this is certainly a book 
that I recommend to those working in this 
area. 

P.J. Cox 

Flame Spectrometry in Environmental Chemical 
Analysis--A Practical Guide, by M.S. Cresser, 
The Royal Society of Chemistry, Cambridge, 
1994, x + 108 pp., £29.50. ISBN 0-85186-734-0. 

Every once in a while being asked to review 
a book can be a real pleasure and for me this 
was the case on this occasion. All too often 
authors are tempted to over-play their pet top- 
ics, resulting in the omissions in other often 
relevant areas, and a resultant imbalance in the 
final text. Thus such books tend to miss the 
mark with respect to their target audience. This 
book however is exactly what its title implies-- 
a practical guide to flame spectrometry and its 
use in environmental analysis. It is written in a 
style ideally suited to students and non-special- 
ists who want a no-frills approach, but at the 
same time want to fully understand what they 
are doing and what is happening when they use 
the instrumentation. Thus this book addresses 
the essential components of flame AAS, AES 
and AFS instruments, instrumental optimisa- 
tion and useful techniques to aid analysis such 
as hydride generation and the use of discrete 
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sampling devices, all from a user standpoint. 
The author deliberately avoids specialist theory 
but uses the first chapter to provide an 
overview of the subject area to underpin the 
rest of the book. 

Having described the instrumentation the re- 
maining five chapters in the book are devoted 
to practical analysis. There is a useful chapter 
on sample preparation and a chapter on inter- 
ferences and how to overcome them, including 
a section on background correction in AAS. 
There is also a chapter which looks at the 
practical problems of determining individual 
elements. This chapter has 28 elements listed in 
turn and a small section on speciation and 
hybrid techniques. The last two chapters in the 
book discuss quality control, error detection, 
the use of reference materials and safety. 

The style of this book makes it easy and 
indeed enjoyable to read, and the 101 pages of 
text are full of advice and guidance. Clearly 
some areas are not covered in minute detail-- 
that is not the aim of the book. However there 
are references throughout, conveniently located 
at the foot of the page, to aid access to further 
reading if required. I would warmly recom- 
mend this book, although disappointingly it is 
only available in hardback at the present time 
and thus possibly beyond the pockets of those 
who would benefit most from owning a per- 
sonal copy. 

S. Hill 

Undergraduate Instrumental Analysis, 5th edn., 
by J.W. Robinson, Dekker, New York, 1994, 
xxiii + 858 pp., US$65.00. ISBN 0-8247-9215-7. 

This is an extensive book (over 800 pages) 
which has been revised and expanded for the 
fifth edition. The layout is good and the major- 
ity of the diagrams are clearly drawn. At the 
end of each chapter there are up-to-date refer- 
ences and further readings, some suggested ex- 
periments and, as would be expected in an 
American book, plenty of problems to test the 
students' understanding. An introductory 
chapter on 'The Concepts of Analytical Chem- 
istry' is followed by eleven chapters on the 
various spectrometric techniques plus chapters 
on chromatography, thermal analysis, surface 
analysis and electrochemistry. The emphasis is 
on spectrometry (over 70 percent of the book) 
so that the whole of chromatography is cov- 

ered in only 80 pages whereas the infrared and 
mass spectrometry chapters are both longer. 
Consequently, the very important techniques of 
gas and high performance liquid chromatogra- 
phy (particularly the latter) receive insufficient 
coverage in depth, and high performance capil- 
lary electrophoresis, a technique of rapidly- 
growing importance, is not mentioned at all. 

The balance of the material between theory, 
instrumentation and applications within each 
chapter is generally good but the treatment of 
some important topics is too superficial, e.g. 
the very brief section on the statistical assess- 
ment of quantitative data, the causes of curva- 
ture in Beer's Law plots, chemical shift, 
spin-spin splitting and 2-D techniques in nu- 
clear magnetic resonance spectrometry, and the 
whole of high performance liquid chromatog- 
raphy. In the section of potentiometry, the 
fluoride ion-selective electrode, one of the best 
and most widely-used, is dismissed in two lines 
and gas-sensing electrodes are omitted alto- 
gether. 

As the book is written for American under- 
graduates, much of the material is rather basic 
and possibly more appropriate for first and 
perhaps second year students taking degree 
courses in the UK and Europe. The content is 
variable in quality and although it contains 
many useful tables of comparative data, partic- 
ularly on the sensitivities of various analytical 
techniques, it is most unfortunate that in 1995 
'cps' is used instead of Hertz, 'Gauss' instead 
of Tesla and 'micrometer" in preference to 
wavenumbers in discussing infrared spectra. 
Whilst I cannot wholeheartedly recommend 
this book for the reasons outlined above, there 
is much useful material in it that is suitable for 
introductory courses in analytical chemistry. 

D. Kealey 

Interfacial Design and Chemical Sensing, T.E. 
Mallouk and D.J. Harrison, ACS Symposium 
Series 561, American Chemical Society, Wash- 
ington, DC, 1994, xi +338 pp. ISBN 0-8412- 
2931-7. 

Interfacial Design and Chemical Sensing con- 
tains 27 papers from a symposium at the August 
1993 American Chemical Society meeting. The 
papers are organized into three separate cate- 
gories: New Materials, Structurally Tailored 
Interfaces and Chemical Sensor Designs. 
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The New Materials category includes papers 
on subjects from zeolite synthesis to devices in 
which dye absorption and polymer oxidation 
are observed through their effect on high tem- 
perature superconductors. Some of the new 
materials are designed to offer new approaches 
to selectivity, e.g. synthetic zeolites and metal 
phosphonate thin films with molecular voids of 
known dimensions. Other goals are to increase 
the effective surface area of sensors and to 
prepare membranes with photogated ion chan- 
nels. 

The papers in the Structurally Tailored In- 
terfaces are more focused towards a particular 
goal. Several papers involve systems in which a 
host-guest binding event modifies the perme- 
ability of a thin layer on the surface of an 
electrode. Other topics range from a study of 
nucleation and growth of molecular crystals on 
molecular interfaces to the preparation of or- 
dered monolayers by molecular beam epitaxy. 

The papers in the Chemical Sensor Designs 
section described the actual preparation of sen- 
sor systems. It includes papers on the use of 
chemical modified electrodes, interfaces for 
acoustic wave devices and micromachined 
chemical systems. Even in this section the em- 
phasis is on illustrating sensor concepts rather 
than on solving particular problems. 

Despite the diversity of topics, it is possible 
to make several generalizations about this 
book. Throughout, the quality of the science is 
high. There is a strong emphasis on preparing 
thin films of known structure and then charac- 
terizing the properties of these films. While 
many different types of films are described, 
self-assembled monolayers and Langrnuir- 
Blodgett films are common to many of the 
papers in the first two sections. The most 
common characterization methods are electro- 
chemistry and atomic force microscopy. Inter- 
estingly, the emphasis shifts to polymer films in 
the Chemical Sensor Design section, an indica- 
tor perhaps that polymer films remain the most 
practical for actual sensors at this point in 
time. 

The emphasis throughout is on new materi- 
als and concepts. 

W.R. Seitz 

Medicinal Chemistry--Principles and Practice, 
edited by F.D. King, The Royal Society of 
Chemistry, Cambridge, 1994, xxiv+314 pp., 
£39.50, Softback. ISBN 0-85186-494-5. 

As a member of a pharmaceutical depart- 
ment I was particularly interested in reviewing 
this book as many of the topics covered are of 
direct relevance to activities in the pharmaceu- 
tical industries. Indeed much of the content is 
provided by UK authors from Zeneca, 
SmithKline Beecham, Glaxo, Fisons, etc. and 
is directed at graduate chemists--primarily 
synthetic chemists who have just started their 
careers in industry. The book represents the 
lectures delivered at the 7th RSC Medicinal 
Chemistry School held in 1993 at the Univer- 
sity of Kent, Canterbury, UK. 

There are 19 chapters in the book and each 
one is written by a different author. There 
is no stated intention to group these chapters 
into sections but the editor has, I believe, 
arranged them in a logical order which takes 
the reader through some of the basic con- 
cepts and ends with several examples of case 
histories. 

The first 6 chapters concentrate on biochem- 
ical aspects: drug-receptor interactions, signal 
transduction and second messengers, enzyme 
inhibitors, biological evaluation, pharmacoki- 
netics, and drug metabolism. These subjects 
should have been previously covered by bio- 
chemists, pharmacologists and pharmacists but 
perhaps not by graduate chemists. Bibliogra- 
phies and details of further reading related to 
these chapters also help the chemist come to 
grips with these topics. 

Hopefully, the chemist will feel more at 
home with the next three chapters: physio- 
chemical properties and drug design, quanti- 
tative structure-activity relationships, and 
use of computational chemistry techniques. 
Again, space permits only an overview of these 
subjects. 

The next chapter on patent medicine is excel- 
lent and is complimented by the ingredient 
most welcomed by students young and old--  
humour. The following chapter on molecular 
biology, which gives a brief overview of gene 
cloning, is most appropriate to any modern 
text on medicinal chemistry, 

Finding a starting point is the basis of the 
next three chapters which are entitled: devis- 
ing a research strategy, past approaches to 
discovering new drugs, and bioisosteres, con- 
formational restriction and pro-drugs. Chap- 
ters on specific case histories follow and 
conclude with a chapter on drug development. 
There are various appendices and a subject 
index. 
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The New Materials category includes papers 
on subjects from zeolite synthesis to devices in 
which dye absorption and polymer oxidation 
are observed through their effect on high tem- 
perature superconductors. Some of the new 
materials are designed to offer new approaches 
to selectivity, e.g. synthetic zeolites and metal 
phosphonate thin films with molecular voids of 
known dimensions. Other goals are to increase 
the effective surface area of sensors and to 
prepare membranes with photogated ion chan- 
nels. 

The papers in the Structurally Tailored In- 
terfaces are more focused towards a particular 
goal. Several papers involve systems in which a 
host-guest binding event modifies the perme- 
ability of a thin layer on the surface of an 
electrode. Other topics range from a study of 
nucleation and growth of molecular crystals on 
molecular interfaces to the preparation of or- 
dered monolayers by molecular beam epitaxy. 

The papers in the Chemical Sensor Designs 
section described the actual preparation of sen- 
sor systems. It includes papers on the use of 
chemical modified electrodes, interfaces for 
acoustic wave devices and micromachined 
chemical systems. Even in this section the em- 
phasis is on illustrating sensor concepts rather 
than on solving particular problems. 

Despite the diversity of topics, it is possible 
to make several generalizations about this 
book. Throughout, the quality of the science is 
high. There is a strong emphasis on preparing 
thin films of known structure and then charac- 
terizing the properties of these films. While 
many different types of films are described, 
self-assembled monolayers and Langrnuir- 
Blodgett films are common to many of the 
papers in the first two sections. The most 
common characterization methods are electro- 
chemistry and atomic force microscopy. Inter- 
estingly, the emphasis shifts to polymer films in 
the Chemical Sensor Design section, an indica- 
tor perhaps that polymer films remain the most 
practical for actual sensors at this point in 
time. 

The emphasis throughout is on new materi- 
als and concepts. 

W.R. Seitz 
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Overall an excellent book for those making a 
move into pharmaceutical/medicinal chemistry 
research and for those who wish to broaden 
their knowledge of  all the disciplines involved 
in this area. 

P.J. Cox 

A spreadsheet workbook for quantitative chemi- 
cal analysis, By R. de Levie, McGraw-Hill, 
New York, 1992, approx. 170 pp., spiral 
bound. ISBN 0-07-016274-3. 

This workbook begins with a brief introduc- 
tion to the use of  a spreadsheet, in this case 
Quattro Pro. In the rest of  the book, instruc- 
tions are given for entering chemical calcula- 
tions into the spreadsheet; at first, in some 
detail, but later, just in outline, as the student 
is assumed to be become more familiar with 
the software. The topics covered include acid-  
base equilibria (simple and more complicated), 
acid-base titrations, logarithmic concentration 
diagrams for calculation of  pH, complexation 
equilibria, extraction equilibria, precipitation 
equilibria, electrochemical equilibria, redox ti- 

trations, activity effects, curve-fitting, differenti- 
ation, integration, and finding roots. 

Much of  the treatment is rather detailed, and 
in the UK would probably be considered suit- 
able for use in postgraduate rather than under- 
graduate courses, because it would be difficult 
to provide enough computer time for an under- 
graduate class to work through all the material. 
It will be a valuable resource for postgraduate 
s tudents-I  would have found it invaluable for 
my own Ph.D. work, in which I made use of  
the textbooks referred to by this author. 

It is a problem of  books that utilize com- 
puter packages that they very quickly become 
dated. This book is no exception, particularly 
because the past two years have seen Windows 
applications virtually take over the DOS ones. 
Students find the new Windows spreadsheets 
(such as QP for Windows) to be very much 
easier to use than their DOS predecessors, so 
Chapter 1 will soon be seen as out-of-date. 
However, since much of  the rest of  this book 
consists of  chemistry and chemical equations, it 
should remain of value for use with other 
spreadsheet packages. 

M. Masson 
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Abstract 

The binding of cadmium to a fulvic acid (FA) extracted from peat was studied as a function of pH (4-8), 
ionic strength (0.01 and 0.10 M NaNO3) and ratio of fulvic acid to metal ion concentrations (FA/Cd = 8, 
4, and 2). An overall complex formation function of approximately l03~4 was determined to enable 
comparison with previous studies. Additionally, literature values of complex formation constants were 
employed to describe the interaction between Cd(II) and the individual acidic sites. A good prediction of the 
experimental results is considered as a justification of the functionalities assigned to the predominant acidic 
sites in the fulvic acid molecule. 

Keywords: Cadmium; Fulvic acid; Functionalities 

I. Introduction 

The importance of  humic substances in ter- 
restrial and aquatic environments is measured 
by the role they play in the mobility and distri- 
bution of  metal ions and low-molecular weight 
organics. Even though many papers have been 
published on the binding of  metal ions by 
humic substances, there is still a lack of  com- 
plete understanding of  the meta l -humate  equi- 
librium, primarily because of  inadequate 
characterization of the humic substance 
molecule as a ligand, Earlier studies involving 
humic substances were carried out by 
agronomists and soil scientists, but recently the 
solution chemistry of  these natural organic 
acids has aroused the interest of  researchers 
from different disciplines [1-9]. The complicat- 
ing factors influencing the solution chemistry 
of  these natural organic acids have been by- 
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pothesized to be the functional group hetero- 
geneity and the heterogeneity in the molecular 
size and shape leading to ionic strength effects 
[1,2,5-8]. Our earlier adaptation of  the Gibbs-  
Donnan-based model to humic substances has 
prompted research into the identification of  
acidic functionalities in the fulvic acids, e.g. 
moieties with pK~ ~< 3 [9]. 

Despite the consensus among researchers 
that natural organic acids (humic substances) 
are heterogeneous with respect to both molecu- 
lar weight and functional group, descriptions 
of  metal interactions with these substances 
have failed to take such characteristics into 
consideration. Some recent meta l -humate  in- 
teraction papers have considered the functional 
group heterogeneity using the discrete ligand 
model and the continuous distribution model 
[2-8]. In an earlier paper [10], the dissociation 
properties of  Laurentide fulvic acid have been 
described following the Gibbs-Donnan-based 
approach [l] and identifying the predominant 

reserved 
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acidic sites. Such a consideration draws criti- 
cism from various schools which believe that a 
continuous distribution approach must be em- 
ployed. However, we are guided by the philos- 
ophy that in the formation of a stable 
compound, a limited number of vectors con- 
verge to form the product; thus, the overall 
properties may be described by considering the 
most predominant components of the material. 
In this paper, the binding of Cadmium by a 
well-characterized soil fulvic acid is described 
by employing the functional groups identified 
in an earlier acid-base analysis, and the stabil- 
ity constants reported in the literature for the 
complex formation between Cd(II) and the 
monomeric acid envisaged to resemble the 
functional group in the fulvic acid molecule. In 
order to facilitate a comparison of our results 
with earlier work, an overall complex forma- 
tion function had additionally been computed 
for the Cd-fulvate systems studied. 

tion of the FA was fixed, and the ratio of metal 
to FA was changed by stepwise addition of 
metal ion. The equilibrium concentrations of 
both proton and metal ions were measured 
with the appropriate electrode at each addition 
of metal ion. Details of the experimental proce- 
dure are described elsewhere [13,14]. 

3. Heterogeneity considerations 

A heterogeneous ligand like fulvic or humic 
acid could potentially bind metal ions both 
with and without the release of protons. The 
extent of proton release is a direct function of 
the pKa of the acid and the free energy of 
complex formation, AG. The overall equi- 
librium may, however, be described by consid- 
ering each acid site to be involved in a 
one-to-one complexation mode with the metal 
as follows: 

2. Experimental 

2.1. Chemicals and materials 

Analytical grade chemicals, Cd(NO3)2, 
HNO 3, NaNO 3, were employed for the prepa- 
ration of all reagents. The fulvic acid, extracted 
from peat, was obtained from the Department 
of Chemistry, Concordia University at Mon- 
treal, Canada [ll]. Potentiometric titrations of 
the fulvic acid have been performed and the 
predominant sites responsible for the observed 
acidic behaviour have been proposed [12]. The 
analytical concentrates used to prepare NaOH, 
which was employed to obtain a range of pH 
values, and NaNO3, which was used to alter 
bulk electrolyte concentrations, were purchased 
from J.T. Baker Chemicals. 

2.2. Methods 

Two approaches were used in the ion-selec- 
tive electrode technique employed in the study. 
In the first approach, starting with an initial 
ratio of fulvic acid (FA) to metal ion, the 
proton and metal ion concentrations were de- 
termined after each addition of NaOH. The 
concentration of fulvic acid employed in the 
studies was fixed at 100 ppm (7.6 x 10 -3 M), 
while a range of metal ion concentrations 
(9.8 x 10-3-4.0 x 10 - 4  M) was used. In the 
second approach, the initial degree of dissocia- 

S/+ M ~-~- SiM (1) 

This representation implies that at equilibrium, 
each active site, Si, reacts with the metal ion, 
M, to yield a complex, SiM. All species are in 
equilibrium with each other, their relative con- 
centrations determined by their respective free 
energy of formation, AGs~M. It is necessary to 
note that in such a consideration, site-to-site 
interactions have not been incorporated be- 
cause there is no available method for their 
determination. 

For a given initial concentration of metal 
ions, My,  the fraction of metal bound, 0 M, is 
given by 

0.. = Y Mb, E  iA, 
Mx 1 + Z iliA, (2) 

where fli is the complex formation constant 
(equivalent l -I) for each site and A~ is the 
concentration (equivalent 1 -~) of the ionised 
form of each acid site. At each experimental 
pH, if the metal ion content is determined 
simultaneously, 0M, may be calculated and Ai 
for the individual site may also be estimated 
via the application of the unified physicochemi- 
cal approach [1,15], where four to five predom- 
inant acid sites are conceptualized. In the 
presence of metal ions, material balance con- 
siderations allow the following to be written 

for each site: 

Hai, x = Ai.f + HAl  + Ai.b (3) 
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Table l 
Site characterization of Laurentide fulvic acid and stability constatRs employed to predict Cd(ll) binding to the envisaged 
sites (see Ref. [12]) 

Site pKa Abundance Functionality Stability 
constant 

I 1.7 0.320 -COOH 25 
II 3.0 0.210 -COOH 25 
III 4.0 0.204 -COOH 25 
IV 5.1 0.140 -OH 103.83 
V 6.5 0.126 -OH 105 

where HAi. x and HAl are the respective concen- 
trations (equivalent 1 -~) of the total titratable 
and the protonated form of the acid site at 
e q u i l i b r i u m ,  Ai. f is the ionised form of  the acid 
at equilibrium and A;.b is the bound form of 
the acid site. Rearrangement of Eq. (3) yields 

 A,T ~ - - " -  

Ai, f = 1 + ~//+ fliMf} (4) 

where Ki is the dissociation constant of the acid 
site, fl,. is the complex formation constant for 
reaction in Eq. (1), Mf is the free metal ion 
concentration and H is the proton concentra- 
tion. Incorporation of Eq. (4) into Eq. (2) 
yields Eq. (5), where f,. is the fraction of the ith 
site and HAT is the total concentration of 
titratable acid in the system: 

nAT ,=, 1 (5) 

Note that HA;.T and HAT are related as fol- 
lows: 

HAi.T = fiHA'r (6) 

The left-hand-side (LHS) of Eq. (5) is obtain- 
able from experimental values and thus desig- 
nated as experimental, while the right-hand-side 
(RHS) of  the equation is obtained using litera- 
ture values of fl; [16] andf~ obtained from fitting 
potentiometric titrations (see Table 1). The 
complexation constant for the interaction be- 
tween Cu(II) and monomeric acids is directly 
related to the pK, of the acid [16,17]. The 
absence of such a linear relationship has moti- 
vated the use of a single complex formation 
constant of  25 for the interaction between 
Cd(II) and the - C O O H  moieties. The acid site 
IV is considered to mimic an enolic - O H  
which, via tautomerism, resembles an acetylace- 
tone. The value of  I03s3 reported for C d  2 ÷ -  

acetylacetone complexation constant has been 

employed. Acid site V has been envisaged to 
resemble a kojic acid arrangement, i.e. an - O H  
group in an ortho position to a carbonyl group. 
The complex formation constant of 105.0 has 
thus been employed in this exercise. 

4. Results 

In the first experimental approach, where 
standard alkali was added to an initial ratio of 
fulvic acid to metal ion, the binding of Cd(II) 
by Laurentide fulvic acid, presented in Fig. 1, 
followed the pattern which may be summarized 
as follows. The fraction of metal ion bound 
generally: 

(1) increased with an increase in pH for all 
FA/Cd(II) ratios; 

(2) increased with a decrease in ionic 
strength for the same FA/Cd(II) ratio; 

(3) increased with an increase in FA/Cd(II) 
ratio at the same ionic strength. 

The increase in the fraction of metal bound 
with an increase in pH for all systems has been 
attributed to an increase in ionization of the 
fulvic acid molecule. Such an ionized species, 
A - ,  is considered to be involved in binding 
with the Cd 2+ ion. It must be noted, however, 
that the fraction of  Cd(II) bound in the pH 
range of 4-8  reaches a maximum of 0.7, as 
compared to the case of Cu(II) binding which 
reaches a maximum of 1 at pH values as low as 
5 [171. 

The increase in fraction of Cd(II) bound 
with a decrease in ionic strength for the same 
FA/Cd(II) ratio may be explained by the elec- 
trolyte screening effect being minimal at lower 
ionic strength and increasing with an increase 
in ionic strength. Such an increase in screening 
leads to the effect of  low binding at higher 
ionic strength. In Fig. 1, using the same FA/ 
Cd(II) ratio of  4, a decrease in ionic strength 
from 0.100M NaNO3 to 0.010M yielded a 
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Fig. I. The fraction of Cd(ll) bound as a function of pH, ionic strength and the initial ratio of FA/Cd(II) for the system 
where aliquots of standard base were added to an initial fixed ratio of FA/Cd(II). 

pH-insensitive increase of approximately 0.07 
in the fraction of Cd(II). 

The increase in the fraction of Cd(II) bound 
with an increase in FA/Cd(II) ratio is explica- 
ble by the argument that more ligands are 
available to effect more binding. However, a 
decrease in FA/Cd(II) ratio (especially with 
Cd(II) concentrations approaching that of ful- 
vic acid) may induce considerable aggregation 
in the fulvic acid molecule [18]. That this may 
be the situation can be inferred from the char- 
acteristically different shape of the plots in Fig. 
1 in cases where the amount of Cd(II) is in- 
creased. At an ionic strength of 0.01 M 
NaNO3, an increase in the FA/Cd(II) ratio 
from 2 to 4 yielded a pH-dependent increase in 
the fraction of Cd(II) bound which ranged 
from 0.06 to 0.20 in the pH range of 4-7 (Fig. 
1). At an ionic strength of 0.10 M NaNO3, an 
increase in the FA/Cd(II) ratio from 1 to 4 
yielded a similar pH-dependent increase in the 
fraction of Cd(II) bound, which ranged from 
0.08 to 0.29 in the pH range of 4-7. The results 
of the second experimental approach (addition 
of metal ion to FA at a defined initial degree of 
ionization) showed similar effects of ionic 
strength and ratio of FA/Cd(II) on the binding 
pattern (Fig. 2). The fraction of metal bound 
decreased with an increase in the total amount 

of cadmium. For the same amount of cadmium 
added, the higher the pH, the higher the frac- 
tion of metal bound. The inverse relationship 
between ionic strength and the fraction of 
metal bound is additionally illustrated. 

The results of Cd(II) binding to Laurentide 
fulvic acid obtained as a function of pH have 
been analyzed via the resolution of an overall 
complex formation function (Table 2) to allow 
comparison with previous results [19-24]. The 
overall complex formation function, flov, was 
estimated by the following equation: 

= Z #tb (7) 
Mf M.-+ Z A- 

where Y~ Mb is the total amount of metal 
bound, Mr is the free metal ion concentration, 
~ ,  is the activity coefficient of the metal ion, 
and Y~ A- is the total amount of the ionized 
form of the fulvic acid. The activity coefficients 
yielded log flov values (3.3-3.2) essentially 
equivalent for the system at 0.01 and 0.10 M 
NaNO3 bulk electrolyte concentrations. The 
only deviation was the lower value (2.69) ob- 
tained at an ionic strength of 0.10 M NaNO3 
when the Cd(II) concentration was slightly 
higher than the fulvic acid concentration. 
These values reported in Table 2 are signifi- 
cantly lower than earlier reported constants for 
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Cd(II) binding [19,21], but are in good agree- 
ment with others [20,22]. 

4.1. Heterogeneity considerations 

The use of stability constants to describe the 
complex formation between Cd(II) and the 
proposed functional group in the fulvic acid 
molecule (Table 1) has allowed a comparison 
of the RHS of Eq. (5) (model computed) to the 
LHS of the equation (experimental). The re- 
sults of such an exercise are shown in Figs. 3 
and 4. It should be noted that the object of the 
exercise has not been to fit the LHS with the 
RHS by adjusting parameters. Rather, it has 
been the goal to describe how best the experi- 
mental data are described using literature val- 
ues of stability constants considered to mimic 
the interaction of Cd(II) with the acidic moi- 
eties postulated to be present in the fulvic acid 
molecule. 

The results shown in Figs. 3 and 4 give 
testimony that the envisaged functionality 
given to the predominant acidic sites in the 
fulvic acid molecule is reasonable. In Fig. 3(a), 
the binding of cadmium to Laurentide FA in 
0.010 M NaNO3 at two different ratios of FA/ 
Cd is reasonably predicted by the use of the 
literature values of complex formation con- 
stants. In Fig. 3(b), the model computed 
parameters appear larger than the experimental 
values for the Cd(II)-FA system at an ionic 
strength of 0.100M NaCIO4. However, the 
pattern of the experimental values as a function 
of pH is closely followed by the model com- 
puted values. In Figs. 4(a) and 4(b), the results 
of the model computed comparison with the 
experiment for the system where Cd(II) was 
added to fulvic acid at a defined initial degree 
of neutralization are shown. At both ionic 
strengths and for all the different initial pH 
values, the model computed values (RHS of 

Table 2 
Resolved overall complex formation function for the interaction between Laurentide fulvic acid and cadmium 

No. FA Cd I(NaNO3) pH range log flov(M - i )  
(mmol m l -  i) (mmol m l -  i) 

1 7.69 × 10 -4  1.96 x 10 -4  0.010 M 3.6-7.9  3.28 + 0.30 
2 7.69 x IO -4  3.92 x lO -4  O.OlO M 3.7-7.7 3.24 + 0.20 
3 7.69 x lO -4  1.96 x lO -4  0.100 M 3.7-7.8 3 .36+0 .33  
4 7.69 x 10 -4  7.83 x I0 -4  0.100 M 3.6-7.2 2 .69+0 .50  
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Fig. 3. Comparison of model predicted (RHS of Eq. 5) and experimental (LHS of Eq. 5) values for the Cd(II)-fuivate 
system where aliquots of base were added to an initial fixed ratio of FA/Cd(II). The model predicted values are designated 
by the continuous line. (a) 1= 0.010 M NaCIO4; (b) I=  0.100 M NaCIO4. The ratios of FA/Cd(II) are the same as in 
Fig. 1. 

Eq. 5) compare reasonably well with the exper- 
imental values (LHS of  Eq. 5). It should be 
noted that it has not been the objective to fit 
the experimental values, otherwise the stability 
constants in Table 1 would have been changed 
until a perfect fit was obtained between the 
model computed and the experimental values. 

5. Discussions and conclusions 

The binding of  Cd(II) to Laurentide fulvic 
acid has been described by considering the 

most predominant  oxygen-containing func- 
tional groups postulated to be present in the 
fulvic acid molecule [10]. The description of 
me ta l -huma te  interactions by estimating the 
binding due to the most predominant func- 
tional groups existent in the humic substance 
molecule is considered to be a better treatment 
of  the system than considering the humic sub- 
stance as a "black-box" ligand with some aver- 
age affinity. The complex formation constant 
reported for the binding of  Cd(II) to the 
monomeric oxygen-containing functional 
group has thus been utilized to describe the 



A.S. Mathuthu, J.H. Ephraim / Talanta 42 (1995) 1803-1810 1809 

14 000,00 
Co) 

~ pH = 6.98 
8OOO,OO 

.o 6000.00 

4 000,[]0 

2 000,00 

0 ~ 0  I I , ~,  
0~0 0£)2 0,04 0.06 0~8 

Total Cd oddecl (moles) 

14 000,00 T. (0) 

t 12 0O0,00 

~_. 80001?0 

i 6 000,00 pH 5.85 

4(]OO,OO 

2000210 ~ 

0,00 

0£113 0,01 0,02 0.0.3 0.04 0.05 0,06 0,07 01~ 

Total Cadmium added (mmoles) 

Fig. 4. Comparison of model predicted (RHS of Eq. 5) and experimental (LHS of Eq. 5) values for the Cd(II)-fulvate 
system where aliquots of standard Cd(II) were added to a fulvi¢ acid solution at an initial fixed pH. The model predicted 
parameter is designated by the continuous line. (a) 1 = 0.010 M NaCIO4; (b) I = 0.100 M NaCIO 4. The initial pH values 
are the same as in Fig. 2. 

experimentally observed complexation. The 
good prediction of the experiment by the 
model is considered to justify the hypothesized 
functionality in the fulvic acid molecule. The 
novelty of the approach is the possibility it 
provides for the design of experimental tech- 
niques towards the identification of the total 
functional group heterogeneity in the humic 
substances [9,25]. It should be noted that the 
approach does not rely on the luxury of just 
fitting experimental data, but rather places em- 
phasis on chemical-based verification of the 

proposed functional group. With this philoso- 
phy, it may be stated that the proposed func- 
tional groups in the Laurentide fulvic acid are 
reasonable (Figs. 3 and 4). 
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Abstract 

The level and undulation of scattered light can be effectively suppressed by magnetic field effects-polariza- 
tion-resonant synchronous fluorescence spectrometry. The established technique was used for simultaneous 
determination of a sample mixture containing fluorene, acenaphthene, anthracene, benzo-[a]-pyrene (B-[a]-P) 
and perylene. The detection limits were 0.23, 7.90, 0.13, 1.10, 0.0083 ngm1-1 for fluorene, acenaphthene, 
anthracene, B-[a]-P and perylene, respectively. The relative standard deviations were less than 5%. 

1. Introduction 

Polynuclear aromatic hydrocarbons (PAHs) 
are widespread in the atmosphere, water, the 
earth, plants, as well as animals and their 
products. Because this class of compounds con- 
tributes to carcinogenicity [1], chemists and 
environmental researchers have been searching 
for effective techniques to control and monitor 
them. PAHs have been extensively studied by 
luminescence spectrometry. Synchronous 
fluorescence spectrometry (SFS), introduced by 
Lloyd [2], has been applied to the multicompo- 
nent analysis of PAHs [3-5]. Constant-energy 
synchronous fluorescence spectrometry 
(CESFS) was first described by Inman and 
Winefordner [6,7], and has also been applied to 
PAH analysis [8-11]. 

Derivative fluorescence spectrometry was 
first reported by Green and O'Haver and has 
since been developed [12-14]. However, the 
application of this technique to constant-wave- 
length synchronous fluorescence spectrometry 
(CWSFS) was still in its developing stage [15- 

* Corresponding author. 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights 
SSDI 0039-9140(95)01629-5 

20]. As a successful example, derivative tech- 
niques have been combined with CWSFS to 
analyze PAH mixtures by Vo-Dinh [21] and 
Romanovskaya and Chibisov [22]. A combina- 
tion of the derivative technique and CESFS for 
the further elimination of Raman scattering 
interference was suggested [23], and was used 
to analyze multicomponent mixtures by Li et 
al. [24,25]. This combination technique was 
adopted by variable-angle synchronous fluores- 
cence spectrometry and applied to binary mix- 
ture analysis [26]. 

Successful research projects in CWSFS have 
used an organized medium (such as micellar 
solution) for multicomponent analysis of PAHs 
[27-31]. However, the established methods 
were used for simultaneous analysis of not 
more than four components, and focussed only 
on the sensitivity. It has been reported that 
every component would give a very narrow 
peak for resonant synchronous fluorescence 
spectra (RSFS) in supersonic jet resonant syn- 
chronous fluorometry. This implies that a good 
selectivity would be achieved with A2 = 0 [32]; 
however, this sensitivity would be greatly de- 
creased by the scattered light interference. 

reserved 
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In this study, fluorene, acenaphthaene, an- 
thracene, benzo-[a]-pyrene (B-[a]-P) and 
perylene were selected as model compounds for 
the evaluation of the recently established tech- 
nique magnetic field effects-polarization-reso- 
nant synchronous fluorescence spectrometry 
(MFEPRSFS); the proposed technique can be 
conveniently used to effectively suppress the 
scattered light interference, while simulta- 
neously analyzing the model compounds. 

Y. Zhang et al. / Talanta 42 (1995) 1811-1815 
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2. Experimental 

2.1. Reagents 

Fluorene, acenaphthene, anthracene, B-[a]-P 
and perylene were products of Aldrich. Stock 
standard solutions were prepared by dissolving 
them in distilled ethanol. 

2.2. Apparatus 

All spectra were obtained on a Hitachi 650- 
10S spectrofluorometer equipped with a polar- 
ization device, and including a home-made cell 
holder and a 1 cm quartz cell; a C T  7 Teslarme- 
ter was purchased from The Fourth Electrome- 
ter Factory of Shanghai. The magnetic field 
was generated by two sets of magnets. The 
experimental devices are shown in Fig. I. Fig. 
l(a) shows the device for normal fluorescence 
determination; Fig. l(b) shows the device 
combining polarization and normal fluores- 
cence (the excitation polarizer and emission 
polarizer were oriented vertically); Fig. l(c) 
illustrates the magnetic field applied with the 
device in Fig. l(b), the magnetic field strength 
on the light path being about 70 roT. 

~ M  

/ F  / F  
(a) (b) (c) 

Fig. 1. Schematic diagram of the sample cell setup used 
for: (a) general fluorometry; (b) polarization fluorometry; 
(c) MFEs-polarization fluorometry. Exl, Exp, Emp, F and 
M are abbreviations for excitation light, excitation polar- 
izer, emission polarizer, fluorescence and magnets, respec- 
tively. 

wavelength (nm) 

Fig. 2. (a) Resonant synchronous fluorescence spectra of 
the mixture solution; (b) MFEs-polarization-resonant syn- 
chronous fluorescence spectra of the mixture solution. The 
concentrations of fluorene, acenaphthene, anthracene, B- 
[a]-P and perylene were 10.0, 100.0, 10.0, 10.0 and 
1.0 ng ml -  J, respectively. 

2.3. Procedures 

The prepared mixtures of fluorene, acenaph- 
thene, anthracene, B-[a]-P and perylene were 
transferred into the 1 cm quartz cell. The cell 
was covered and then inserted into the cell 
holder. Both the excitation and emission slits 
were set at 5 rim. The "sensitivity" switch was 
set at a suitable position. The interval between 
emission wavelength and excitation wavelength 
was kept at zero (A2 = 0). After applying exter- 
nal magnetic field effects (MFEs) to the sample 
cell for 10 min, resonant synchronous scanning 
within the spectral region of interest was car- 
ried out while the excitation polarizer and 
emission polarizer were vertically orientated, 
and MFEs were presented. The MFEPRSFS 
spectra of the PAHs being tested were recorded 
as illustrated in Fig. 2(b). 

Ten mixed samples, as listed in Table 1, were 
prepared for the calibration measurements. In 
order to keep the light intensity of MFEPRSFS 
and RSFS at about the same level, all the 
MFEPRSFS spectra were obtained with an 
instrumental sensitivity set at a higher scale 
than that for RSFS. For MFEPRSFS spectra, 
the analytes were quantified by peak height 
after correcting for the background. 

3. Results and discussions 

3. I. RSFS and MFEPRSFS of fluorene, 
acenaphthene, anthracene, B-[a]-P and perylene 

The standard solutions of fluorene, acenaph- 
thene, anthracene, B-[a]-P and perylene in 
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Table 1 
Preparation of mixtures for calibration measurements 
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No. Concentration (ng ml - ~) 

Fluorene Acenaphthene Anthracene B-[a]-P Perylene 

1 2.0 20.0 2.0 1.5 0.15 
2 4.0 40.0 4.0 3.0 0.30 
3 6.0 60.0 6.0 4.5 0.45 
4 8.0 80.0 8.0 6.0 0.60 
5 10.0 100.0 10.0 7.5 0.75 
6 12.0 120.0 12.0 9.0 0.90 
7 14.0 140.0 14.0 10.5 1.05 
8 16.0 160.0 16.0 12.0 1.20 
9 18.0 180.0 18.0 13.5 1.35 

10 20.0 200.0 20.0 15.0 1.50 

ethanol were analyzed and their RSFS 
recorded. The results demonstrate that RSFS 
fluorescence peaks for the five components 
were located at 305, 325, 380, 407 and 438 nm, 
respectively, whether the MFEs were applied 
or not. 

In the previous study, it was found that the 
undulation of scattered light interference 
caused by solvent ethanol in resonant syn- 
chronous spectrofluorometry could be sup- 
pressed by MFEs [33]. It was also reported by 
our research group recently that the total level 
of scattered light could be restricted by the 
polarization technique [34]. In this study, a 
combination of the above two techniques with 
RSFS was used to improve the detection limits 
of the PAHs being tested. 

In the proposed MFEPRSFS technique, the 
magnetized time for suppressing the undulation 
of scattered light interference should be opti- 
mized. Magnetized times from 0 to 15 min were 
investigated; it was found that for most of the 
test pure hydrophilic solvents, 5 min was suffi- 
cient when the magnetic field strength was 
about 70 mT [33]. The magnetized time selected 
in this study was 10 min. 

A polarizer was placed in each of the excita- 
tion and the emission light paths. The observ- 
ing polarizer was orientated perpendicular to 
the direction of the excitation polarizer. Polar- 
ized light was produced when the exciting light 
passed through the excitation polarizer. The 
sample molecules were excited by polarized 
light to produce a weakly polarized fluores- 
cence signal. In contrast, the scattered light was 
totally depolarized. When all emissions reached 
the emission polarizer, only the fluorescence 
signal and a small portion of scattered light 
with the same orientation as that of the fluores- 

cence were allowed to pass through the emis- 
sion polarizer and reach the detector. The total 
level of scattered light interference could thus 
be suppressed by 95-98%. 

It is well known that taking advantage of 
band-narrowing effects can improve the selec- 
tivity in synchronous spectrofluorometry for 
analyzing PAHs [35,36]. However, if the se- 
lected A2 value is not large enough, the scat- 
tered light interference can be serious. It is 
difficult to obtain high sensitivity and good 
selectivity at the same time with CWSFS alone. 
Excellent sensitivity and selectivity can be 
achieved with the proposed MFEPRSFS tech- 
nique which combines polarization, MFEs, and 
CWSFS. The total level and undulation of 
scattered light interference was effectively re- 
stricted owing to the utilization of the polariza- 
tion, MFEs with CWSFS together. 

Fig. 2 shows the RSFS and MFEPRSFS 
spectra for the mixture of fluorene, acenaph- 
thene, anthracene, B-[a]-P and perylene, Curve 
(a) is the normal RSFS spectra. It was difficult 
to distinguish the fluorescence signal from the 
noise in curve (a). Curve (b) was obtained with 
the proposed MFEPRSFS technique. The scat- 
tered light interference caused by the solvent 
was eliminated, resulting in an effectively re- 
duced fluorescence background and a greatly 
enhanced signal-to-noise ratio. Each fluores- 
cence signal of the five components appeared 
to be smooth and clear. The detection limits 
for fluorene, acenaphthene, anthracene, B-[a]-P 
and perylene were improved. The reported re- 
suits for fluorene, acenaphthene, anthracene 
and perylene in Ref. [34] were 1.1, 10.0, 1.8 and 
0.26 rtg ml-  ~ respectively, with the polarization 
technique only. The experimental results ob- 
tained by MFEPRSFS were 0.23, 7.9, 0.13 and 
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Table 2 
Data of analytical merit 
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PAH Calibration a r Blank signal b Detection limit 
l = a C + b  (ngml -~) 

Mean SD 

RSD (%) ~ 
(n= 11) 

Fluorene 1 = 1.32 C-0.15 0.995 0.1 0.10 0.23 4.5 
Acenaphthene 1 = 0.14C-0.90 0.998 0.3 0.37 7.90 4.9 
Anthracene I = 2.38 C-0.73 0.997 0.2 0.13 0.13 4.4 
B-[a]-P 1 = 0.77 C- 1.05 0.997 0.2 0.28 1.10 1.5 
Perylene 1 = 39.73C-1.61 0.997 0.2 0.12 0.0083 4.7 

" 1 = relative fluorescence intensity; C = concentration in ng ml-  ~; a and b are constants. 
b The instrument sensitivity scale was set at the same as that in the blank measurement. SD represents the standard 
deviation blank measurement. 
c Relative standard deviation for the mixtures containing 10.0 ng ml- ~ fluorene, 80.0 ng ml-  ~ acenaphthene, 10.0 ng ml- 
anthracene, 10.0 ng ml - ~ B-[a]-P and 0.5 ng ml-  ~ perylene. 

Table 3 
Results of recovery experiments 

PAH Known Added (ng ml - ~ ) Found (ng ml-  1) Recovery (%) 
(ng ml-  L) 

A B A B A B 

Fluorene 7.9 5.0 10.0 12.6 18.0 97.9 100.6 
Acenaphthene 82.2 50.0 100.0 129.3 176.5 97.9 86.8 
Anthracene 10.1 5.0 10.0 15.1 20.7 100.0 103.1 
B-[a]-P 9.0 3.0 6.0 12.2 14.9 101.4 99.3 
Perylene 0.50 0.30 0.50 0.76 1.0 95.2 101.0 

0.0083 ng m l - ~ ,  respectively.  F o r  perylene,  the 
de tec t ion  l imit  was a b o u t  30 t imes lower  than  
tha t  r epo r t ed  in Ref.  [34]. In  this work ,  how-  
ever, the de tec t ion  l imit  o f  B-[a]-P was some-  
wha t  h igher  than  tha t  r epo r t ed  in Ref.  [31]. 
This  was due to  A2 = 0 selected in M F E P R S F S  
scanning;  the  ob t a ined  synchronous  f luores-  
cence intensi ty  co r r e sponded  only  to the 0 - 0  
b a n d  t rans i t ion .  The  0 - 0  b a n d  t r ans i t ion  for  
B-[a]-P, however ,  is no t  the s t ronges t  t rans i t ion  
band .  Therefore ,  wi th  A2 = 0, the  selectivity 
was enhanced  bu t  the  sensi t ivi ty was reduced.  
In Ref.  [31], the A2 value selected by  the a u t h o r  
was 42 nm. This  value  was near ly  equal  to  the 
difference between the m a x i m u m  emiss ion and  
the m a x i m u m  exci ta t ion  o f  B-[a]-P in conven-  
t ional  f luorescence spectra.  U n d e r  tha t  condi -  
t ion,  the sensit ivity was h igher  bu t  the 
selectivity was ra ther  poor .  

3.2. Data o f  analytical merit  

W i t h  M F E P R S F S ,  one f luorescence peak  
co r r e sponded  to one c o m p o n e n t  in the  mix ture  
and  the peak  height  was measu red  for  quant i -  
ta t ive  analysis .  The  ana ly t ica l  d a t a  are  summa-  
r ized in Tab le  2. C o m p a r i n g  the results  l is ted in 

Tab le  2 wi th  those  in Ref.  [34], the de tec t ion  
l imit  o f  each c o m p o n e n t  was improved  to a 
different  degree based  on the spectral  p rope r -  
ties o f  the  different  c o m p o u n d s  and  the instru-  
menta l  pa ramete rs .  

3.3. Recovery experiment 

S t a n d a r d  so lu t ions  o f  the  five test P A H s  
were mixed  to p repa re  the  mix ture  sample.  The  
recovery exper iment  was car r ied  ou t  and  the 
results  are  l isted in Tab le  3. 

The  s tudy  de mons t r a t e d  tha t  the p r o p o s e d  
technique  has the advan tages  o f  being simple,  
easy,  selective, sensit ive and  a lmos t  free o f  
interference f rom the sca t tered  light.  The  p ro -  
posed  technique  can be used for  s imul taneous  
P A H  analysis  and  o the r  m u l t i c o m p o n e n t  anal-  
ysis. 
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Abstract 

A magnetically coupled microcavity hollow cathode discharge device was evaluated for its analytical 
potential as a boosted atomic emission source. A magnetic field using an electromagnet was applied 
perpendicular to the axis of the microcavity hollow cathode. The intensity of the atomic emission of copper, 
aluminum and the ionic emission of magnesium increased with increasing magnetic field until it reached a 
maximum. A further increase in the field strength did not lead to an enhancement of these emissions. The 
attainment of the maxima was attributed to the increase in the electron temperature and radial diffusion of 
the electrons from the center of the microcavity axis. Electron temperatures in the presence of the magnetic 
field calculated based on the semicorona model were shown to be proportional to the square of the reduced 
field strength. Further, these maxima were correlated to the energies of the upper levels of the transition 
studied. 

Keywords: Atomic emission spectroscopy; Electron temperature; Magnetic field effects; Microcavity hollow 
cathode 

1. Introduction 

Hollow cathode discharge devices (HCDs) 
have been employed for many years as a source 
in atomic absorption, fluorescence and emis- 
sion spectroscopy. In atomic emission spec- 
troscopy, they have found applications where a 
solid sample is used as a cathode or a liquid 
sample is deposited on the cathode and its 
residue is analyzed. However, the output of  the 
emission intensity is lower than in most of  the 
other atomic emission techniques. There are 
various ways by which enhancement of  the 
emission intensity is possible, including the ap- 
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Russia. 
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plication of  external fields such as microwaves 
[1,2], radiofrequency [3,4] magnetic field [5,6] 
or by pulsing the discharge [7] or using an 
auxiliary discharge [8]. Another mode of  boost- 
ing the emission intensity is by modifying the 
geometry of  the hollow cathode. Examples of  
this include the conical-bottom hollow cathode 
[9] or the microcavity hollow cathode [10|. 
Microcavity hollow cathodes typically have a 
diameter less than 2 mm and a depth less than 
10 mm. 

Microcavity hollow cathodes have been ap- 
plied in the trace analysis of  subnanoliter vol- 
ume liquid samples for the determination of  
elements of  physiological importance [11,12]. 
Recently, in our laboratory we have success- 
fully demonstrated the analytical potential of  a 
microcavity H CD  for the analysis of  microliter 
volumes of  liquid samples by constructing a 

reserved 
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Fig. i. Experimental arrangement of a microcavity HCD with respect to the magnetic field. 

miniature quartz glow discharge chamber with 
a volume less than 100 ml [13]. Excellent detec- 
tion limits for lead and copper ( 210 fg and 10 
pg, respectively) were obtained. 

There have been numerous reports on the 
study of the influence of a magnetic field on the 
HCD using conventional-diameter hollow 
cathodes. Rudnevsky and Maksimov [14] ar- 
ranged the magnetic field parallel and perpen- 
dicular to the cathode axis and obtained an 
about an order of magnitude improvement in 
the detection limit. In order to further improve 
upon the sensitivity of this device, we have 
investigated the influence of a magnetic field on 
the microcavity hollow cathode discharge, 
which is the basis of this report. 

2. Experimental 

The experimental set-up for atomic emission 
is given in detail elsewhere [13]. The set-up was 
modified for this study and only a brief ac- 
count is presented here. Microcavity hollow 
cathodes 1.5 mm in diameter and 6 mm in 
depth were machined from high purity metals. 
For the magnesium studies, NIST standard 
reference material 124b was used, which con- 
tains 4.54% magnesium in aluminum alloy. The 
cathodes were then secured using epoxy adhe- 
sive in a quartz inner tapered joint. A glow 
discharge chamber was made from a quartz 

outer tapered joint with an optical quality win- 
dow fused at one end of the joint. A stainless 
steel anode wire, 2 mm in diameter, was sealed 
inside this chamber. The outer tapered joint 
contained an inlet and an outlet for the flow of  
the fill gas and a vacuum connection. The inner 
joint with the electrode and the outer joint 
formed a demountable assembly which held the 
tight vacuum necessary for low pressure dis- 
charges. Argon gas was used as the fill gas and 
its pressure inside the chamber was maintained 
at 1 Torr. An electromagnet (Anac, model 
3470) was used for the application of the mag- 
netic field and the field strength was varied by 
changing the coil current of the magnet. Mag- 
netic field measurements were carried out using 
a gaussmeter probe (Bell, Inc., model 640). The 
microcavity HCD was placed between the two 
poles of the magnet, and the field was applied 
perpendicular to the axis of the microcavity 
(see Fig. 1). The poles were brought as close as 
possible to the chamber in order to obtain 
maximum interaction of the magnetic field with 
the discharge. 

The emission from the microcavity was fo- 
cused on the entrance slit (slit width, 10 /zm; 
slit height, 4 mm) of a 1 m focal length grating 
spectrometer (reciprocal linear dispersion of 
0.02 nm m m - t )  equipped with a photodiode- 
array detector with a spectral range of 20 rim. 
The diode-array pixel height was 3 mm. There- 
fore each observed spectral line intensity repre- 
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Fig. 2. Temporally resolved emission spectra of  a solution containing 100 ng of  copper residue in the a luminum 
microcavity hollow cathode (arrow indicates the point at which the magnetic field was turned on). 

sents an average intensity over a thin vertical 
slice of  the discharge. The horizontal spatial 
resolution is about 50/~m which was chosen as 
the measurement increment. Data were ac- 
quired with a personal computer and data ac- 
quisition software (OSMA 1-120, Princeton 
Instruments, Inc., Trenton, N J, USA). 

Radial profiles of  the atomic emission from 
the microcavity were obtained by moving the 
lens at 50 pm increments across the diameter 
of the microcavity using an x - y  translator and 
focusing the image on the slit of  the monochro- 
mator. 

3. Results and discussion 

Application of  the magnetic field resulted in 
a very intense positive column and the negative 
glow was seen to further penetrate inside the 
microcavity. The emission from the inside of  
the microcavity was brighter in the presence of  
the magnetic field. Fig. 2 shows the temporally 
resolved emission spectra of  a solution contain- 
ing 100 ng of copper deposited in an aluminum 
microcavity. The discharge current was 38 mA 
at an argon pressure of 1 Torr. Since we used a 
photodiode- array detector with a 20 nm spec- 
tral window, we could simultaneously observe 
the two resonance lines of  copper at 324.75 and 
327.40 nm. At the beginning of  the discharge (0 
s in Fig. 2), no magnetic field was applied, and 
the line at 324.75 nm had a good signal-to- 
background (S/B) ratio whereas the line at 
327.40 nm had a poor  S/B ratio. As soon as the 

field was turned on (as shown by the arrow in 
Fig. 2), the intensity of  the line at 324.75 nm 
increased by up to four times and the emission 
line at 327.40 nm began to appear well above 
the background. Similar results were reported 
by Rudnevsky and Maksimov [14] for the mag- 
netically boosted HCD of  conventional dimen- 
sions. The precision of  our measurements was, 
however, about 30% for solution analysis. In 
order to optimize experimental conditions such 
as magnetic field strength, current and pres- 
sure, we studied the effect of  the magnetic field 
on solid samples before further evaluation of 
solution sample residues. 

Fig. 3 shows the enhancement of  the atomic 
emission of  copper from the copper microcav- 
ity for the two lines at 324.75 and 327.40 nm 
with increasing magnetic field strength. The 
emission intensity increased by a factor of  
about two up to a magnetic field of  2500 G, 
and further increase in the magnetic field re- 
sulted in a decrease in the emission intensity. 
The background emission was unaffected by 
the magnetic field. The precision (percentage 
relative standard deviation) for these measure- 
ments was less than 2%. A possible mechanism 
involved the negative glow inside the microcav- 
ity being pushed towards the inside walls of  the 
microcavity as the magnetic field is increased 
further, as reported by Pavlovic and Do- 
brosavljevic [15]. As a consequence, there 
would be a reduction in the intensity at the 
center of  the microcavity at higher field 
strengths. However, this possibility was ruled 
out by measuring the radial profiles of  the 
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Fig. 3. Effect of magnetic field on copper emission at 324.75 and 324.40 nm from a copper microcavity hollow cathode. 

copper microcavity emission at 324.75 nm at 
different field strengths. The results are shown 
in Fig. 4. The intensity of the emission is 
maximum at the center of the microcavity at all 
magnetic field values, indicating that there is 
no localization of  the negative glow near the 
inside walls of the microcavity. Atomic emis- 
sion from an aluminum microcavity hollow 
cathode was also observed under identical dis- 
charge conditions to those used for the copper 
emission study; the results are shown in Fig. 5. 
Once again, as with the copper emission, there 
was an increase and then a decrease in the 
atomic emission intensity of the aluminum lines 
at 394.15 and 396.40 nm as the magnetic field 
was increased. The background was again con- 
stant over the range of magnetic field strengths. 
A similar study was conducted for magnesium 
ion lines by observing the emission from the 
microcavity hollow cathode made from an 
NIST sample of aluminum containing 4.54% 
magnesium. The results for magnesium ion 
emission for the lines at 279.55 and 280.27 nm, 
shown in Fig. 6, exhibit the same trends as for 
copper and aluminum. Somersan and Popovici 
[16] studied the effect of  a magnetic field on the 
atomic emission of  lead at 405.78 nm using 
different fill gases; the emission intensities did 
not change much after reaching a maximum. 
However, no theoretical explanation was given. 
Rudnevsky et al. [17] have studied residues of 
the alkali metals deposited in an HCD in a 
magnetic field; they also observed a similar 
pattern. A reduction in the molecular emission 

background of  CN was observed with increas- 
ing magnetic field strength. However, in our 
case, the background was fairly constant near 
the emission lines of all the three elements. 

Hollow cathode discharges are known to 
show self-absorption, and the decrease in the 
emission intensity for the analytes studied here 
may be due to an increased sputtering rate with 
increasing magnetic field. However, on study- 
ing the effect of  magnetic field strength on 
argon ion emission at 404.29 nm (see Fig. 7), a 
steady decrease in the emission intensity with 
magnetic field strength was observed. This im- 
plies that there is no increase in the ionization 
of the argon gas with increasing magnetic field. 
In other words, it is possible that there is no 
increase in the sputtering rates with increasing 
magnetic field strengths at an argon pressure of  
1 Torr. 

Sen et al. [18] observed the variation of  the 
spectral emission intensities of helium, hydro- 
gen and mercury as fill gases in glow discharges 
as a function of  magnetic field strength, and 
they reported similar variations in emission 
with increasing magnetic field for the atomic 
lines of the fill gases used. The attainment in 
the emission maxima was attributed to two 
discharge-related factors that are simulta- 
neously influenced by the applied magnetic 
field; these factors are electron temperature and 
the electron number density along the axis of 
the discharge [18]. It was assumed in their 
studies that the excitation mechanism was 
mostly by electron impact [19]. The electron 
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Fig. 4. Radial profiles of atomic emission from a copper microcavity at different magnetic field strengths. 

temperature increases with magnetic field, 
whereas there is a radial diffusion of electrons 
from the axis of the discharge with increasing 
magnetic field. In order to confirm that a simi- 
lar argument can be used to justify the trend 
observed in our case for the sputtered materi- 
als, the following mechanism is speculated. 

The electron temperature in a magnetic field, 
TeB, is related to the electron temperature with- 
out a magnetic field, Te as follows [18] 

(  y,2 
Tea = re 1 + Cip2} (1) 

where B is the magnetic field strength (G), P is 
the pressure (Torr) and C, is a constant (Torr 2 
G-2 )  dependent on the fill gas which is given 
by 

C~ \mVr/ (2) 

where e is the electronic charge (C), L is the 
electron mean free path (m) at a pressure of 1 
Torr, and v~ is the random velocity of the 
electron (m s- l ) .  

The electron number density, neB ( c m  - 3 )  

along the axis of  the microcavity HCD in the 
presence of the magnetic field is given as [20] 

nea = ne exp "( eECll/2rB "~ 
2kT~P J (3) 

where ne is the electron density (cm-3) in the 
absence of a magnetic field and E is the axial 
electric field per centimeter (V cm-~). This 
equation implies that there is a reduction in the 
electron number density at a distance r from 

the axis due to the presence of the magnetic 
field. 

The intensity of the emission arising from a 
transition j~ i ,  for an optically thin semi- 
corona plasma, in the absence of magnetic 
field, is given by [20] 

f hlvj, \ [ Aj, e x p ( -  Ui 
Iji=nenak--~)Z~ k ~. Aj, , )  \ ~--~) (4, 

m<j 

where h is Planck's constant (J s), l is the path 
length (cm), na is the number density of the 
analyte atoms or ions in the ground state 
(cm - 3), Aj i is the Einstein coefficient of transi- 
tion probability (s-~), E,,, <j Aim is the summa- 
tion of all the transition probabilities between 
the upper and the lower levels, Zw is the colli- 
sional excitation rate coefficient from the 
ground state g to the excited state j (cm-3 
s -  ~), Uj is the energy of  the upper level (eV), 
and ~)i is the frequency of the emitted radiation 
( s -  b. 
In the presence of a magnetic field, I o. is given 
by [20] 

f hlvji )X~i 
t4,).  = .e .4  -a-; 

x e x p (  eEC"/2rB~( __4& I 
A Z A j , . . .  

i n  < j  

(5) 

Taking the ratio of Eqs. (4) and (5) and 
substitution for Tea from Eq. (1) and maximiz- 
ing the result with respect to B gives 
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eZEZr2-4C, Bm,~UjIP (I + C ~ )  -~] _ : 2 2 (6) 

For  a particular gas, we deduce that 
B.,,xUj(1 + CIBm~x2/P2) -I/2 is almost a con- 
stant. There is some degree of  uncertainty in- 
volved in the theoretical calculation of the 
value for Bm~x using Eq. (6) since the values of  
E and r are not precisely known. Therefore, it 
will suffice to prove that for a given set of  
emission lines for a particular element 

Bm,xUj(1 + CIBm~x2/P2)  - I/2 = C2 (7)  

where C: is a constant. In order to calculate C~ 
from Eq. (2), one has to know the collision 
cross-section of electrons and fill gas atoms to 
calculate the mean free path. Since the collision 
cross-section depends on the energy of  the elec- 
tron and that of  the gas atoms, its precise 
determination is difficult. Sadhya and Sen [20] 
proposed a method for calculating the value of 
C~ from Eq. (1 by plotting the electron temper- 
ature in a magnetic field at various field 
strengths, the slope of  which gives C1. Further- 
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Fig 6. Effect of magnetic field on magnesium ion emission at 279.55 and 280.27 nm from an NIST standard aluminum 
alloy microcavity hollow cathode. (This standard contains 4.54"/,, magnesium). 
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more, the electron temperature Te without the 
magnetic field was calculated from the intensity 
ratio of two lines assuming the gas was in local 
thermodynamic equilibrium (LTE). Since a low 
pressure discharge is not in LTE, a semicoronal 
equilibrium was assumed to prevail inside the 
discharge I19]. 

Assuming another transition k---, i and tak- 
ing the ratio of the intensity of the two lines 
g i v e s  

U ~fl- ( #j' "ji ~ *  k T e  = ( U ,  - -  ,., j , , . .  " , .V:: " ~  (8) 
\ 1,1.,, 'f,j 

assuming the excitation rate coefficients Xr~ and 
Xsk are the same due to the similarity of excited 
states g and j. When the magnetic field is 
applied 

1 1 k , F ( I~,)~(~,) - i  
re to. (u, 3 (9) 

where f,j and f~, are the oscillator strengths 
(dimensionless) of the respective transitions 
and Tcs is the electron temperature in the 
presence of the magnetic field. It is important 
to note that this equation is valid only for 
those emission lines which have the same 

"T 
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Fig. 8. Effect of  magnetic field on the electron temperature. 
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ground states because the statistical weights of 
the ground state are also affected by the ap- 
plied magnetic field as a result of Zeeman 
splitting. The ratio of the statistical weights in 
the presence of the magnetic field is unity if the 
two ground levels are the same. We selected 
two resonance lines of copper (324.70 and 
327.40 nm) for the calculation of electron tem- 
peratures both with and without the magnetic 
field using Eqs. (8) and (9). A plot of (Tea/ 
Te 2) -- 1 v e r s u s  B 2 / p  2 (where B/P is known as 
the reduced magnetic field) is shown in Fig. 8. 
It is evident from this plot that the electron 
temperature is constantly increasing with ap- 
plied magnetic field strength (where pressure is 
kept constant). The value of the slope of this 
plot, which corresponds to C~, gives 
1.72 x 10 - 6  for argon which is in the same 
range calculated for helium by Sadhya and Sen 
[20]. Table 1 lists the values of the constant in 
Eq. (7). As can be seen from Table 1, for a 
particular element, the value of C2 is almost 
constant. Therefore, the closer the energies of 
the upper levels of the lines of a particular 
element, the closer are the maxima of the emis- 
sion intensities that occur when the field 
strength is increased as seen in Figs. 3, 4 and 6. 
For all three elements chosen in this study, 
Bm~x values are nearly the same for a given 
element. For example, aluminum has the same 
energy of  the upper levels for both lines at 
394.40 and 396.15 nm and shows maxima for 
these lines at 2300 G. 

4. Conclusions 

It can be concluded that the two-field depen- 
dent factors, electron temperature and radial 

Table 1 
Relationship between intensity maxima and 
per level 

energy of up- 

Analyte Wavelength Energy of the Bn,=x ~ C 
(rim) upper level (G) (G eV) 

(eV) 

Cu(l) 324.75 3.817 2500 2784 
Cu(I) 327.40 3.786 2500 2761 

Mg(ll) 279.55 4.434 2400 3222 
Mg(ll) 280.27 4.422 2500 3225 

Al(l) 394.40 3.143 2300 2275 
AI(I) 396.15 3.143 2300 2275 

"The B,.,,=,, values correspond to magnetic field strengths 
giving the maximum signals in Figs. 3, 5 and 6. 

diffusion of the electron, are both acted upon 
simultaneously and opposite to each other by 
the applied magnetic field. The electron temper- 
ature increases with magnetic field, whereas 
there is an increase in radial diffusion of the 
electron with increasing magnetic field. There- 
fore, a maximum in emission intensity does 
occur at a certain field strength and this maxi- 
mum is dependent upon the energy of  the upper 
state of the analytical line. Since there is no 
substantial advantage of using a very high mag- 
netic field strength, it might be appropriate to 
use permanent magnets which tend to have 
sufficient field to produce the positive effect of 
magnetic field on atomic emission intensity [21]. 
Use of a permanent magnet will facilitate a 
compact discharge design. We are currently 
developing a compact magnetically boosted 
glow discharge device using permanent magnets 
for the analysis of residues of microliter volume 
liquid samples. 
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Abstract 

Varying concentrations of lanthanum and strontium were added to solutions of ashed unused lubricating 
oils for the determination of calcium, magnesium and zinc content using flame atomic absorption 
spectrophotometry. At least 3000 ~tg g-~ of lanthanum or strontium was required to completely overcome 
the interference of the phosphate ion, PO 3-, and give peak values for calcium. The presence of lanthanum 
or strontium did not cause an appreciable increase in the amount of magnesium and zinc obtained from the 
analyses. The method is fast and reproducible, and the coefficients of variation calculated for the elements 
using one of the samples were 1.6% for calcium, 3.5% for magnesium and 0.2% for zinc. Results obtained 
by this method were better than those obtained by other methods for the same samples. 

Keywords: Calcium; Magnesium; Zinc; Lubricating oils: Atomic absorption spectroscopy 

1. Introduction 

Lubricating oils are employed to separate 
metallic surfaces in mechanical systems. The 
performance characteristics o f  these oils are 
usually improved by the incorporation of  addi- 
tives which contain one or more of  the follow- 
ing e l e m e n t s -  phosphorus,  barium, calcium, 
magnesium, zinc, antimony, nickel, boron,  cad- 
mium, chromium, mercury, molybdenum, sele- 
nium and tin [1-3]. A rapid and accurate 
analytical procedure is needed for routine anal- 
ysis of  these elements in order to provide 
proper control o f  plant blending operations. 
The American Society for Testing and Materi- 
als [4] recommended ashing at 650-700°C. The 
institute of  Petroleum [5-7] also recommended 
ashing at 550°C until the ash is free of  all 
visible traces of  carbon. Udoh et al. [8] ob- 
served that with lubricating oils marketed in 
Nigeria, complete oxidation of  carbon was not 
possible at any of  these standard temperatures. 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights 
SSDI 0039-9140(95)01634- I 

This could perhaps account for the need to 
filter the solution in the above cases. Suspect- 
ing that incomplete oxidation of  carbon may 
lead to lower values for the added elements, 
Udoh et al. [8] designed a series of  experiments 
that led to the recommendation of an ashing 
temperature of  900 + 50°C. 

There are a number of  methods which can be 
used to determine the above elements in solu- 
bilised ash. These include titrimetry, emission 
spectroscopy [1,9] and chemical analysis [4-7]. 
Such methods are laborious and impractical, 
especially when large numbers of  samples are 
involved. The Institute of  Petroleum [10] rec- 
ommended an atomic absorption spectrometric 
analysis of  the unused oil for barium, calcium, 
magnesium and zinc after dilution with white 
spirit, but this method is not suitable for lubri- 
cating oils that contain viscosity index im- 
provers. Other organic solvents can be used, 
but they pose a lot of  difficulties [11] and the 

reserved 
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results obtained depend on the type of  
organometallic compound used for calibration 
[12]. Such difficulties were believed to be over- 
come by the use of  oxygenated solvents and 
mixed solvent systems, but flame problems are 
still common even though they allow for the 
application of  aqueous inorganic salt standards 
which make the analyses cheaper. 

Surprisingly, with the ready availability of  
flame atomic absorption spectrophotometers 
(using an air-acetylene flame), no method has 
been described to apply this facility using 
aqueous standard and the inorganic ash, per- 
haps owing to the common interference of  
phosphorus in the determination of  the alka- 
line earth metals by flame absorption. This 
interference by phosphorus in inorganic sys- 
tems is usually overcome by the addition of 
lanthanum or strontium solution. Varying con- 
centrations of lanthanum in the final solution 
have been recommended when analysing differ- 
ent classes of  materials [13-16]. To my knowl- 
edge, none has yet been recommended as being 
adequate for the determination of these ele- 
ments in the ashed lubricating oils. If the inter- 
ference due to phosphorus in the ashed oil is 
overcome, its incorporation into the above- 
mentioned procedure [8] can provide a rapid 
method for routine analysis, perhaps with more 
quantitative results than from direct dilution 
with organic solvents or chemical analysis. 
This paper describes how the interference from 
phosphorus is overcome, and recommends a 
cheaper and reliable procedure for routine 
analysis of  unused lubricating oils. 

2. Experimental 

premix chamber and a 10cm single element 
hollow cathode lamps as sources was used for 
the analysis. 

2.2. Lubricating oil samples 

The samples analysed were purchased from 
producing companies as sold at their appropri- 
ate stations in Nigeria. All samples were stored 
in polythene bottles and were assigned num- 
bers to differentiate between them in this work. 
Both premium quality SAE 20/50 and medium 
quality SAE 40 were used. A detailed list is 
presented in Table 1. All the samples are highly 
viscous and amber coloured, except sample 9 
which is reddish. 

2.3. Effects of varying the concentrations of 
lanthanum and strontium on the recovery of 
calcium and magnesium 

10.0 g of  sample 2 was weighed into different 
porcelain evaporating dishes, ashed, solubilised 
and concentrated as described below. Varying 
concentrations of  lanthanum and strontium so- 
lution were added to the resulting solutions, 
and the volumes made up to 20.0 cm 3. The 
amounts of  calcium and magnesium in each 
case were determined. The results of  duplicate 
determinations are presented in Table 2. 

2.4. Recommended procedure 

10.0 g [4] of  the lubricating oil was weighed 
into a 100 cm 3 capacity evaporating dish and 
heated gently with a bunsen flame until it 
ignited. The flame was removed and the oil 
allowed to burn until a coke residue was 

2.1. Reagents and apparatus Table I 
Lubricating oil samples analysed 

All the reagents were of  analytical grade. 
Doubly-distilled water was used to prepare all 
the solutions. Stock (1000 ~tg g - t )  Ca, Mg and 1 
Zn was prepared from carbonate (Ca), sulphate 2 
(Mg) and oxide (Zn), stored in polythene bot- 3 
ties and diluted appropriately to obtain work- 4 

5 
ing solutions. 100001agg -1 of  lanthanum (as 6 
nitrate) and strontium (as chloride) was added 7 
to the sample solutions as buffer to overcome 8 
the interference of  the phosphate ion. 9 

A Gallenkamp muffle furnace with a temper- 10 
ature range of  0-1000*C was used for ashing. I I 12 
A Unicam AA919 atomic absorption/flame 13 
emission spectrophotometer equipped with a 

Sample No. Grade of oil Producer 

SAE 20W/50 Total 
SAE 20W/50 Mobil 
SAE20W/50 Unipetrol 
SAE 40 National 
SAE 40 Agip 
SAE 40 Texaco 
SAE 20W/50 Rotella 
SAE 20W/50 Texaco 
SAE 20W/50 Whiz 
SAE 20W/50 Agip 
SAE 20W/50 National 
SAE 40 Unipetrol 
SAE 40 African petroleum 
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Table 2 
Effect of increasing concentrations of lanthanum and strontium on the determination of calcium and magnesium using 
sample 2 

Concentration of 
La or Sr (lag g-i) 

Concentration of calcium (lag g-~) Concentration of magnesium (lag g -  i) 

with La with Sr with La with Sr 

0 308.0 308.0 2020.0 2020.0 
250 539.0 501.0 2100.0 2140.0 
750 769.0 769.0 2100.0 2140.0 

1000 999.0 1075.0 2110.0 2200.0 
2000 1152.0 1225.0 2130.0 2220.0 
2500 1539.0 1564.0 2120.0 2220.0 
3000 1632.0 1608.0 2151.0 2200.0 
4000 1628.0 1608.0 2120.0 2119.0 
5000 1633.0 1608.0 2120.0 2129.0 

formed. Heating with the flame was recom- 
menced until all volatile matter had been driven 
off. The evaporating dish was then transferred 
to a muffle furnace set at 900 + 50 *C [8] and 
heated until the ash was free from all visible 
traces of  carbon. This occurred about 3 h after 
the attainment of  the above temperature. The 
evaporating dish was removed from the furnace 
and allowed to cool. The residue was treated 
with 20.0 cm 3 of  6 M hydrochloric acid and the 
solution concentrated on a steam bath to about 
5.0 cm 3. The solution was transferred quantita- 
tively to a 20.0 cm 3 volumetric flask. 6.0 cm 3 of  
I0 000 lag g - '  lanthanum or strontium solution 
was added and the solution diluted to the mark 
with water. 

The resulting solution was used for the deter- 
mination of  the elements using atomic absorp- 
tion. A blank solution was also prepared. 

2.5. Evaluation of the procedure 

The reproducibility of  the procedure was 
established by applying the proposed procedure 
six times in turn to sample 1 and determining 
the elements of  interest. The reproducibility in 
the determination of  the various determinant 
elements is appropriately discussed. 

In a comparison of  methods, some samples 
were prepared in duplicate and analysed for 
calcium, magnesium and zinc using other ap- 
proaches (precipitation as oxalate followed by 
titration with KMnO4 solution for Ca, precipi- 
tation as 8-hydroxyquinaldinate for Mg, and 
titration with EDTA for Zn) and the results 
compared with those obtained for the same 
samples using the recommended procedure. The 
data are presented in Table 3. 

3. Results and discussion 

The concentrations of  calcium obtained con- 
tinued to increase with the concentration of  
either lanthanum or strontium until a peak 
concentration was obtained, at a lanthanum or 
strontium concentration of  3 000 lag g -  ~. Once 
reached, the peak value remained virtually con- 
stant when higher concentrations of  lanthanum 
or strontium were applied. Plotted against in- 
creasing concentration of  lanthanum or stron- 
tium, the concentration of  calcium increased 
linearly to the peak value and thereafter 
mainted a plateau up to a lanthanum or stron- 
tium concentration of  5000 lag g-~. Although 
the results of  Table 2 relate to sample 2, the 
same trend was observed for the other samples. 
Table 2 also shows that an increase in the 
concentration of  lanthanum or strontium did 
not give a corresponding increase in the concen- 
tration of  magnesium and that all the magne- 
sium was recovered with or without the 
addition of  lanthanum or strontium. Generally, 
magnesium is not known to be affected by 
interference due to the phosphate ion, PO 3- . 

The recommended procedure gives highly re- 
producible analysis for unused lubricating oils. 
Replicate analysis of  sample 1 gives the follow- 
ing results - -  calcium 1648 + 26, magnesium 
1620+57 and zinc l l 6 0 + 2 l a g g  -~. Table 2 
also shows that the results obtained from the 
procedure are more enhanced for calcium than 
those obtained from gravimetry, and also that 
the same sample solution gives comparatively 
good results for magnesium and zinc. Statistical 
analysis shows that the new AAS method is free 
from determinate error at 95% probability. The 
differences in results between the new AAS 
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Table 3 
Sample results and comparison of methods 

Element Sample Concentration (btg g -  ~ ) 
number 

Recommended Other 
procedure" approaches" 

Calcium 1 1648.0 1387.0 
2 1631.0 1442.0 
3 753.0 498.0 
4 268.0 169.0 
5 833.0 650.0 
6 1295.0 I 120.0 
7 ll.0 N.D. 
8 779.0 N.D. 
9 8.0 N.D. 

i0 610.0 N.D, 
I 1 840.0 N.D. 
12 20.0 N.D. 
13 738.0 N.D, 

Magnesium l 1620.0 1347.0 
2 2120.0 2418.0 
3 2940.0 2993.0 
4 13.0 10.0 
5 8.0 5.0 
6 19.0 19.0 
7 710.0 N.D. 
8 10.0 N.D. 
9 4,0 N.D. 

10 706.0 N.D. 
I l 480.0 N.D. 
12 980.0 N.D. 
13 1319.0 N.D. 

Zinc 1 I 160.0 1095.0 
2 1091.0 1105.0 
3 1600.0 1455.0 
4 133.0 147.0 
5 451.0 474.0 
6 920.0 964.0 
7 916.0 N.D. 
8 1554.0 N.D. 
9 218.0 N.D. 

10 960.0 N.D. 
11 1207.0 N.D. 
12 422.0 N.D. 
13 1453.0 N.D. 

N.D. = not determined. 
"Average of duplicate determinations. 

titration and the new method, this element 
alone cannot be determined by titration and 
the others by AAS when all of them can be 
determined very fast by AAS. 

The procedure presented in this article offers 
many advantages over other approaches hith- 
erto described. It reduces the analysis time, and 
the same sample solution can be used to deter- 
mine all the additive elements included in this 
work instead of preparing the sample sepa- 
rately for the determination of each element as 
in the Institute of Petroleum Methods. It over- 
comes all the problems posed by the use of 
organic solvents for direct dilution. The proce- 
dure employs the use of aqueous inorganic salt 
standards, thereby freeing the results form de- 
pendence on the type of organometallic salt 
used for calibration. Also, a larger number of 
samples can be handled simultaneously. 

4. Conclusion 

Additive elements in lubricating oils have 
hiterto been determined by atomic absorption 
spectrophotometry after dilution with organic 
solvents or by chemical analysis of the solu- 
bilised ash. This article has demonstrated that 
the problems encountered in other approaches 
are easily overcome by the procedure described 
herein. The method is accurate and fast, and 
particularly suitable for progressive monitoring 
of plant blending operations. 
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method and other conventional approaches 
could be attributed to the reduced sensitivity of 
the other methods for calcium and magnesium. 
Comparable results are obtained for zinc in 
most of the samples. It must be noted that the 
sample solution is a complex matrix and the 
effects of the presence of many other unknown 
ions interfere with the sensitivity of the conven- 
tional methods, leading to a positive or nega- 
tive influence on the values obtained. Although 
comparable results are obtained for zinc from 
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Abstract 

Sorption of the mixed-ligand complexes of europium(III) with thenoyltrifluoroacetone (TTA) and 
1,10-phenanthroline (Phen) on polyurethane foam (PUF) has been studied by a luminescence method. The 
optimum conditions of sorption have been found. The sorbate composition on PUF has been determined 
(the Eu:TTA:Phen ratio was 1:3:1). Luminescence spectra of the europium complexes in solution and on 
PUF at 77 K have been investigated. It was concluded that the character of the Eu a+ coordination both in 
solution and on the sorbent is the same. Stability constants for the complexes in solution (lg K = 8.4) and 
on the sorbent (lg K = 5.5) have been calculated. The decrease of the stability of the complex on PUF is 
explained by the deformation of the complex molecule in the sorbent phase. Sorption coefficients for 
europium (245) and scandium (2.35) and the coefficient of selectivity for europium in Sc203 002.3) have 
been determined. A method for the sorption-luminescence determination of europium in Sc203 with a lower 
limit of contents determined of l x 10-6% has been developed. 

Keywords: Europium; Polyurethane foam; Luminescence determination; Preconcentration 

I. Introduction 

Over the past years, polyurethane foam 
(PUF) has been used successfully in analytical 
chemistry for the determination of  different 
elements. The sorption of  a large quantity of  
transition, rare earth and toxic elements on 
PUFs  with the aim of  their further determina- 
tion in the eluate or directly on the sorbent by 
one of  the spectroscopic methods, has been 
reported [1-3]. 

Only the selective separation of  cerium(III) 
on P U F  modified with tr im-butyl phosphate 
and thenoyltrifluoroacetone [4] or di(2-ethyl- 
hexyl) phosphoric acid [5], as well as the lu- 
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0039-9140/95/$09.50 @ 1995 Elsevier Science B.V. All rights 
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minescence determination of  yttrium immobil- 
ized on P U F  as complexes with quinosol [6] 
have been described. 

In this paper, the sorption of  europium from 
a solution of  its mixed-ligand complex with 
thenoyltrifluoroacetone (TTA) and 1,10- 
phenanthroline (Phen) on solid PUF has been 
studied, and the possibility of  application of  the 
luminescence properties of  the sorbate to the 
determination of  europium in scandium oxide 
has been demonstrated. Use of  the sorption of 
europium allowed us to carry out its preconcen- 
tration as well as to eliminate factors which 
cause the non-radiative loss of  excitation energy 
(to increase the rigidity of  the system, to de- 
crease the thermal motion of  molecules, and to 
decrease the free rotation of  ligand fragments). 

reserved 
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2.  E x p e r i m e n t a l  

2. I. Reagents 

Solutions of lanthanide chlorides 
(0.1 mol 1 -~ and 1 mgml -~) were prepared by 
dissolution of the corresponding oxides in HC1. 
The solutions were then evaporated to the wet 
salts, which were then diluted with water. 

The concentration was determined by com- 
plexometric titration with Arsenazo I [7]. Solu- 
tions of mixed-ligand complexes were prepared 
according to a literature procedure [8]. Indus- 
trial PUF, mechanically pounded to a grain 
size of I mm, was used as the sorbent. The 
pounded sorbent was treated with 1 M HC1 
and ethanol and was dried in air. 

2.2. Apparatus 

100 

0 I I I 
0 10 20 30 

x (min) 

Fig. 1. Dependence of  1~.~ of  europium on the sorbent on 
sorption time (CE, = I x 10 -6  mol I - ' ) .  

The pH values of the solution were measured 
using a pH-meter pH-340. The luminescence 
spectra of europium were recorded in the re- 
gion of the 5D 0-*2F 2 transition (520-630 nm) 
using an C~].rl-2 spectrometer. The excitation 
source was a ~Kc~)Ji-1000-5 ultrahigh pres- 
sure xenon discharge lamp (power, 1000V; 
luminour flux, 32 klm). 

2.3. Procedure 

Sorption was studied under static conditions. 
The sorbent weight was equilibrated by shak- 
ing with 10 ml of a solution of known composi- 
tion. Equilibrium was controlled by the 
luminescence of the equilibrium solution. 

of the complex in solution. The highest lu- 
minescence intensity of europium on PUF is 
observed at pH 8 (Fig. 2). The required value of 
the pH in solution was obtained with uro- 
tropine (0.5 ml of a 40% solution) as buffer. 

A study of the dependence of the sorption of 
europium on the amount of complexing sub- 
stance in solution has shown that a one-hun- 
dred to two-hundred fold excess of the reagents 
(TTA and Phen) is necessary for obtaining the 
maximum Ii,r, value (Fig. 3). The large excess 
of the reagents might be due to the additional 
sorption of unbound ligands on PUF. The 
choice of the optimum amount of PUF shows 
that the highest I~,m of europium is observed 
with a sorbent addition of 40mg (at 
CE,= 1 x 10-Smoll -I) (Fig. 4). 

3.  R e s u l t s  a n d  d i s c u s s i o n  

3.1. Optimum conditions for sorption 

As can be seen in Fig. 1, complete sorption of 
europium from a solution of the thenoyltri- 
fluoroacetone and 1,10-phenanthroline complex 
is observed in 10 min. The decrease in lumines- 
cence intensity (I~,,,) of the europium sorbate 
after sorption (10 min) could be connected with 
the fact that on increase in the sorption time, 
the sorption of unbound ligands (TTA and 
Phen) increases and this could lead to a concen- 
tration quenching of europium luminescence in 
t h e  sorbate. Sorption of the europium mixed- 
ligand complex on PUF is observed over the 
pH range 7-9, i.e. in the region of existence 

100 

I f f J I I 
5 6 7 8 9 10 

pH 

Fig. 2, Dependence o f  !,.m of  the europium sorbate on the 
pH of  the solution (CE. = I x l0 -6  m o l l - J ) .  
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100 

0 I I I I I I 
60 80 100 120 140 160 

CWCEu 

Fig. 3. Dependence o f  l~um of  the europium sorbate on the 
amoun t  of  "I'TA (curve 1) and Phen (curve 2) in solution 
( C E . =  1 x 1 0 - S m o l l - I ) .  

3.2. Influence of solvent 

Values of I.... of the europium complex on 
PUF in the presence of series of solvents 
(20% vol.) with different donor-acceptor prop- 
erties are summarized in Table 1. 

As can be seen in the table, the highest It,~ 
value of europium is observed with dimethyl- 
formamide and increases threefold. The influ- 
ence of the electric field of the solvent on the 4f 
shell of the lanthanide ion has previously been 
reported [9,10] for the solutions of some com- 
plexes of europium and terbium and is exhib- 
ited in the dependence of the ltm of these ions 
on the permittivity of the solvent. However this 
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Fig. 4. Dependence o f  1~. m of  the europium sorbate on the 
amount  of  sorbent (CE. -- 1 × 10 -5  tool I-I) .  
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influence is not observed for sorbates. A depen- 
dence of the I~.m of europium on the sorbent 
on the different parameters characterizing the 
solvent donor-acceptor ability, such as the 
solvation energy, the acceptor ability, the rela- 
tive coordination force, and the general base is 
also not observed. 

The influence of the character of the solvent 
on the I ~  of europium in solution and on the 
sorbent is different. If the ltum in the solution is 
maximal for water-alcohol solutions, then the 
I~.~0 on PUF in the presence of these solvents is 
low. It could be supposed that, in this instance, 

'the solvent influences the sorption ability of the 
complex. However, the I,.m of europium in 
solution after sorption is low; for example. 
sorption in the presence of dimethylfor- 
mamide is 100% and in the presence of ethanol 
is 87%. On the one hand, it is evident that 
solvation of the complex molecules by alcohols 
reduces the total energy of the solvate-sorbate 
interaction; on the other hand, the sorbating 
molecules of the solvent definitely influence the 
processes of non-radiative energy transfer of 
the electron excitation of the complexes on the 
sorbates. 

3.3. Influence of surfactants 

The influence of surfactants on the I~,m of 
europium in the mixed-ligand complexes with 
TTA and Phen (or TOPO) has been reported 
by many authors [11]. The use of micellar 
media allows the detection limit of europium to 
be significantly decreased. Hence, it was inter- 
esting to follow the influence of the surfactants 
on the Ilu m of sorbed europium on the solid 
matrix. The sorption of europium was carried 
out from solutions of mixed-ligand complexes 
into which different surfactants were intro- 
duced. The results obtained are summarized in 
Table 2. As can be seen, the highest I~, m of 
europium on PUF is observed for the sorption 
in the absence of surfactants. The introduction 
of surfactants decreases in either degree the 
luminescence intensity on the sorbent. Hence, it 
can be supposed that, in any given instance, a 
decrease in the degree of sorption and the 
decrease in the I~,m on the sorbent results from 
solubilization of the complex in solution. The 
luminescence intensity of the solutions in the 
presence of surfactants remains fairly high after 
sorption. This fact testifies in favour of the 
above supposition. 
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Table I 
The dependence of the ltum of europium sorbates and solutions of europium and TTA and Phen complexes on the nature 
of the solvent 

Solvent £Dp ll~,~ europium (%) 

Sorbent Solution 

Water 80.31 29 100 
Dimethylsulfoxide 48.9 75 83 
Dimethylformamide 37.6 100 59 
Methanol 33.6 35 148 
Ethanol 24.5 46 162 
Propanol 20.75 15 135 

3.4. Determination of  the degree of sorption 
and the sorbate composition 

The degree of sorption of europium on PUF 
was determined by carrying out the sorption 
under the optimum conditions. The sorbent 
was dried, burnt in a muffle furnace, the resid- 
ual ashes were dissolved, and the europium 
content was determined with Arsenazo III as 
previously described [7]. The degree of eu- 
ropium sorption in the presence of 
cetyltrimethylammonium bromide, OC-20 and 
Triton X-100 were 60%, 20% and 16.6%, re- 
spectively, i.e. a significantly higher solubiliza- 
tion of the europium complex in non-ionic 
surfactants (OC-20, Triton X-100) led to a 
lower degree of sorption in their presence. Eu- 
ropium forms a complex with TTA and Phen 
in water-organic media and extracts. The ratio 
of the components (Eu:TTA:Phen) is 1:3:1. The 
application of the method of limited logarithms 
has shown that the sorbate composition corre- 
sponds to the composition of the complex in 
solution. 

Europium sorbates exhibit an intensive lu- 
minescence which exceeds by two orders the 
Itum of europium in solutions of the same 
complex. The distribution of radiation energy 
on the SD0---*7Fj (where j =  1, 2) transitions 
and on the separate lines within the transition 
is approximately equal for the sorbate and a 
solution of the complex at 77 K (Fig. 5). The 
major part of the radiative energy in the 
sorbate is on the line of the 5D 0 ~ 7F 2 electric- 
dipole transition. It is known that the intensity 
of the lines corresponding to the 5D0-TF t mag- 
netic-dipole transition is lower than the in- 
tensity of the line of the 5D0~7F 2 electric- 
dipole transition by one order of magnitude. 
The AFI,2 magnitudes, which are recorded 
in the low temperature luminescence spectra, 
are sensitive indicators of the Eu3+-coordi - 
nated ligands interaction. The splitting of the 
Stark components 7Fj for sorbates and com- 
plexes in solution are similar; this could testify 
to the identical character of the coordination 
of the europium ion in solution and on the 
sorbent. 

Table 2 
The dependence of the I1,,, m of europium in solution of complexes with TTA and Phen in the sorbates on the nature of 
the surfactants 

Surfactant /z,,,m of europium in solution /~u,, of europium 
before sorption on PUF 
(%) (%) 

None 32 100 
Cetyltrimethylammonium 52 42 
Cetylpyridinium bromide 21 38 
Aethonium 34 11 
OC-20 53 51 
Triton X-100 63 45 
Tetramethylammonium bromide 21 39 
Tetrabutylammonium bromide 20 37 
Lauryl sulphate 30 12 
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Fig. 5. Luminescence spectra of a mixed-ligand complex of europium with "IrA and Phen (spectrum 1 ) in solution and 
(spectrum 2) on the sorbent at 77 K. 

3.5. Stability of the complexes in the sorbates 

A mathematical model describing similar sys- 
tems [12] has been applied to the stability 
evaluation of the obtained complexes on 
polyurethane foam. According to this model, 
the inverse magnitude of the metal concentra- 
tion on the sorbent (Y) and the inverse magni- 
tude of its equilibrium concentration (X) in 
solution are bound by the rectilinear depen- 
dence 

I /Y= A~(I/X) + Ao 

where A~ and Ao are coefficients of this equation. 
The stability constant of the europium complex 
on the sorbent, Ks,ab = Ao/A~. 

Stability constants of the complex in solution 
were calculated for comparison purposes. The 
least-squares method has been applied in the 
calculations in both instances. Correlation co- 
efficients of the linear equations are within the 
limits 0.95-0.98. The obtained results show that 
the stability of the complexes on the sorbent (lg 
K = 5.5) is lower than that in solution by several 
orders (lg K =  8.4). This could be connected 
with the fact that the fixed on matrix ligands 
take place in complexing in the sorbate instance. 
If all the ligands can take the necessary geomet- 
ric configuration in solution, then this is con- 

nected with the additional energy expenditure in 
the sorbent layer. This energy is needed for the 
taking up of the necessary geometric position by 
the attached ligand groups, i.e. to deform the 
natural position of the attached ligands as well 
as the matrix itself [14]. Deformed complex, 
which is attached to the matrix, has a lower 
stability. 

3.6. Possibility of analytical application of the 
sorbate 

The high luminescence intensity of sorbates of 
europium phenanthrolinethenoyltrifluoro-acet- 
onate may be used to develop methods for the 
determination of europium in lanthanide oxides 
with much lower detection limits, i.e. of the 
order of n. 10- 6_ n. 10 - 7%. At present, the anal- 
ysis of lanthanide oxides as well as scandium 
oxide is very actual. It is known that differences 
between the formation conditions and the sta- 
bility of the europium and scandium complexes 
with TTA are applied in the separation by 
extraction of these elements. Thus, scandium is 
extracted by benzoic from more acidic solutions 
(pH,/2,s¢) 0.5) than europium (pH I/2,E.)2.9). The 
extraction constants of these elements (lg 
K(Sc) = -0.77, lg K(Eu)= -7 .9  [13]) are also 
different. It could be supposed that, by analogy 
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with the extraction processes, the differences in 
the properties of the complexes are intensified 
on sorption. Hence, the determination of eu- 
ropium in the presence of large amounts of 
scandium will be possible. It has been estab- 
lished that the degree of sorption of scandium 
from solutions in the presence of both TTA 
and Phen under optimum conditions for the 
sorption of europium on PUF is 50%. 

Sorption coefficients for europium and scan- 
dium are 245 and 2.35, respectively. The selec- 
tivity coefficient for europium in scandium 
oxide is 102.3. hence, it may be concluded that 
application of PUF allows the detection limit 
of europium in scandium oxide to be reduced. 

analyzed according to the certified data is be- 
low 1 x 10-4°. Additions of europium (0.002 
and 0.005 lag) to aliquots of Sc20~, carried out 
for all analyses, are 0.0019 lag and 0.0051 lag at 
n = 5, P = 0.95 and Sr = 0.06 and 0.05, respec- 
tively. 

As the data show, the developed methods 
allow europium to be determined in scandium 
oxide with satisfactory accuracy and reproduci- 
bility. 

The detection limit of europium, i.e. 
1 × 10-6%, was calculated according to the 
3a-criterion. 
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Abstract 

Direct-current cyclic voltammetry is used to investigate the suitability of some ferrocene derivatives such 
as ferrocenecarboxylic acid, ferroceneacetic acid and ferrocenemethanol as mediators for ascorbic acid 
oxidation in aqueous solutions with low pH. The ascorbic acid coupled catalytically to three ferrocene 
derivatives exhibiting homogeneous second-order rate constants ks, in the range 7.36 x l05-1.23 x 10 7. The 
catalytic oxidation peak current was linearly dependent on the ascorbic acid concentration and the linearity 
range obtained in the presence of ferrocenecarboxilic acid, having the largest second-order rate constant, was 
5 x l0 -5-1.5 x l0 -3 M. The catalytic effect of the ferrocene derivatives on the electrochemical oxidation of 
ascorbic acid reduced the oxidation potential of ascorbic acid, resulting in the separation of the overlapping 
voitammograms of ascorbic acid and dopamine at the glassy carbon electrode in a mixture. This allowed the 
determination of ascorbic acid in the presence of dopamine. The calibration graph obtained by linear sweep 
voltammetry for ascorbic acid in the presence of dopamine of fixed concentration is linear in the range 
5 x 1 0 - 5  1.5 x 10-3 M. In a similar manner, dopamine is determined in the presence of a high concentra- 
tion of ascorbic acid, up to 100 times that of dopamine, using ferroceneacetic acid as the most suitable 
mediator for this purpose. 

Keywords: Ascorbic acid; Dopamine; Ferrocene mediators; Glassy carbon electrode; Voltammetry 

1. Introduction 

Ascorbic acid (vitamin C) is a hexuronic acid 
with pK a values of  4.17 and 11.5. In biological 
solutions at neutral pH it exists primarily as 
the monohydrogen ascorbate anion. Ascorbic 
acid/ascorbate is a vital component in the diet 
of humans. Ascorbate is the agent which pre- 
vents scurvy and is known to take part in 
several biological reactions. Ascorbate is possi- 

* Corresponding author. 
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bly the primary antioxidant in human blood 
plasma and is present in mammalian brain in 
the presence of  several neurotransmitter amines 
including dopamine, epinephrine and nor- 
epinephrine. In addition, ascorbic acid is found 
in high concentration in some fruits and foods 
together with vasoactive amines such as do- 
pamine. 

Many of  the fundamental studies on ascorbic 
acid oxidation have examined the reaction at 
metal electrodes. It is now established that the 
oxidation of ascorbic acid (l) at low pH pro- 
ceeds via two consecutive one-electron pro- 

reserved 
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cesses involving the participation of a radical 
anion intermediate (2) (the latter being con- 
firmed from electron paramagnetic resonance 
spectroscopy [1], to form dehydro-L-ascorbic 
acid (3). The latter species subsequently under- 
goes a hydration reaction characteristic of car- 
bonyl groups to form the final electroinactive 
product (4). Consequently the overall reaction 
can be classified as an EC process: 

A H 2 -  2e--,A + 2H + E (1) 

A + H 2 0  ~ B C (2) 

o 

OH 
CNOH 
¢H~OH 

0 
~._.o o 

0 "°° 

~:NOM 
I CM;0M 

e~  
A 

( 2 )  
All 2 
(I) 

tial. It has been demonstrated [2] that ascorbic 
acid can undergo mediated oxidation via a 
homogeneous process by electrogenerated hex- 
acyanoferrate (III). In addition, some chemi- 
cally modified electrodes with various active 
mediators immobilized at the electrode surface 
for the mediated oxidation of ascorbic acid in 
acidic solution have been used [3-7]. 

This paper describes the suitability of some 
ferrocene derivatives as mediators for the medi- 
ated oxidation and determination of ascorbic 
acid in aqueous solutions with relatively low 
pH values. The homogeneous second-order 
rate constants (ks) for the interaction between 
ascorbic acid and electrogenerated ferricinium 
derivatives are determined by cyclic voltamme- 
try. In view of the fact that normally it is 
difficult to obtain separate voltammetric waves 
for ascorbic acid and dopamine in the presence 
of each other, mainly when ascorbic acid is 
present at high concentration [8,9] the ability of 
the mediators to promote the voltammetric 
resolution of ascorbic acid and dopamine is 
investigated. 

o 
° 

OH 

¢HON 0 ~ o O N  

I .o/ CNz0N 

A B 
(3) (4) 

Note also that at pHs between the first and 
second pKA values (4.17 < p H  < 11.5), the oxi- 
dation process will only involve the loss of a 
single proton owing to the fact that ascorbic 
acid will be of the form AH- .  

The selective amperometric determination of 
ascorbic acid is of much current interest. In 
samples with low pH, it is almost too difficult 
to determine this compound electrochemically 
by direct oxidation on a conventional electrode 
because of fouling by the oxidation products. 
A carbon electrode, when subjected to an ap- 
propriate pretreatment procedure, exhibits 
minimal propensity for surface fouling. How- 
ever, the kinetics of electron transfer are quite 
sluggish. This last characteristic of electro- 
chemical irreversibility means that ascorbic 
acid will be oxidized only at potentials consid- 
erably removed from its standard redox poten- 

2. Experimental 

2.1. Reagents and chemicals 

The solvent used for the electrochemical 
studies was doubly distilled water. Lithium 
perchlorate from Fluka was used as supporting 
electrolyte. The ferrocene derivatives were from 
Janssen and were used without further purifica- 
tion. All other reagents were of analytical 
grade. The solutions were bubbled with nitro- 
gen gas (99.99%) and were kept under a nitro- 
gen atmosphere during the electrochemical 
experiments. 

2.2. Instrumentation 

The electrochemical experiments were car- 
ried out using the EG&G potentiostat/gal- 
vanostat model 273 coupled with an IBM 
personal computer connected to an Epson 
model FX-850 printer. A conventional three- 
electrode cell with a calomel electrode as the 
reference electrode, a platinum wire as the aux- 
iliary electrode and a glassy carbon disk as the 
working electrode (A = 0.126 cm2; obtained 
from EG&G) as used. A pH-meter, model 654 
(from Metrohm), was also used. 
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Fig. 1. Cyclic voltammograms of  2raM ferroceneacetic acid in 0.5 M acetic buffer +0.1 M LiCIO4 at pH 5, using a 
glassy carbon working electrode, at scan rates of  (curve a) 20 mV s -  J, (curve b) 50 mV s -  ~, (curve c) 100 mV s -  J, (curve 
d) 200 mV s -  i, (curve e) 400 mV s -  i, and (curve f) 800 mV s -  i. 

3. Results  and discussion 

3.1. Electrochemistry of mediators 

It has been demonstrated that the optimum 
characteristics for mediators that can be used 
in the catalytic electrochemical reaction of sub- 
strate include reversible electrochemistry at the 
electrode surface and rapid reaction with the 
substrate. The reversibility of ferrocene/fer- 
rieinium derivative systems used as mediators 
in this study was examined by cyclic voltamme- 
try. Cyclic voltammograms for ferroceneacetic 
acid are shown as examples in Fig. 1 and a 
summary of electrochemical data for the medi- 
ators obtained at the glassy carbon electrode is 
presented in Table 1. As can be seen in the 
table, the peak separation potentials AEp are 
consistent with an almost reversible oxidation 
process for the mediators. 

3.2. Mediated oxidation of ascorbic acid 

Previously, Fe(CN)~- was shown to be able 
to electrocatalyz¢ the oxidation of ascorbic 
acid via a homogeneous process when the fer- 
rocyanide is present in the dissolved form 

Table I 
Heterogeneous rate constants for ferrocene derivatives at 
the glassy carbon electrode 

Ferrocene E~'/2 AE~, k'~ 
derivative (mV) (mV) (crn s-') 

Carboxylic acid 300 74 i.6 x 10- :  
Acetic acid 139 64 7.4 x 10- :  
Methanol 180 70 2.0 x 10 -2 

" Half-wave potential vs. SCE. 
b Peak separation, at a scan rate v •: 50 mV s - s .  

Approximate heterogeneous rate constant calculated 
according to Ref. [I I]. 
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Fig. 2. (A) Cyclic voltammograms of (curve a) saturated ferrocenemethanol in 0.5 M glycine buffer + 0.1 M LiCIO4 at 
pH 4, (curve b) a + 5 mM ascorbic acid, and (curve c) 5 mM ascorbic acid in a buffer solution of pit 4; scan rate, 
5 mV s- ~. (B) catalytic oxidation of I mM ascorbic acid at scan rates of (curve a) 10 mV s- 1; (curve b) 20 mV s- i; (curve 
c) 50 mV s-I; (curve d) 100 mV s-L; (curve e) 200 mV s-, and (curve 15 400 mV s -I. Solution conditions as in (A). 

[2]. Accordingly, we decided to examine the 
ability of  ferrocene derivative mediators com- 
pared with ferrocyanide to catalyze the ascor- 
bic acid oxidation. 

Typical examples of  cyclic vol tammograms 
obtained for a saturated ferrocenemethanol so- 
lution and for 5 x 10 -3 M ascorbic acid solu- 
tions in the presence and absence of  
ferrocenemethanol at p H  4 are shown in Fig. 
2A. As can be seen in this figure (curve c), the 
oxidation of  ascorbic acid in the absence of  
mediator occurred irreversibly with a peak po- 
tential of  almost 0.5 V vs. SCE, while in the 
presence of  ferrocenemethanol as the mediator, 
its oxidation appeared at the potential of  the 
mediator  (curve b); the anodic peak current of  
the mediator  was greatly increased over that 
normally observed just for the mediator redox 
couple, while the corresponding cathodic wave 
was substantially depressed on the reverse 
voltage scan (curve b). This behaviour is typi- 
cal of  that expected for mediated oxidation. 
The cyclic vol tammograms shown in Fig. 2B 
for the ascorbic acid-ferrocenemethanol  cou- 
ple at various potential scan rates reveal that 

the catalytic effect of  the mediator appeared 
even at high scan rates of  up to 100 mV s - I  
(curves a -d ) ,  due to a considerable catalytic 
reaction rate. The other ascorbic acid-fer-  
rocene derivative couples showed a similar be- 
haviour at the appropriate solution pH. 

3.3. Optimization of  the solution p H  

Cyclic vol tammograms obtained for the so- 
lutions containing ascorbic acid and the fer- 
rocene derivative mediators in strongly acidic 
media showed that ascorbic acid did not couple 
catalytically with the ferrocenes. Therefore, op- 
timization of the solution pH for each fer- 
rocene-ascorbic  acid couple was necessary in 
order to obtain the catalytic couple. The study 
of  the pH effect was carried out with the aid of  
two different buffers and the cyclic volta- 
mograms are shown in Fig. 3. The opt imum 
pH values obtained for the carboxylic acid, 
methanol and acetic acid ferrocene derivatives 
were 4, 4 (0.5 M glycine buffer) and 5 (0.5 M 
acetic buffer), respectively. 
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Fig. 3. Cyclic voltammograms of l0 mM ascorbic acid in the presence of 1 mM ferroceneacetic acid at (curve a) pH 2 
(0.5 M glycine buffer) (curve b) pH 3 (0.5 M glycine buffer) and (curve c) pH 5 (0.5 M acetic buffer). In all cases 0. I M 
LiCIO4, was used as the supporting electrolyte. The scan rate was 5 mV s-  t. 

3.4. Evaluation o f  catalytically coupled 
reaction rates 

T h e  t h e o r y  o f  s t a t i o n a r y  e l e c t r o d e  v o l t a m -  

m e t r y  d e v e l o p e d  by  N i c h o l s o n  a n d  S h a i n  [10] 

c a n  be  used  to  ana lyze  a ca ta ly t i ca l ly  c o u p l e d  
reac t ion .  T h e  r eac t i on  s c h e m e  can  be  desc r ibed  

as 

R - e - ~ O  Z + O ~ R  

a b C " " ~ / /  d 
Fig. 4. Cyclic voltammograms of saturated ferrocenemethanol in 0.5 M glycine buffer + 0.! M LiCIO at pH 4 (curves ]; 
ip = iD) and 1 + 2 mM ascorbic acid (curves 2; ip = iK) at a scan rate of (a) 10 mV s-  i, (b) 20 mV s - t  (c) 50 mV s-  i and 
(d) 100mVs -m. 
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Fig. 5. (A) Kinetic parameter kr/a as a function of 1/v for the interaction between 2 mM ferroccncacetic acid and ( e )  
9.9 raM, (+ )  19.6 raM, (*) 38.5 mM, or ([-I) 56.6 mM ascorbic acid in acetic buffer (pH 5) at 25 °C. (B) Pseudofirst-order 
rate constant k r (calculated from (A)) as a Function of the ascorbic acid concentration. 

where R and O represent the respective re- 
duced and oxidized forms of the mediators, Z 
represents ascorbic acid, and kf( = k[Z]) is the 
pseudofirst-order rate constant. Using experi- 
mental values of iK/iD, the ratio of the kineti- 
tally controlled current (in the presence of 
ferrocene) to the diffusion-controlled current 
(in the absence of ferrocene) (Fig. 4), a value of 
kr/a for each ascorbic acid-ferrocene couple 
can be derived from the working [10] curve 
(iK/i D vs. (kf/a) j/2, where a--nFv/RT, v being 
the scan rate (V s-~). A plot of kf/a vs. 1/v at 
each ascorbic acid concentration under pseu- 
dofirst-order conditions should be linear, with 
a slope of RTkf /n f  (Fig. 5A). This procedure 
allows the pseudofirst-order rate constant to be 
obtained independently of the scan rate. A plot 

of kr vs. ascorbic acid concentration is also 
linear with a slope equal to the second-order 
homogeneous rate constant k~ for the reaction 
between the ferricinium derivatives and ascor- 
bic acid (Fig. 5B). The rate constants for the 
mediators used in this study were determined 
by the method mentioned above with the 
ascorbic acid concentration expressed in moles 
per litre (Table 2). 

4. Analytical aspects 

#. 1. Determination of ascorbic acid 

Linear sweep voltammetry (LSV) of ascorbic 
acid at a glassy carbon electrode, using fer- 
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Fig. 6. (A) Dependence of the peak current on the concentration of ascorbic acid at pH 4 for different scan rates: (e )  
10mVs-~; (+) 20mVs-~; (*) 40mVs-~; ([2) 80mrs  -~. The mediator was 0.1 rnM ferrocenecarboxylic acid; (B) 
Dependence of the peak current on the square root of the scan rate for different ascorbic acid concentrations: (e )  
4.98 x 10 -3 M; (,) 1.96 x 10 -4 M; (+) 7.41 x 10 -4 M; (El) 1.38 x 10 -3 M. Solution conditions as in (A) 

rocenecarboxylic acid as a convenien t  media-  
tor, showed that  the mediated oxidat ion cur- 
rent was linearly dependent  on the substrate  
concent ra t ion  and  the square root  o f  the ap- 
plied potent ia l  scan rate (Figs. 6A and  6B). 
Fig. 6B indicates that  the current  is diffusion- 
control led and  the effect o f  slow charge-trans-  
fer kinetics is not  apparent ,  The cal ibrat ion 
graph was l inear in the range 5 x 10 - s -  
l0 -3 M with a correlat ion coefficient o f  0.999. 
The detect ion limit, taken as the concen t ra t ion  
that  gave a signal equal  to three times the 
s tandard  deviat ion of  the b lank  signal, calcu- 
lated from the cal ibra t ion graph, was 
2 x 10 -5 M. Thus  the catalytic oxidat ion of  
ascorbic acid can readily be applied to the 
de te rmina t ion  of  ascorbic acid. 

Table 2 
Homogeneous second-order rate constant (k=) for the inter- 
action between ascorbic acid and the ferrocene derivatives, 
determined by cyclic voltammetry 

Ferrocene k~ t pH 
derivative (1 tool -I s -I) (°C) 

Carboxylic acid 1.23 × l0 T 25 4.0 
Acetic acid 2.96 x 106 25 5.0 
Methanol 7.36 x l05 25 4.0 

4.2. Determination o f  ascorbic acid in the 
presence o f  dopamine 

Fig. 7, curve a shows that the differential 
pulse vo l t ammograms  of  ascorbic acid and  do- 
pamine  of  equal concent ra t ion  were overlap- 
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Fig. 7. Differential pulse voltammograms of 0.5 mM ascorbic acid and 0.5 mM dopamine obtained in 0.5 M glycine 
buffer + 0.1 M LiCIO4 at pH 4 in (curve a) the absence and (b) the presence of ferrocenemethanol. Scan rate, 5 mV s - t ;  
pulse amplitude, 50 mV; pulse time, 25 ms. 

ping, while two distinct differential pulse 
voltammograms were obtained in the presence 
of the ferrocene derivative mediators (Fig. 7, 
curve b) due to the mediated oxidation of 
ascorbic acid at a sufficiently negative poten- 
tial. The separation between the two peak po- 
tentials for these compounds was the largest in 
the presence of ferrocenemethanol, and is large 
enough (about 300 mV) to allow the determi- 
nation of ascorbic acid in a mixture. However 
the calibration graph obtained by differential 
pulse voltammetry was not linear in the con- 
centration range below 5 x 10 -4 M ascorbic 
acid. As seen in Fig. 8A, a relatively large 
separation between the two peaks was observed 
by linear sweep voltammetry at a stationary 
glassy carbon electrode under the same solu- 
tion conditions; therefore the identification and 
determination of ascorbic acid in the presence 
of dopamine is feasible. Linear sweep voltam- 
metric peak currents were found to vary lin- 
early with the concentration of ascorbic acid 
between 5 x 1 0  -5 and 1.4x10 -3M, with a 
correlation coefficient of 0.996 (inset Fig. 8B). 

4.3. Determination of dopamine h~ the presence 
of a high concentration of ascorbic acid 

One factor that is of importance when apply- 
ing ascorbic acid catalytically coupled media- 
tors is the ability to separate or resolve 
voitammetric waves of ascorbic acid and do- 
pamine in a mixture, because it is normally 
difficult to obtain separate voltammetric waves 
for these compounds in the presence of each 
other, largely when ascorbic acid is present at 
high concentration [8,9]. 

The voltammetric response of dopamine is 
hindered by electroactive species, mostly ascor- 
bic acid, which are present at a substantially 
higher concentration than dopamine. In order 
to resolve this problem, i.e. to introduce specifi- 
city, we have carried out the catalytic oxidation 
of ascorbic acid using a high concentration of 
mediator. This may be achieved by the use of 
ferroceneacetic acid "having both the desired 
solubility and the catalytic ability" as the most 
suitable mediator for the mediated oxidation of 
ascorbic acid at high concentration, at a suffi- 
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Fig. 8. (A) Linear sweep voltammograms of ascorbic acid of various concentrations: (curve a) 4.98 x 10 -5 M; (curve b) 
9.9 x 10 -~ M; (curve c) 1.96 x 10 -4 M; (curve d) 3.85 x 10 -4 M; (curve e) 7.4 x ]0 -4 M; (curve 0 ].38 x 10 -3 M; in the 
presence of" dopamine with a fixed concentration of" 5 x 10 -4 M. (B) Plot of linear sweep voltammetric peak current 
(shown in (A)) vs. the ascorbic acid concentration. Solution conditions: pH 4 (0.5 M glycine buffer), 0.1 M LiCIO 4, 
ferrocenemethanol (saturated). Scan rate, 5 mV s-=. 

ciently lower positive potential compared with 
that of  dopamine oxidation (Fig. 9A). The 
figure shows that in spite of  the fact that 
the concentration of  ascorbic acid is 100 
times higher than that of  dopamine, a distinct 
anodic wave associated with the oxidation of  
dopamine is observed at 0.45 V. As seen in Fig. 

9B, differential pulse voltammetric peak cur- 
rents for dopamine in the presence of  aseor. 
bic acid of  a fixed concentration vary linearly 
with concentration (the correlation coeffici- 
ent was 0.998) between 2 x 10 -4 and 
1.4 x 10 -~ M. The LSV technique was less 
sensitive. 
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Fig. 9. (A) Differential pulse voltammograms of dopamine of various concentrations: (curve a) 1.96 x 10 -4 M; (curve b) 
3.85 x 10 -4 M; (curve c) 7.41 x 10 -4 M; (curve d) 1.38 x 10 -3 M; in the presence of ascorbic acid with a fixed 
concentration of 2 x 10 .2 M. Solution conditions: 5 x 10 -3 M ferroceneacetic acid, 0.1 M LiCIO 4 and pH 5 (0.5 M 
acetate buffer)• Scan rate, 10mVs-~;  pulse amplitude, 50mV; pulse time, 25ms. (B) Plot of differential pulse 
voltammogram peak current shown in (A) vs. the dopamine concentration. 

5. Conclusion 

Some ferrocene derivatives, soluble in acidic 
aqueous solutions, exhibit reversible electro- 
chemistry at the glassy carbon electrode. Car- 
boxylic, acetic and methanol ferrocene 
derivatives can act as mediators in the electro- 
catalytic oxidation of ascorbic acid. The analy- 
sis of catalytically coupled reactions between 
electrogenerated ferricinium derivatives and 
ascorbic acid reveals that the highest second- 
order rate constant (ks) belongs to ferrocene 
monocarboxylic acid. In the presence of the 
ferrocene mediators, the catalytic peak currents 
are linearly dependent on the ascorbic acid 
concentration for various potential scan rates. 
The mediated oxidation of ascorbic acid in the 
presence of ferrocenemethanol as the most con- 
venient mediator occurred at a sufficiently less 
positive potential than for dopamine oxidation 
and allowed the determination of ascorbic acid 
in a mixture. Dopamine can be determined in 

the presence of ascorbic acid of a fixed concen- 
tration 100 times higher than that of dopamine, 
using ferroceneacetic acid as a suitable media- 
tor for this purpose. 
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Abstract 

The application of probe ion fluorimetry has succeeded in the microdetermination of six aminoglycoside 
antibiotics: neomycin, streptomycin, gentamicin, tobramycin, amikacin and kanamycin as sulfate salts in 
pure form and in some pharmaceutical preparations. The method is based on the reaction of Eu 3+ ions with 
aminoglycosides through amino and hydroxy groups. Such interactions enhance the intensity of the 616 nm 
fluorescence emission of the Eu 3+ ion. The fluorescence at 592 nm comes from a non-hypersensitive 
transition and is not affected by the ligand which is bound to the probe ions. The intensity ratio R, defined 
as I~92/16~6 was used to determine the amount of free and bound europium ions. A linear relationship 
between bound europium ions and aminoglycoside was found within the concentration ranges 20-100 ppm 
for neomycin, 5-60 ppm for streptomycin, and 10-70 ppm for gentamicin, tobramycin, amikacin, and 
kanamycin as sulfate salts. The percentage recoveries ranged from 99.22 to 101.07, with standard deviations 
ranging from + 1.5 to +4.38. The relative stability constants ranged from 5 x 103 to 2 x 104. The optimum 
reaction conditions were studied and the results obtained compared favourably with the fluorimetric method 
using fluorescmine reagent. 

Keywords: Probe ion fluorimetry; Aminoglycoside antibiotics; Europium ions, Pharmaceutical analysis 

1. Introduction 

Numerous procedures are available for the 
determination of  aminoglycoside antibiotics 
such as spectrophotometry [1-4], densitometry 
[5], fluorimetry [6,7], polarography [8], gas 
chromatography [9], radioimmunoassay [10], 
H P L C  [11,12], MS [13], and N M R  [14]. Many 
of  these methods have been reviewed [15-19]. 
The official methods usually involve microbio- 
logical procedures [20-22]. 

* Corresponding author. Present address: Chemistry 
Dept., University of Georgia, Athens, Georgia, 30602, 
USA. Fax: (706) 542-9454; e-mail: yaser@sunchem. 
chem.uga.edu, 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights 
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Lanthanide ion probe spectrofluorometry 
(LIPS) was introduced in 1979 by Horrocks 
and Sundnick [23]. This technique employs two 
emission lines of  Eu 3+ located at 592 nm and 
616 nm. The 616 nm emission line is produced 
by a hypersensitive transition [24], ~Do ~ 7F2, 
which is normally a forbidden transition, but 
interaction with ligands makes the transition 
allowed and enhances the intensity of  its emis- 
sion. The fluorescence at 592 nm comes from a 
non-hypersensitive transition and is not affected 
by the ligand which is bound to the probe ion 
[25], Thus, the ratio of  these intensities can be 
used to determine free and ligated Eu 3+. 

The applications of  probe ion spectroscopy 
in pharmaceutical analysis are limited in spite 

reserved 
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of the availability of  the method for the deter- 
mination of many pharmaceutical compounds. 
Europium ions have been used for the fluori- 
metric determination of  tetracycline [26,27], di- 
clofanec sodium [28] and theophylline [29] in 
blood serum and in pharmaceutical prepara- 
tions. In this article, we describe a spectro- 
scopic method for the determination of  
aminoglycoside antibiotics in pure form and in 
pharmaceutical formulations using the LIPS 
spectrofluorometric technique. 

2. Experimental 

2.1. Apparatus 

A Lambda Physic E M G  102 XeCI excimer 
laser and a FL 3002 tunable dye laser were 
used in tandem to supply a high intensity tun- 
able source. The average output of  the XeC1 
excimer was 1.6W (10Hz repetition rate) at 
308 nm. A tunable ultraviolet emitting dye 
laser was used to provide an excitation source 
of  394.3 nm, which corresponds to a resonant 
absorption transition of  the Eu metal ions. The 
Eu fluorescence was collected and frequency 
analyzed with a Spex 1877 triple monochroma- 
tor. The fluorescence was detected by a charge 
coupled detector (cod 9000 Photometric Ltd.). 
The recorded curves were fitted with Lab Calc 
(Galactic Software) using a gaussian model. 
The areas under the two peaks at 592 nm and 
616 nm were integrated and the ratio of the 
two peaks was taken as the R value of the 
sample. 

(2) I E - 4 M ,  I E - S M  and 2.5E - S M  Eu 3÷ 
ion solutions were prepared by dissolving 
an appropriate amount of  europium 
chloride hexahydrate in 11 of deionized 
water, and adjusting to pH 5.5 using hy- 
drochloric acid solution. 

(3) Aqueous solutions of pH 2, 5.5, 8, and 
10 were prepared by serial dilution of 
hydrochloric acid and sodium hydroxide 
with deiionized water, and pH adjust- 
ment hydrochloric acid solution or 
sodium hydroxide solution using a 
Fisher pH meter. 

2.4. Procedure 

A. Calibration lines 
An aliquot volume of  standard aminogly- 

coside antibiotic solution equivalent to 0 .2-  
1.0 mg neomycin sulfate, 0.05-0.6 mg 
streptomycin sulfate, and 0.1-0.7 mg gentam- 
icin sulfate, tobramycin sulfate, amikacin sul- 
fate and kanamycin sulfate was transferred into 
a 10 ml calibrated flask. 1 ml of  2.5E -5 M Eu 3÷ 
solution was added to the neomycin sulfate and 
streptomycin sulfate, 1 ml of 1E -a M Eu 3÷ so- 
lution was added to the gentamicin sulfate and 
tobramycin sulfate, and 1 ml of 1 E -  s M Eu 3 ÷ 
solution was added to the amikacin sulfate and 
kanamycin sulfate. 2 ml of  a hydrochloric acid 
solution of pH 5.5 was added and brought to 
volume with deionized water. The fluorescence 
was measured from 576 to 633 nm (excitation at 
394.3 nm). The curves were integrated using a 
gaussian model and the area under the two 
peaks at 592 nm and 616 nm was taken as the 
R value of  the sample. 

2.2. Materials 

Neomycin sulfate, streptomycin sulfate, gen- 
tamicin sulfate, tobramycin sulfate, amikacin 
sulfate and kanamycin sulfate were obtained 
from Sigma and the various dosage forms from 
commercial sources. Europium(Ill)  chloride 
was from Aldrich. Hydrochloric acid, chloro- 
form and ammonia solutions were Baker ana- 
lyzed reagents. 

2.3. Reagents 

All chemicals were analytical reagent grade. 
The following reagents were used: 

(1) Stock solutions of  aminogycosides were 
freshly prepared as 0.5 mg ml -~ in deion- 
ized water. 

B. For injections 
An accurate volume of  the mixed contents of  

three vials, equivalent to 10 mg of  drug, was 
transferred into a CM (carboxylic acid) ion 
exchange resin column [10,31] loaded with wa- 
ter-hydrochlor ic  acid solution pH 2, and then 
eluted with 25 ml of  water-hydrochloric  acid 
solution pH 2. The column was washed with 
25 ml of pH 7 deionized water. The elution and 
washing water were discarded. Aminoglycoside 
was eluted using 30 ml of  aqueous pH 11 solu- 
tion and 10 ml of deionized water into a 50 ml 
calibrated flask. The solution was mixed well 
and its pH adjusted to about 5.5 using hy- 
drochloric acid solution; it was brought to 
volume with deionized water. 2 ml of this solu- 
tion was assayed as described in the previous 
section. 
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C. For tablets 
Twenty tablets were weighed and powdered. 

To the quantity of  powder equivalent to 
500mg was added 10ml of  deionized water, 
and the mixture sonicated for 20 min. It was 
then filtered into a 100 ml calibrated flask, the 
powder washed three times each with 5 ml 
water, and the combined filtrate mixed well 
and brought to volume with deionized water. 
2 ml of  the filtrate was transferred into a CM 
ion exchange column and the procedure was 
completed as described in the previous section. 

D. For ointment 
The contents of  two bottles of  ointment were 

weighed and mixed. A quantity of  ointment 
equivalent to 20 mg of  drug was transferred 
into a separating funnel, and 50 ml of  ether 
was added. Gentamicin was extracted three 
times with pH 8 water. The pH of  the extract 
was adjusted to pH 5.5 using hydrochloric acid 
solution and brought to volume (100ml) with 
deionized water. 2 ml of  this solution was as- 
sayed as described in Section 2.4 A. 

3. Results and discussion 

3.1. Lanthanide ion probe 

In a study of  any probe, the most fundamen- 
tal and necessary characteristic is the ability to 
determine quantitatively the concentration of  
the free and bound metal ions simultaneously. 

The use of  lanthanide ions as fluorescent 
probes has been well documented [32]. The 
europium metal ion has been the lanthanide of  
choice in most applications and its spectral 
features are widely documented [33]. This spe- 
ciation information is uniquely encoded in the 
experimental Eu 3 + profile. Fig. l shows a typi- 
cal spectral titration plot of  Eu 3+ using 
I E -4 M aminoglycoside (neomycin sulfate). In 
the early stages of  the titration process there is 
only a small amount of  fluorescent metal probe 
ion compared to the available binding sites, 
and hence the majority of  metal ions are bound 
to the ligand. Consequently, the hypersensitive 
emission band at 616nm is larger than the 
non-hypersensitive band at 592 nm, and the 
intensity ratio R is small and close to the lower 
limit value, Ls. As the titration progresses the 
relative amount of total bound species gradu- 
ally increases. Consequently, the intensity ratio, 
R, gradually increases as more metal ions are 
added to the system. At the end of  titration the 
ratio R is close to its upper limit value, La, and 
the concentration of  Eu 3÷ is much greater than 
the concentration of  ligand. The optimum con- 
centration of  Eu 3+ ions in a such study is that 
required to produce a ratio value R between Ls 
and La. A ratio value of around unity has been 
shown to be the most sensitive for this type of  
measurement [25,34]. All the aminoglycoside 
antibiotics behave similarly to neomycin sul- 
fate, except in the amount of  Eu 3+ ions added 
which is due to the differences in the molecular 
weights. 
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Fig. 2. Emission spectra of 1 ml of 2.5E -5 M of europium ions: (A) without neomycin sulfate; (B) in the presence of 
600 lag neomycin sulfate; and (C) in the presence of 900 p.g neomycin sulfate, in a total volume of 10ml. 

Suitable Eu 3÷ ion concentrations for such a 
study were found to be 2.5E -5 M Eu(III) ions 
for the determination of  neomycin sulfate and 
streptomycin sulfate, 1 E -  5 M Eu 3 ÷ for the de- 
termination of  gentamicin sulfate and to- 
bramycin sulfate, and I E - 4 M E u  3+ for the 
determination of  amikacin sulfate and 
kanamycin sulfate. Fig. 2 shows emission spec- 
tra of  Eu 3 ÷ ions in the presence and absence of  
neomycin sulfate. 

3.2. Effect of  buffer and pH 

Fig. 3 shows that the complexes formed were 
pH dependent and must be controlled between 
pH 5 and 6. Acidic buffers such as acetate, 
phosphate, MOPS, MES and T H A M  buffer 
systems were not suitable in such a study owing 
to the formation of  europium salts or com- 
plexes which interfered with the measurement; 
such observations have been made in our labo- 
ratory [25]. At a pH below 5, the competition 
between the proton and Eu 3+ will decrease the 
formation of  Eu-aminoglycoside complex, and 
in neutral solution Eu(OH) 2+ is formed which 
interferes with the measurement. Adjusting the 
initial pH of  the Eu 3+ solution to pH 5.5 and 
using 2 ml of  aqueous hydrochloric acid solu- 
tion at pH 5.5 kept the pH of the mixtures 
between 5 and 6. 

3.3. Molar ratio 

Eu is bound with aminoglycoside in a 1:1 
molar ratio. Fig. 4 shows the spectroscopic 

titration of  1 ml of I x 10 -4M neomycin sul- 
fate with 1 x 10 -4M Eu 3÷ ions. 

3.4. Effect of  time and temperature 

The complex formation between Eu 3÷ ions 
and aminoglycoside was almost instantaneous, 
as a stable ratio was produced within 5 rain 
and the complexes were stable for at least 24 h. 
Temperature had little effect on the complex 
formation and its stability, so the reaction was 
carried out at ambient temperature. 

3.5. Effect of ionic strength 

Ionic strength is a factor that sometimes 
cannot be neglected. The effect of  ionic strength 
on the spectral titration plot was studied by 
varying the concentration of  the background 
electrolyte, sodium chloride. The choice of  
sodium chloride was based on the fact that the 
Na ÷ ion is very weakly bound, if at all, to the 
aminoglycoside binding sites, and CI - j  is al- 
ready in the system as a counter ion that comes 
from dissolving EuCI3. Three titration plots 
correspond to 0.0, 0.01 and 0.1 M sodium chlo- 
ride added as background electrolyte. The addi- 
tion of background electrolyte will decrease the 
total concentration of bound species of  the 
probe ion. It should be emphasized here that 
this decrease is not due to the competition effect 
of  sodium ion (similar to proton competition) 
to occupy the same set of  aminoglycoside sites, 
but purely due to electrostatic forces as previ- 
ously reported with humic acid substances [34]. 
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Fig. 3. Effect of pH on emission ratio of 50 lag ml-J neomycin sulfate and 1.00 ml of 2.5E -5 M Eu J+ ions. 

4. Performance characteristics 

The investigated aminoglycosides possess 
amino and hydroxy groups which can form 
complexes with metal ions. Evangelista and 
Schapoval [1] have determined these com- 
pounds by spectrophotometric determination 
of  their blue complexes with copper ions at 
634 nm. 

Aminoglycoside antibiotics complex Eu 3÷ 
ions, and such ligation leads to a hypersensi- 
tive transition of  Eu 3+ ions, and such ligation 
leads to a hypersenstive transition of  Eu 3+ 
ions, 5Do--* 7F 2 (616 nm). These hypersensitive 
transitions are specific absorption or emission 
transitions of  lanthanide ions that are ex- 
tremely sensitive to ligation. The intensity of  
a hypersensitive transition is enhanced in 
the metal- l igand complex relative to that 
transition in aquo ions. Experimentally, this 
is observed by making the concentration of  
Eu 3÷ ions small relative to the aminoglycoside 
concentration, so that the majority of  the 
metal ions are complexed with aminogly- 
cosides. Such effects are most obvious from 
the observation of  several emissions of  Eu 3÷ 
ions with neomycin sulfate concentrations 
(Fig. 2). The absolute emission intensity is not 
important here as we are concerned only with 
the change in the integrated emission ratio R 
(1592/16~6) due to the aminoglycoside antibi- 
otics. These R values decrease upon the addi- 
tion of  antibiotics owing to the enhanced 
emission at 616 nm relative to the emission at 
592 nm. The 592 nm emission is not effected 
by ligation. 

Susetyo and co-workers [25,35] have devel- 
oped a statistical model for the distribution of  
binding sites in humic acid. This model was 
applied to study the spectral titration plot gen- 
erated by lanthanide ion probe spectroscopy. 
They expressed the free and bound Eu 3+ ions 
as a function of  experimental parameters. The 
free Eu 3+ ions could be expressed as 

M = C M L a ( R  -- Ls) (1) 
R ( L B  - Ls) 

where M is the concentration of  free metal 
ions, CM is the total concentration of  metal 
added, LB is the ratio of  the two Eu peaks at 
592 nm and 616 nm when the concentration of  
Eu 3+ was very large with respect to ligand 
concentration, and Ls is the ratio when the 
Eu 3+ concentration was very small with respect 
to the ligand concentration. Table I shows LB 
and Ls for each aminoglycoside. R is the ratio 
1592/I616 of  the free and bound metal species 
which was quantitatively determined from the 
experimentally observed parameters. 

The bound Eu 3+ ion concentration could be 
expressed as 

M L  = C M -  M (2) 

Calibration lines were calculated by plotting 
M L  against the concentration of  aminogly- 
coside. It was found that there was a linear 
relation between the concentration of amino- 
glycoside and the concentration of  bound Eu 3 ÷ 
ions within the ranges shown in Table l, with 
standard deviations from 4.338 to 1.50 ppm. 

Table l also shows regression equations and 
correlation coefficients of  aminoglycosides us- 
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Fig. 4. Spectroscopic titration of 1 ml of 1 × 10 -4 M neomycin sulfate with 1 x 10 -4 M Eu 3+ ions. 

ing the proposed method. This has proved to 
be an accurate method for the determination of 
aminoglycosides. As compared with conven- 
tional organic fluorescent probes [6,7], fluores- 
cent lanthanide chelates can offer several 
advantages. They have narrow-banded emis- 
sion lines well distinguished from any dis- 
turbing background. Chelates have 
exceptionally wide Stokes' shifts, over 200 nm, 
while with fluorescamine it is only 50-70 nm. 
In addition to spectral resolution, their emis- 
sion can be distinguished from any organic 
background interference owing to the very long 
fluorescence decay time (~  110 las) associated 
with Eu 3÷ fluorescence which makes them an 
ideal choice for a fluorimetric system [36]. 

Table 2 shows the assay results of aminogly- 
cosides by the proposed method and 
fluorescamine fluorimetric methods [6]. The 
proposed method, when compared to the 
official microbial assays, offers advantages with 
regards to rapidity, simplicity and precision, so 
we compared these results to the fluorimetric 
method using fluorescamine. The calculated 
student's t and variance ratio F tests were less 
than the respective tabulated one at P = 0.05, 
so the results obtained by the proposed method 
have proved to be in good agreement with 
those obtained by the reference fluorimetric 
method. 

Results of the determination of aminogly- 
cosides in different dosage forms by the probe 

Table I 
Regression data, correlation coefficients, stability constants of Eu-aminoglycoside complexes, concentrations of Eu used 
for calibration, and concentration ranges of aminoglycoside antibiotics determined by the proposed spectroscopic probe 
ion method 

Aminoglycoside Regression data a Cone. b La Ls 
sulfate salt range 

Co CI r k CM 

Neomycin 3.59E - s  4.77E -9 0.99681 2.1E 4 2.5E -'~ 20-100 2.30 0.31 
Streptomycin 1.08E -9 1.91E - s  0.99983 1.3E 4 2.5E --~ 5-60 2.30 0.31 
Gentamicin 4.78E- 7 2.82E q - s 0.99086 3. I E 3 1.0E-4 10-70 2.55 0.61 
Tobramyein 7.12E -7 4.29E - s  0.99892 2.5E ~ 1.0E -4 10-70 2.55 0.61 
Amikaein 1.13E -7 2.48E -9 0.99857 3.5E 3 1.0E -5 10-70 2.17 0.47 
Kanamyein I . I I E  -7 3.52E -9 0.99935 5.7E ~ 1.0E -5 10-70 2.17 0.47 

Co is the intercept, c~ is the slope, r is the correlation coefficient, K is the stability constant of the Eu-aminogly¢oside 
complex, CM is the molar concentration of Eu ~+ ions used for calibration, L a is taken to be the ratio of the two Eu ~+ 
peaks in the absence of  aminoglycoside, Ls is taken to be the ratio when the Eu ~+ concentration was very small with 
respect to a large ligand concentration. 
"Average of at least seven triplicate determinations within the concentration range. 
b Concentration ranges were calculated in ppm. 
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Table 2 
Assay results of aminoglycoside antibiotics in bulk using 
the proposed method and the reference method [6] 

Aminoglycoside 
sulfate salt 

% Recovery ~, 4-SD 

Proposed method Reference method b 

Neomycin 100.16 + 1.05 100.04 4- 1.48 
t=0.175 (2.179) ¢ F=1.987 (4.28) ¢ 

Streptomycin 98.61 + 3.57 99.25 4- 1.86 
t=0.421 (2.179) c F=3.684(4.28) ¢ 

Gentamicin 100.82 + 2.30 99.00 4- 1.82 
t = 1.660 (2.179)c F =  1.689 (4.28)c 

Tobramycin 100.26 + 2.23 99.68 + 2.28 
t=0.481 (2.179) c F =  1.045 (4.28) ¢ 

Amikacin 98.81 4- 4.52 97.82 + 2.66 
t=0.500 (2.179) c F=2.875 (4.28) c 

Kanamycin 100.19 + 1.50 99.14 4- 2.49 
t = 0.956 (2.179) c F =  2.756 (4.28) ~ 

a Average of at least seven triplicate determinations. 
b Fluorometric determination of antibiotics using 
fluorescamine [6]. 
¢ Values in parentheses are theoretical values at P = 0.05. 

ion m e t h o d  and  the f luorescamine f luorimetr ic  
m e t h o d  are  presented  in Tab le  3. The  p r o p o s e d  
p rocedure  was selectivity enhanced  by an ion 
exchange  resin resolu t ion  o f  the interferences,  
since it is well k n o w n  that  Eu 3+ ions are  
s t rongly  b o u n d  by charged  oxygen d o n o r  
a t o m s  such as ca rboxy l ic  o r  phenol ic  g roups  
[29]. Ingredien ts  o the r  than  aminoglycos ides ,  

sUch as addit ives,  s tabil izers  and  an t iox idan t s  
o f  tablets ,  ampoules  and  o in tments ,  are  re- 
moved  by  this p rocedure  and do  not  interfere 
with the r ecommended  method .  They were sep- 
a ra t ed  f rom aminoglycos ides  in an ion ex- 
change  resin (carboxyl ic  acid  resin) by aqueous  
buffer at  p H  2 [30,31]. The  p r o p o s e d  p rocedure  
is as sensitive as the f luorescamine f luor imetr ic  
me thod  [6], and  gives good  agreement  with it. 
The  p r o p o s e d  m e t h o d  is s impler  and  more  
rapid ,  and  the react ion p roduc t s  are  more  
s table  than  for  conven t iona l  f luorometr ic  meth-  
ods. Moreover ,  the de t e rmina t ion  b o u n d  Eu 3÷ 
using the relat ive intensi ty ra t io  R as a funct ion 
o f  the concen t ra t ion  o f  aminog lycos ide  ant ib i -  
otics is more  reliable,  and  has  less exper imenta l  
e r ror  ( abou t  + 5 % ) ,  than  that  using the abso-  
lute emission intensi ty  in conven t iona l  o rgan ic  
f luorescent  methods .  In conven t iona l  o rganic  
f luorometr ic  me thods  the abso lu te  emiss ion 
value is s t rongly  effected by  m a n y  systemic 
er rors  due  to b lank  and  ana ly te  interferences.  
Moreover ,  the abso lu te  emission intensi ty  is 
highly dependen t  on  the intensi ty o f  the excita-  
t ion source,  the q u a n t u m  yield o f  the com-  
plexes which is low c o m p a r e d  to the 
Eu3÷-complex  (-~0.18) [37], and  the de tec to r  
used for  the measuremen t  ra ther  than  the 
fluorescence o f  the ana ly te  [30]. Thus,  the p ro-  
posed  p rocedure  can be used for  rou t ine  ana ly-  
sis and  qual i ty  con t ro l  o f  aminoglycos ides  in 
pha rmaceu t i ca l  p repara t ions .  

Table 3 
Assay results of aminoglycoside antibiotics in some pharmaceutical preparations by the proposed method and the 
reference method 

Drug % Recovery, +SD ~ 

Proposed method Reference method b 

Neomycin Tablets 500 mg 
(Memphis Co., Egypt) 

Gentamicin Oint., 0.1% 
(Memphis Co., Egypt) 

Gentamicin Amp. 20 mg 
(Memphis Co., Egypt) 

Gentamicin Amp. 80 mg 
(Memphis Co., Egypt) 

Nebcin Amp. 20 mg Tobramycin 
(Lily France S.A. France) 
Amikin Amp. I g Amikacin 
(Briston Co., USA) 
Kanamycin vial, 1 g per vial 

100.99 + 0.36 98.98 + 2.16 

104.74 4- 1.6 97.54 4- 1.98 

101.22 4- 2.39 98.23 + 1.71 

102.53 4- 1.03 98.93 4- 1.98 

103.49 4- 0.64 99.68 + 2.28 

101.20 4- 1.66 99.68 4- 0.87 

99.27 + 0.41 99.52 _+ 1.62 

"Average of at least three triplicate determinations, calculated relative to nominal content. 
b Fluorometric determination of aminoglycoside antibiotics using fluorescamine [6]. 

TAL ~ IZ,~ 
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5. Conclusion 

From the foregoing discussion, the Eu 3÷ 
probe ion fluorimetric technique has been ap- 
plied to the determination of six aminogly- 
cosides in pure form and in pharmaceutical 
preparations. Ion exchange was carried out for 
resolution of aminoglycoside antibiotics from 
other additives such as EDTA, sodium citrate, 
phenol, and other injection and tablet additives. 
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Abstract 

A flow-injection-based kinetic method for the determination of lead ions was developed. In this method, 
resazurin was reduced to resorufin by sulfide and lead ions. The method has a detection limit of 1 ppb with 
a relative standard deviation of 5.2% at the 20 ppb level. Interferences can be removed by prior extraction. 

Keywords: Flow injection analysis; Kinetic methods; Lead determination; Resazurin; Water analysis 

1. Introduction 

Adverse health effects from exposure to lead 
are now recognized to be among industrialized 
society's most significant health problems [1]. 
Drinking water is the major source of lead 
exposure for the general population. Lead sel- 
dom occurs naturally at a level higher than 
5 lag I- i  in surface water supplies such as rivers 
and lakes [2]. Lead enters drinking water pri- 
marily as a result of the corrosion, or wearing 
away, of materials containing lead in the water 
distribution system and household plumbing 
[3]. USEPA has set strict regulations on lead 
concentrations in drinking water. Effective 
from December 1992, the maximum permissi- 
ble concentration of lead in drinking water is 
50 lag l-1 [3]. EPA requires "lead action" if the 
concentration of the lead exceeds 15 lag l-~ in 
more than 10% of tap water samples collected 
during any monitoring period [3]. Improved, 
more-cost-effective automated methods for 
lead determinations are needed. 

* Corresponding author. Fax: (513)529-7284. 
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Current lead determinations at the ppb-ppm 
levels [4-10] are performed using preconcentra- 
tion techniques followed by atomic absorption 
spectrophotometry (AAS) with reported detec- 
tion limits from 0.08 [11] to 1 lag 1-1. Unfortu- 
nately, these methods are problematic when a 
large number of samples have to be deter- 
mined, since the preconcentration step is usu- 
ally too labor- and time-consuming. 

Other techniques used for lead determina- 
tions include isotope dilution G C - M S  [12], 
flow-injection Donnan dialysis-inductively 
coupled plasma-atomic emission spectrometry 
[13,14], anodic stripping voltammetry [15-17], 
potentiometry [18], laser atomic fluorescence 
spectrometry [19,20], the flow injection analysis 
(FIA)-based crown ether dicyclohexyl-18- 
crown-6 extraction method [21], the FIA-based 
4-(2-pyridylazo)resorcinol (PAR) complex 
method [22], and the FIA-based 5,10,15,20-te- 
tra(4-n-sulfoethylpyridinium)porphyrin (T(4- 
sp)p method [23]. Kinetic methods include 
catalytic persulfate oxidation of hematoxylin 
[24] and reduction of resazurin by sodium 
sulfide [25]. 

Given the variety of techniques and methods 
that exists, there is not much point in develop- 

reserved 
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ing another method unless it can yield a signifi- 
cantly higher sampling frequency, lower detec- 
tion limit, and easier operation without 
preconcentration. An FIA-spectrophotometric- 
based method is suggested. Therefore, the ob- 
jective of this research was to develop a simple, 
reliable FIA method for lead ion determination 
in water without preconcentration with a detec- 
tion limit of 1 ppb and a relative standard 
deviation of less than 10% at the 20 ppb level. 
Resazurin chemistry with sufilde using lead 
ions as the catalyst was investigated for this 
work [25]. 

2. Experimental 

Phosphate buffer solution was prepared by 
dissolving 3.4 g of monobasic potassium phos- 
phate in 100 mi of water and adjusting the 
solution pH to 7 by adding sodium hydroxide. 

Dimethylglyoxime solution was prepared by 
dissolving 0.1000 g of dimethylglyoxime (Fisher 
Scientific) in 100 ml of absolute ethanol. 

A quinolin-8-ol-chloroform extraction solu- 
tion was prepared by dissolving 14.5g of 
quinolin-8-ol in 1 1 of chloroform. 

An aqueous lead standard stock solution was 
prepared by dissolving 1.5985 g of lead nitrate 
(Fisher Scientific) with 20 ml of concentrated 
nitric acid and diluting to 1 1. Working solu- 
tions were prepared by appropriate dilution of 
the stock solution. 

2.1. Reagents 2.2. Equipment 

All reagents were reagent grade and the wa- 
ter was deionized triply distilled with 18 
megohm-cm resistance. 

A resazurin stock solution was prepared by 
dissolving 0.1000 g of resazurin (Aldrich Chem- 
ical Company, Inc.) into 100 ml of water. The 
working resazurin solutions were made by ap- 
propriate dilution of the stock solution, which 
was stable for several months. 

The sodium sulfide stock solution was made 
by dissolving 20 g of sodium sulfide (Fisher 
Scientific) in 100 ml of water. This solution had 
to be freshly prepared daily. The working 
sodium sulfide solutions were made by diluting 
the stock solution appropriately. 

The stock sodium hydroxide solution was 
prepared by dissolving 200 g of sodium hy- 
droxide in 1000 ml of water. 

All three reagent solutions were heated in a 
hot-water bath for 30 min and were cooled to 
room temperature before use. 

A 1% nitric acid solution was prepared by 
diluting 10 ml of high-purity (low metal con- 
tent) nitric acid to 1 ! with water. 

The manifold used for lead determination is 
shown in Fig. 1. All tubing was 0.5 mm i.d. 
Teflon and all pumping tubes were Tygon. A 
Tecator model 5020 flow injection analyzer was 
used throughout the investigation. 

The detector was a Waters 991 M photodi- 
ode-array spectrophotometer controlled by a 
Millennium 2010 chromatography manager 
computer software system. The detecting sys- 
tem was able to scan the spectra between 200 
and 800 nm and measure the absorbance at the 
desired wavelength and time. For a specific 
peak, it was able to provide peak height or 
area. 

2.3. Glassware 

All the glassware was cleaned with detergent, 
rinsed with tap water followed by distilled wa- 
ter, soaked overnight in a nitric acid (1:2, v/v) 
bath, carefully rinsed with a small amount of 
Norchromix (15% in concentrated sulfuric 
acid), then rinsed with distilled water and 
finally with triply distilled deionized water. 

N ~ S  

NaOH ,, 

Res|znrln 

Pump 

.~ Waste 

Fig. 1. Diagram of flow injection manifold used in this investigation. 
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Fig. 2. Timing of  cycles in the lead method. 
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2.4. Procedures 

For samples that do not contain interferents, 
the sample is injected directly into the FIA 
manifold. If interferences are anticipated, a 
50 ml sample is added to a 250 ml Erlenmeyer 
flask which contained 2 ml of pH 7 phosphate 
buffer solution. To this mixture are added the 
appropriate reagents for removing the interfer- 
ences. 

Before pumping reagents, the FIA system 
was cleaned by pumping 1:4 hydrochloric acid 
solution through the FIA manifold for about 
5 min and then deionized distilled water for 
another 5 min. The run-stop times for pump I 
and pump II were set as indicated in Fig. 2(a) 
and sample loading and injecting times for the 
valve were as indicated in Fig. 2(b). 

The FIA system pumped the reagents 
through the manifold shown in Fig. 1 and the 
computer started collecting data before the 
reagents reached the detector in order to obtain 
the baseline absorbance. The sample solutions 
were injected when the resazurin absorbance 
was at a maximum and stable, usually between 
2.500 and 3.000 au. The absorbance changed 
observed for a 100 ppb lead sample was about 
2.000-2.500 au using a stopped-flow period of 
70 s. At least three injections were made for 
every sample solution. The decrease (negative 
peak) in the absorbance at 608.2 nm was moni- 
tored and the peak area measured. The peak 
area was converted to the lead ion concentra- 
tion using a calibration curve. 

A calibration curve was obtained by inject- 
ing 0, 10, 20, 40, 60, and 100 ppb lead standard 
solutions. These standard solutions were pre- 
pared in 50 ml volummetric flasks, adding 5 ml 
of 1% nitric acid to each, then 0.0, 0.5, 1.0, 2.0, 

3.0, and 5.0 ml of the lead working solution 
(1 ppm), and diluting to the mark with water. 
At least three injections were also made of the 
standard solutions. The average values of the 
peak areas were used for the calibration. 

For interferents that can be eliminated by 
the dimethylglyoxime procedure, 2 ml of 
dimethylglyoxime-alcohol solution and 15 ml 
of chloroform were added to the buffered sam- 
ple. After extraction, the chloroform phase was 
separated and the aqueous phase was injected 
into the FIA manifold. For the interferents 
removed by quinolin-8-ol, 15 ml of quinolin-8- 
ol-chloroform solution were added to the 
buffered sample. After extraction, the chloro- 
form phase was separated and the aqueous 
phase was injected into the FIA manifold. In 
extreme cases, both procedures may be needed. 
If the aqueous phase formed precipitates, they 
were filtered (Whatman; qualitative; 41: 1) and 
then used for the determination. Although this 
part of the procedure was not automated, FIA- 
based extractions have been demonstrated. 

A comparison of this new method with the 
standard dithizone method was performed. All 

O 

Rcsazurin (blue) Resorufin (pink) 

1L 
H 

I 

DihydroreSorufin (colorless) 

Fig. 3. The resazurin reduction reaction. 
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reagents and procedures for the lead ion deter- 
mination with the dithizone standard method 
were prepared and followed as described else- 
where [2]. 

Sampling procedures for tap water com- 
prised allowing the water to run for 15 min at 
the maximum flow rate before collecting a sam- 
ple. A I 1 polypropylene bottle was rinsed with 
three 20 ml portions of sample before collecting 
the final sample. The collected sample has 1 ml 
of  high-purity concentrated nitric acid added 
before mixing thoroughly. 

3. R e s u l t s  and  d i s c u s s i o n  

Resazurin is reduced by sulfide in alkaline 
solution to resorufin, Fig. 3. The first step is 
irreversible and proceeds very slowly without 
catalyst, but the second step is reversible and is 
reported to be fast [25]. In the presence of  trace 
amount  of  lead, the reduction rate of  the first 
step increases significantly. This catalytic effect 
is the bases for this work. 

The absorption spectra of  resazurin and re- 
sorufin exhibit a decrease in the absorbance at 
608rim (decrease in concentration of re- 
sazurin). In order to find the optimum condi- 
tions, the concentration of  all reagents, the 

temperature and the basicity on the reaction 
rate was optimized. 

The rate of  the reaction is related to the 
sulfide concentration. However, since the 
sulfide concentration is kept constant in every 
determination and only a reduction of  the re- 
sazurin concentration is observed, the effect of  
the sulfide concentration on the detected ab- 
sorbance can be treated as a constant; therefore 

d x  /dt  = z C °  nc 

is a generalized equation for the rate of  cata- 
lytic reactions, where Z is catalytic coefficient 
and rrc is the combined concentrations of all 
reagents and C O is the lead concentration. To 
derive the integrated form of  this equation, the 
approximate order of  the reaction needs to be 
determined. Three possible orders, zero order, 
first order and second order were tested using 
the FIT program. 

x = kj [pb2+]t 

In [~/(~ - x)] = kz[pb2+]t 

1/~ - 1/(~ - x) = k3[pb2+]t 

(zero order) 

(first order) 

(second order) 

where ~ is initial concentration of  resazurin, and 
x is the concentration of  resazurin at time t. 

The line equations and the correlation 
coefficients for the fitted data for the zero- 

3 

¢ j  
c 
t l  

2 4 6 8 
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I 

lO 
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Fig. 4. Absorption spectra of resazurin and resorufin. 
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40 

order, first-order and second-order reactions 
are: area = 2725 + 51020[pb2+], r 2 = 0.9988; 
area = 8.0787 + 7.4466[Pb2+], r 2 = 0.9805; and 
area = 2.9474 × 10 - 4 -  1.2747 x 10 -3 [Pb2+], 
r 2 =  0.9108, respectively. Although the data are 
insufficient to draw a definitive conclusion, it is 
clear that the reaction is not second order [26]. 
With a correlation coefficient of  0.9988, the 
results suggest that the reaction may be zero 
order. The first-order equation also demon- 
strated a good fit. However, for the determina- 
tion of  low lead levels, the assumption that the 
reaction rate is zero order is acceptable. The 
high intercept for zero order is indicative of  the 
presence of  some uncatalyzed reaction [27]. 

The effect of  temperature on the reaction 
rate was studied at 22 °C (room temperature) 
and at 55 *C. With an increase in temperature, 
the reaction rate for both catalyzed and uncat- 
alyzed reactions (zero lead concentration) in- 
creased. The increase in reaction rate is higher 
for the uncatalyzed reaction than for the cata- 
lyzed reaction. This is a major disadvantage for 
trace ion analysis. Therefore, a temperature 
higher than room temperature is not recom- 
mended unless there is a way to suppress the 
reaction rate for the uncatalyzed reaction. 

One interesting and unexplained observation 
is that when the reagents were heated for 
30 rain in a hot-water bath, then cooled and 
used, the amount of  uncatalyzed reaction was 

reduced by a factor of  10. Similar results were 
found by Safavi et al. [28] in their research on 
selenium determination based on the reduction 
of  resazurin by sulfide. They claimed that heat- 
ing the mixture of  reagents and cooling them 
down to room temperature increased the cata- 
lyzed reaction and stabilized the uncatalyzed 
reaction. The detection limit was reduced by 
one order of  magnitude in their work. This is 
not just a degassing step, since purging the 
reagents with helium or nitrogen did not pro- 
duce the same results. 

The concentration of  sulfide ions had a very 
close relationship with the rate of  reaction. Fig. 
4 shows this relationship. When the concentra- 
tion of  sodium sulfide increased from 2 to 4%, 
the integrated absorbance area jumped from 
1.194 x 106 to 30.288 x 106 for the catalyzed 
reaction, while the increase for the uncatalyzed 
reaction was from 0.876 x 106 t o  1.420 x 106. 

For a concentration increase from 4% to 10%, 
the increase in absorbance area for both the 
catalyzed and the uncatalyzed reactions was 
not as significant. At higher sulfide concentra- 
tions, the rate of  the uncatalyzed reaction still 
increased while the rate of  the catalyzed reac- 
tion was relatively stable. Therefore, 4% 
sodium sulfide solution was selected for its high 
sensitivity and relatively low blank absorbance. 

The sodium sulfide solution was unstable 
overnight. On standing in contact with air, the 
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sulfide ion in solution was oxidized. Therefore, 
the reagent needed to be kept in a refrigerator 
and filtration was needed when the solution was 
not clear. 

It was reported that the concentration of 
resazurin had no effect on the reaction rate of 
both catalyzed and uncatalyzed reactions in the 
range 1 2 - 6 0 m g l  -~ [25]. It was found in this 
research that there were maximum rates for 
both catalyzed and uncatalyzed reactions as the 
concentration of  resazurin changed from 2 to 
30 mgl  -~. Fig. 5 shows the influence of the 
resazurin concentration on the rate of reaction. 
The reaction rate of  uncatalyzed reaction was 
stable when the concentration of resazurin was 
in the range 8 - 1 4 m g l  - t  while the rate of  the 
catalyzed reaction reached a maximum at a 
resazurin concentration of  1 0 m g l - L  There- 
fore, 10 mg 1 -~ was chosen for the resazurin 
concentration which would produce a baseline 
absorbance (Ao) of  about 2.50 and A 0 - A  of  
about 1.50 for a 100 ppb lead standard solution. 

Because of  the instability of  sodium sulfide 
in acidic media and its adverse effect on the 
stability of  the blank, the effect of  acidity on 
the catalysis mechanism was not studied. Only 
the effect of  base was investigated. Fig. 6 shows 
the results of  this investigation. It was observed 
that with an increase of  sodium hydroxide 
concentration from 0.1 to 8 M, the reaction 

rates of both catalyzed and uncatalyzed reac- 
tions were increased. However, when the con- 
centration of  sodium hydroxide was 4 - 6  M, 
the area difference for the blank and at the 
200 ppb level reached a maximum and re- 
mained constant. With a sodium hydroxide 
concentration higher than 6 M, the system was 
not stable and the reproducibility was poor. 
Therefore, a sodium hydroxide concentration 
of  5 M was selected. 

The reason for operating a FIA system in 
the stopped-flow mode is to increase the mea- 
surement sensitivity by increasing the residence 
time, and therefore the conversion of  the mea- 
sured species. The rate of  the resazurin-sulfide 
reaction under investigation was relatively 
slow. It was impossible to detect the catalytic 
effect of  trace levels of  lead with continuous- 
flow FlA. Stopping the flow to ensure sufficient 
time for the reaction was necessary. Fig. 7 
shows the relationship between stopping time 
and sensitivity. It was found that with longer 
stopping times, the sensitivity increases and the 
linear range decreases. For  lead concentrations 
higher than 100ppb, stopping for 15s pro- 
vided sufficient sensitivity, with straight-line 
correlations between 1 and 1000ppb tested. 
For  the samples with lead concentrations be- 
low 100pbb, which is the case for drinking 
water, longer stopping times were needed. A 
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i 
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Fig. 6. Optimizat ion of  the pH. 
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stopping time of  70 s was selected since it pro- 
vided high sensitivity and a good linear range. 

Since the determination of  1 ppb of  lead was 
the objective of  this work, a very small amount  
of  sample dispersion is desired. However the 
peak must reach a wide enough plateau to 
allow for a reproducible stopping point. In 
order to have the smallest dispersion possible, 
the following experiment was conducted. With 
the manifold in fig. 1, the ideal dispersion 
coefficinet would be 3.10, that is, when the 
sample is used as the carrier stream and there is 
only dilution from mixing with reagents. A 
small sample volume would produce too large 
a dispersion coefficient, e.g. a 9.80 pl sample 
injection volume gave a dispersion coefficient 
as large as 5.14 and a large sample volume 
would reduce the sample throughput. Small 
sample volumes produce narrow peaks. On 
increasing the injection volume to 100 lal, the 
dispersion coefficient was reduced to 3.72 and 
the peak had a 26.4 s plateau. The peak started 
at 10.2 s after injection, after 22 s the peak 
platform formed and lasted for 26.4 s, and the 
peak returned to baseline in 30 s. Therefore, a 
volume of  100 lal was selected and run-s top  
modes for pump I and pump II, and injection 
and filling times for the injector were estab- 
lished. The sample throughput of  the system 
was 30 injections per hour. 

The computer system employed in this work 

was able to provide information concerning the 
peak height, area, and its slope. Both height 
and area were proportional to the lead concen- 
tration, but the linear range and precision were 
different. The peak height was a good represen- 
tation of  the lead concentration for a short 
stopping time (such as 7 s) for concentrations 
higher than 100 ppb. With a longer stopping 
time, the linear range was limited and the 
precision was poor. Area measurement gave 
better precision and the calibration lines were 
linear up to 1000ppb for all the stopping 
times. Therefore, area measurements were used 
for this method. 

In order to demonstrate the selectivity of  the 
method, 36 anions and metal ions were tested, 
as listed in Table 1. The tolerance limit of  each 
foreign ion was taken as the amount of  added 
ion causing less than a +3 % error in the 
measured parameter for 10 ppb of  lead. As can 
be seen from Table 1, most of  the ions tested 
did not interfere, even when present in 200-  
2000-fold excess over the lead concentration. 

The most severe interferents, copper(II) and 
cadmium(II), exhibited a positive interfering 
effect at concentrations higher than 0.25 ppm. 
Cobalt(II), vanadium(V), bismuth(Ill), and 
tin(II) showed a positive interfering effect at 
concentrations above I ppm. Zinc(II) at the 
2 ppm level showed a negative effect. Nickel(II) 
at the 5 ppm level and 10 ppm of  iron(Ill) gave 
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Table 1 
Interfering ion tolerance limits 

Ions tested Tolerance Tolerance 

limit limit after 
(rag I - i) removal 

(mg1-1)  

C u  2 +  . C d  2 ÷  0.25 10 
po3+, 2+ S03 , 8.0 x 103 - 

Co3- ,  F - ,  C I - ,  I -  5.0 x l0  s - 
B r -  1.6 x 103 - 
SO~- 3.8 x 103 - 

SCN - 1000 - 

EDTA, La ~+ "+ , Mg- , CrO~- 50 - 
Ca 2+ 400 - 
Ba 2 + 200 - 
Hg 2+, AI 3+, Hg +, Te 4+ 100 - 

Zn 2+, Pd 2+ 2 20 
Fe 3+, Fe 2+ 10 200 
Cr 3+ , Sb 3+ 10 - 

As 3 +, TI + 20 - 
Se 4+ , Ag + 3 - 
Co 2+, V 6+, Sn 2+, Bi 3+ I 20 

Ni 2+ 5 100 

a positive interference. The interfering effects of  
Cu 2+, Ni 2+, Zn 2+ and Co 2+ ions were re- 
moved by extracting their complexes with 
dimethylglyoxime into chloroform at pH 7. 
The addition of  0.1 M quinolin-8-ol to the test 
solution and extraction with chloroform suc- 
cessfully removed the interferences of Bi 3÷, 
cd 2+, Fe 3+, and V 5+ ions. Adding 0.01 M am- 
monium thiocyanate to the sodium hydroxide 
solution also prevented the interference of  
Fe 3+ ions. The tolerance limits of  these inter- 
fering ions after their removal are also listed in 
Table I. A calibration curve of 1 -100ppb  
lead was determined from the mean of three 
measurements at each point. The correlation 
coefficient of  the regression line was 0.9992 and 
the fitted linear equation of the curve was 

Area = 1552.8 + 88.54 [Pb 2+] 

The standard deviation of the blank measure- 
ment of  peak area (n = 15) was 29.35 and the 
limit of  detection at the 99% confidence level 
(3a) was 0.994 ppb. The limit of  quantification 
with 10a was 3.6 ppb. The relative standard 
deviation (RSD) at the 20 ppb level (the area 
was measured and the stopping time was 70 s) 
was 5.2% and at the 200 ppb lead level (the 
peak height was measured and the stopping 
time was 12 s) was 3.37% (n = 15). 

Samples were collected and both this method 
and the standard dithizone method were used 
to determine lead concentrations. The results in 
Table 2 are in good agreement with each other. 
Additions of 20, 40 and 60 ppb lead were made 
to sample A and the total lead was determined. 
The recoveries ranged from 98.1 to 103.5% . 

4. Conclusions 

The results of the sample analyses were in 
good agreement with those of  the standard 
dithizone method. The resazurin method pro- 
vided a simple and reliable determination of  
lead in tap water without preconcentration. 
Minimal interferences were removed by a sim- 
ple solvent extraction procedure. The method 
meets the need for a detection limit of  1 ppb 
and a relative standard deviation of 5.2% at the 
20 ppb lead level. The developed method has 
the potential to be applied to the determination 
of  trace amount  of  lead in drinking water for 
regular lead monitoring. 
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Abstract 

The elecrochemical and spectroelectrochemical behavior of the binuclear and trinuclear complexes 
generated from the association of cis- or trans-[Ru(NH3)4(pz)2] 3+/2+ (where pz represents pyrazine) and 
[RuEDTA(H20)] 2-/- complexes has been investigated in aqueous solution. Based on two sets of spec- 
trophotometrically determined equilibrium constants and on the formal redox potentials, the complex 
network of equilibrium reactions involving mixed valence species has been elucidated. 

Keywords: Bis(pyrazine)tetraammineruthenium(III) complexes; Electrochemical behavior; Equilibrium con- 
stants; Equilibrium reactions; Redox potentials; Ruthenium(II/III)-EDTA complexes; Spectrochemical 
behavior 

1. Introduction 

Polymetallic complexes exhibiting redox ac- 
tive groups are particularly interesting as elec- 
tron-transfer mediators in molecular devices 
and in multielectron transfer catalysis [1-8]. A 
typical compound displaying a strong electro- 
catalytic response in the reduction of molecular 
oxygen has been obtained by the association 
of four [RumHEDTA] -:2- complexes to the 
meso-tetrapyridylporphyriniron(II) species [2]. 
The binding of the [RumEDTA] - complex to 
multibridged species is a rather simple way of 
obtaining polymetallic systems; however, in the 
absence of a large excess of the ruthenium 
complex a complicated network of equilibrium 
reactions can result. An interesting case, in- 
volving a double bridging [Ru(NH3)4(PZ)2] 2÷ 

* Corresponding author. Fax: (55)11-815-5579; E-mail: 
HENETOMA@QUI M.IQ.USP.BR 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights 
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where pz represents pyrazine in the presence of 
[RumEDTA] ions, is reported here. This work 
deals with the determination of equilibrium 
and electrochemical parameters, providing a 
good example of the elucidation of a complex 
network of equilibrium reactions. 

2. Experimental 

The [Ru(HEDTA)(H20)] and cis-, trans- 
[Ru(NH3)4(pz)2](PTS)2 complexes (where PTS 
represents the p-toluenesulfonate ion) were pre- 
pared and characterized as previously reported 
in the literature [9-12]. The binuclear and tri- 
nuclear mixed complexes were studied in 
aqueous solution, under an argon atmosphere, 
at pH 4.7, in 0.10 M acetate buffer. The cis and 
trans trinuclear compounds have also been iso- 
lated and characterized in the solid form, for 
comparison purposes. The procedure consisted 

reserved 
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of mixing stoichiometric amounts of the 
complexes in aqueous solution, and precipitat- 
ing with acetone. The solids precipitated were 
collected on a filter, washed with acetone and 
dried under vacuum. Elemental analyses were 
carried out by the Microanalytical Laboratory 
of the University of S~o Paulo. Calculated 
for cis-[Ru(NH4)4{pzRuEDTA}2].  12H20: C, 
25.4; N, 12.8; H, 5.3. Found: C, 25.4; N, 
12.7; H, 4.1. Calculated for trans-[Ru(NH3) 4 
{pzRuEDTA}2]" 5H20: C, 28.0; N, 14.0; H, 
4.7. Found: C, 28.0; N, 14.1; H, 4.4. 

Cyclic voltammetry was carried out using a 
Princeton Applied Research Corp. model 173 
potentiostat and model 175 universal pro- 
grammer. A glassy carbon working electrode 
and a platinum wire auxiliary electrode were 
employed for the measurements versus an 
Ag/AgCI (1 M KCI) reference electrode (E°= 
0.222 V versus SHE) [13]. When mentioned in 
the text, reversible behavior of the voltammet- 
ric waves has been proposed, considering, 
simultaneously, (a) the separation of the anodic 
and cathodic peaks, typically in the 60-70 mV 
range; (b) their similar intensities; and (c) the 
linear response of the peak currents versus the 
square root of the scan rates. 

The electronic spectra were recorded on a 
Hewlett-Packard model 8452-A diode-array 
spectrophotometer, or on a Guided-Wave 
model 260 fiber-optics instrument. Spectropho- 
tometric titrations of the cis and trans com- 
plexes, 3.9 x 10 -5 M and 2.6 x 10 -5 M, 
respectively, with 0.42 M [RumEDTA(H20)] - 
were carried out using a quartz cuvette (1 cm 
pathlength) attached to a cylindrical reservoir. 
An ultraprecision Gilmont micrometer syringe 
(+ 0.0001 ml) was employed in the experiments. 
Spectroelectrochemical measurements were car- 
ried out using the potentiostat in parallel with 
the diode-array spectrophotometer. A three- 
electrode system was designed for a quartz cell 
of 0.025 cm internal optical pathlength. A gold 
minigrid was used as a transparent working 
electrode, in the presence of a small Ag/AgCi 
(1 M KCI) reference electrode and a platinum 
auxiliary electrode. Because of the semi-infinite 
diffusion conditions employed, the measure- 
ments were carried out after the decay of the 
Faradaic currents and the stabilization of the 
spectra (about 3 min). The reversibility of the 
spectroelectrochemical behavior was evaluated 
based on the regeneration of the initial spectra 
after returning the applied potential to the 
starting point, and on the analysis of the Nernst 
plots. 

3. Results and discussion 

3. I. Spectrophotometric titrations 

The [RumEDTA(H20)] - complex is the ma- 
jor species [11] generated from the dissolution 
of [RumHEDTA(H20)] in aqueous solution in 
the pH range 3.0-6.5. This ion undergoes a 
rapid substitution of the labile water molecule 
in the presence of N-heterocyclic ligands, such 
as pyrazine, pyridine and related species [11,14] 
yielding the corresponding substituted com- 
plexes. The products containing N-heterocyclic 
ligands display weak absorption bands in the 
visible region and, in general, are not suitable 
for spectrophotometric studies. In the case of 
the cis- and trans-[Ru(NH3)4(pz)2] 2÷ com- 
plexes, the binding of [RumEDTA] - groups at 
the pyrazine bridging ligands can easily be 
monitored, since it leads to pronounced 
changes in the ruthenium(II)-to-pyrazine 
charge transfer (MLCT) bands, as illustrated 
in Figs 1A and 2A. The Ru m ions are expected 
to act as electron withdrawing groups at 
the pyrazine ring, lowering the energies of 
the n* orbitals and shifting the MLCT 
bands from 398 nm (log e = 4.08), and 474 nm 
(log e = 3.94) (cis) and 486 nm (log e = 4.34) 
(trans) in the starting complexes to 424 nm 
(log e= 4.08), 537 nm (log e= 4.28) (cis) and 
558 nm (log e= 4.59) (trans) in the trinuclear 
species. The absorption band at 424 nm in the 
cis trinuclear complex is masked by absorption 
of the excess [Ru"IHEDTA(H20)] - in Fig. I A; 
however, it can be detected spectroelectrochem- 
ically (see Fig. 4A) or in the absorption spec- 
trum of the solid complex. 

Typical spectrophotometric titration plots 
for the cis and trans isomers can be seen in 
Figs. IB and 2B, respectively. The lack of 
inflection in the spectrophotometric plots indi- 
cates the existence of overlapping equilibrium 
reactions. Two successive reactions (1) and (2) 
have been considered in this work 

Ru m + LRuUL.~-~ RuWLRullL (1) 

RumLRu'IL + Ru m ~-~ RumLRuULRu m (2) 

where Ru m refers to [Ru'"EDTA(H20)]-, 
LRutlL refers to [RuU(NH3)4(PZ)2] 2+, and the 
subscripts in K32 and K323 represent the oxida- 
tion states of the ruthenium ions as they appear 
in the formulas. 

The calculation of the equilibrium constants 
/(32 and K232 from the spectrophotometric data 
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Fig. 1. (A) Spctrophotometric titration of cis- 
[Ru(NH.O4(pz).,] 2+ (3.9 × 10 -5 M) with [RuinED - 
TA(H20)]-,  at pH4.7, in 0.10M acetate buffer; (B) 
absorbance plot (~. = 537 nm); (C) linear regression analysis 
of Z versus Y (see text); (D) plots of the distribution 
functions for the starting complex (~o) and the binuclear 
(~1) and trinculear (~2) species (solid line represents the 
theoretical curves). 
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:,can b e  carried out using the general method 
proposed by Yatsimirskii [15] based on a suc- 
cessive extrapolation procedure. An alternative 
method has been proposed by Toma and 
Morino [16] and is based on the linearization 
of  the general Eq. (3) for e,~ = A/[RUT], where A 
is the measured absorbance, and [RUT] is the 
total Ru( I I I ) -EDTA concentration. Under the 
conditions of  this work, [Ru m ] is in large ex- 
cess over [LRu"L], and is practically equivalent 
to [RUT]. 

eLRuL "{- ,~32K32[Ru I I I ] +  E323KB23[RuIIi] 2 
ei = (3) 

1 + K32[Ru m] + K32Ka23[Rum] 2 

This equation can be rearranged as 

( e  i - -  eLRuL ) [Rum]: = - K32K323 
(o~i - -  e323 ) 

( e i -  e32) 
--/(32 (~,---e3-~3) [Rum] (4) 

o r  

Z = -- K32K323 - K32 Y (5) 

In this method, ei is calculated for each 
[Ru hI] concentration and the extinction co- 
efficients for the starting and final species, eLRuL 
and t323, are previously known. By means of  an 
iterative least-squares analysis, it is possible to 
find values of  the extinction coefficients for the 
binuclear complex (e32) which give the best fit 
for the linear Eqs. (4) or (5), and simulta- 
neously determine the equilibrium constants 
K32 and K323. The best values for e32 were 
13.9 x 103 m -~ cm -I  (537nm) and 28.0 × 
l03 M - t  cm - t  (558 nm) for the cis and trans 
isomers, respectively, leading to the linear plots 
shown in Figs. 1C and 2C. The corresponding 
equilibrium constants, K32 and/(323, for the cis 
and trans complexes were (5.6_+0.1) x 

10aM -I and (7.3_+0.9) x l02, and (5.2_+0.1) 
x l03 M -I ,  and (1.5_+0.2) x l03 M - l ,  respec- 
tively. Similar results were obtained by means 
of  the Yatsimirskii method, e.g. (5_+ l ) x  
103M - t  and (6_+l) x l02M - j ,  and ( 5 + 1 )  
x 103M - t  and (1.3__+0.6)+ 10aM -I , respec- 

tively; however, the precision was much smaller 
because of  the many successive non-linear ex- 
trapolations involved. 

3.2. Cyclic voltammetry 

Typical cyclic voltammograms for the cis 
and trans isomers in the presence of  [Ru" 'ED- 
TA(H20) ] -  ions are shown in Figs. 3A and 
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3B, respectively. The starting cis- and trans-  

[Run(NHs)4(pz)2] 2÷ complexes exhibit a re- 
versible wave at E ° ' = 0 . 8 8 V  and 0.81 V, 
associated with the Ru m u  redox couples 
(25 °C; 0.10 M KCI). Under the same experi- 
mental conditions, the [RumEDTA(H20)]  - 
complex exhibits E ° ' = - 0 . 0 1  V. The binding 
of  the [RumEDTA] - ion to the cis- and trans-  

[Run(NHs)4(pz)2] 2÷ complexes gives rise to a 
new, reversible wave at 0.27 V, ascribed to the 
[Rum:I~EDTA(pz)] - /2 -  moieties, and is accom- 
panied by an increase, up to 100 mV, in the E °' 
values for the [Rum n(NHs)4(pz)2] s÷z+ group. 
These results reflect the influence of  n-back- 
bonding effects through the RuH-pz  bonding, 
induced by the attached [RumEDTA] - groups. 
The E ° values are shown in Table 1. 

The corresponding E °' values for the cis 
and trans trinuclear complexes, e.g. 0.98 V 
and 0.91 V, were evaluated from measurements 
obtained in the presence of  a large excess 
of  [Rum/nEDTA(H20)]  - ' 2 -  species (above 
6 raM) to ensure that the formation of prod- 
ucts is more than 90% complete. In this case, 
the vol tammograms obtained starting from a 
cathodic scan were practically identical to 
those obtained by scanning the potentials in 
the opposite direction. Unfortunately, under 
such conditions, the background currents in- 
crease very rapidly near the positive limit of  the 
aqueous solvent, and the vol tammograms be- 
come distorted above 0.9 V, as one can see in 
Fig. 3. On the other hand, in the negative 
region, there is a very strong peak associated 
with the excess of  [RumUEDTA(HzO)]  - : z -  
species (not shown in Fig. 4). 

The E °' values for the cis and trans binuclear 
complexes, i.e. 0.94 V and 0.87 V, were esti- 
mated from the measurements carried out using 
a 1:1.1 molar  ratio, coinciding with the maxi- 
mum in the distribution curves of  Figs. 1D and 
2D. The peak positions were not sensitive to the 
initial scan direction. Because of the presence of 
25% of  the mononuclear  and trinuclear species, 
the vol tammograms were slightly broader than 
for a single species; however the peak positions 
should reflect the major  contribution of the 
binuclear complexes as the main species in 
solution. This conclusion is supported by simu- 
lation or deconvolution analysis, considering 
three reversible, monoelectronic waves, exhibit- 
ing 1:2:1 intensities, separated by 50 mV. On 
the other hand, it should be noted that mea- 
sured E ° values coincide with the estimated 
values, based on the arithmetic average of  the 
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Table 1 
Equilibrium constants and formal redox potentials f6r the [RuEDTA]- 2- and [Ru(NH~I4(pzL,] -'÷ ~+ systems 

Redox potentials/ cis-[Ru(NH3)4(pz), ] trans-[Ru(NH3h(pz),.l 
equilibrium constants ~ +[RuEDTA] + [RuEDTA l 

1871 

E°I: (v) -o.o1 -O.Ol 
Eo22, (V) 0.27 0.27 
E°~3222 (V) 0.27 0.28 

o (V) 0.28 0.30 E323 223 
o' E3a32 (V) 0.94 0.87 

E o" ~3~ 32~ (V) 0.98 0.91 
o" E~ 2 (V) 0.88 0.81 

K,, (M -I) 3.1 × 108 2.8 x l0 s 
K222 (M -~) 6.0 × 107 3.8 x 108 
K223 (M - I )  1.1 × 103 4.8 x 10 ~ 
K3, - (M -I) 5.6 x 103 5.2 x 10 ~ 
K323 ( M - ' )  7.3 x 102 1.5 X 103 
K~.~ (M-')  5.4 × 102 5.0 x 102 
K~3 ~ (M -)) 1.5 x 102 3.1 X 102 

The subscript refers to the oxidation states of the ruthenium ions, as described in the text. 

formal redox potentials for the mononuc lea r  
and trinuclear complexes. 

3.3. Spectroelectrochemistry 

Spectroelectrochemical measurements  for the 
cis and trans trinuclear complexes are shown in 
Figs. 4 and 5. The totally reduced species, 
R u " L R u U L R u  n, exhibit very s trong absorpt ion 
bands in the visible region, which can be de- 
convoluted in its three bands  at 420 nm (3.70), 
4 9 0 n m  (4.36) and 5 9 0 n m  (4.54) for the cis 
isomer, and into two bands at 530 nm (4.43) 
and 6 0 0 n m  (4.81), for the trans species. The 
high energy bands correlate with the M L C T  
bands observed for the cis- and trans- 
[Run(NH3)4(pz)2] 2÷ complex. The low energy 
bands can be ascribed to Ru- to-pyrazine  
charge-transfer  transitions in the energy bands 
can be ascribed to Ru- to-pyraz ine  charge- 
transfer transitions in the [ R u " E D T A -  
pyrazine] 2-  moiety, since their intensities 
depend on the number  o f  [ R u n E D T A ]  groups  
and undergo complete decay after their oxida- 
tion at 0.4 V. The spectroelectrochemical mea- 
surements were also extended to the 
near-infrared region (2200 nm), with no evi- 
dence o f  intervalence transfer bands with 
e >  100M - l  cm -~ 

The [Ru m " E D T A ]  moieties display a typi- 
cally reversible response, allowing very accu- 
rate spectroscopic measurements  as a function 
o f  the applied potentials. The corresponding 

Nernst  plots exhibit a small inflection, with two 
parallel lines displaying a slope o f  0.059. These 
results can be interpreted in terms of  two suc- 
cessive, reversible, monoelectronic  processes 
exhibiting very close E ° values, here denoted 

0 0 
E323,223 a n d  E223/222 (Table l ) .  

+¢ 
R u m L R u l t L R u  m ~ R u n L R u n L R u  m 

E(J23 223 

,--~ R u n L R u " L R u "  (6) 
E(323 222 

The difference in the successive E °' values 
is smaller than 30mV,  indicating a negli- 
gible interaction between the peripheral 
[ R u " E D T A ]  2-  and [ R u m E D T A ]  - groups  in 
the mixed valence [ R u " L R u " L R u  m] complex. 

In contrast  to the [ R u " E D T A ]  2 groups, 
the electrochemical oxidation o f  the 
[Ru"(NH3)a(pZ).q 2+ center proceeded in an ir- 
reversible way in the time scale o f  the spectro- 
electrochemical measurements.  The measure- 
ments varied systematically as a function o f  
time, and the starting spectrum was not com- 
pletely recovered after returning the potential 
to the initial value. In this case, the E ° values 
were obtained from the cyclic vol tammograms.  

3.4. Thermodynamic network 

Based on the equilibrium constants  and E °' 
values determined in this work,  the following 
the rmodynamic  scheme can be elaborated and 
solved 

IAL ~,: lZ-F 
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K22 
Ru n + LRunL ~- RunLRuUL(+Ru  u) ~2-722._ R.u'=LRunLRu n 

11, E,: 11, " a E223 222 

K22~ 
11, E,~: RunLRunL ( +  Ru m) .~  RuULRunLRunLRu m 

11, :.,,-, 11, ~.,' . . . . .  

Ru m + LRuUL K2~._ RumLRunL( + Ru m) ~222~.__ RumLRunLRu m 

K-~'~ ,K'333 

Ru m + LRumL .~ RumLRumL(+ Ru m) ~ RumLRumLRu m 

(7) 

For each square cycle, the equilibrium con- 
stants K; and Kj are related to E, °. and E ° by the 
free energy relationship 

n F E °  + R T  In K~= + n F E °  + R T  In Kj  (8) 

Kj = 10¢E ' -  Ej )/o.0591 (9) 
K, 

. i 
I I I I I 1 

T A 0 1 2 .  

V B 
0 1 2  

I l 

0 0.2 
I I I I 

O.h. 0 .6  0 .8  I .0 

E, (V versus  SHE) 

Fig. 3. Cyclic voltammograms of the (A) cis- and (B) 
trans-[Ru(NH~)4(pz)2] 2+ complexes (l.0mM) (voltam- 
mogram 0), and of the binuclear (voltammogram l) and 
trinuclear (voltammogram 2) species, generated in the pres- 
ence of l.l sam and 6.0 mM [RumEDTA(H20)I - ,  respec- 
tively (0.10 M KCI; glassy carbon disc electrode (0.20 cm-'); 
100 mV s- t ;  25"C. 

where n, F, R and T have the conventional 
meaning. This equation is extremely useful 
since, from the known values of K~, E ° and E °, 
one can readily calculate K i [17]. The thermo- 
dynamic cycle requires that the redox poten- 
tials correspond to those of the initial and final 
states. Therefore, in the measurements of E ° 
it is important to ensure that the formation 
of the products in the square cycle is complete, 
as we have pursued in this work. This means 
that Ki[complex i ]  ~ 1 and K/[complex,.] >> 1; 
otherwise a concentration-dependent equation 
should be employed, e.g. 

E °' = E ° + ( R T / F )  ln{(K~[complex;] + 1) 

/(Kj[complex;] + I)} 

In our case, the thermodynamic constants 
and E ° values were replaced by the conditional 
equilibrium constants and formal redox poten- 
tials, E °'. This procedure is normally adopted, 
since the electrochemical measurements require 
the use of supporting electrolytes, and the ac- 
tivity coefficients for the oxidized and reduced 
species are not expected to differ appreciably at 
high, constnat, ionic strengths. 

Starting from the spectrophotometrically de- 
termined K32 and K323 constants, it is possible 
to solve four associated free energy cycles, i.e. 

log(K33/K3z) = (E°I:2 - E°'a:32)/0.0591 (10) 

log(K333/K323) = o, (E33/32 - -  E~'3~/323)/0.0591 (11) 

log(K22/K32) = E°'2:22 - E]1,2)/0.0591 (12) 

Iog(K223/K323) = (E°'23:223- E°2/22)/0.0591 (13) 

Based on the calculated K223 values, another 
cycle can be solved 

_ o, EO'2)/0.0591 log(K222/K223) - (E223/222 - (14) 

The complete set of equilibrium constants 
calculated in this way can be seen in Table 1, 



H.E. Toma, R.L. Sernaglia / Talanta 42 (1995) 1867-1874 1873 

I .  A 

200 b,00 600 800 
Wavelength, nm 

A 

~o.3 

L. 

L~  

0.~ 

1.5 

c 

• i i I 

-1 .0  - 0 . 5  0 0 .5  

log [ ( ~ - A ) / ( A - A o )  ] 

Fig. 4. Spectroelectrochemical behavior of the trinuclear 
complex, cis-[Ru(NH4)a{(pz)RuEDTAI2], 1.0 mM in the 
presence of 6.0 mM [RumEDTA(H20)] - ,  and 0.1 M KCI, 
showing the oxidation of (A), the [RuUEDTA(pz))] -~- moi- 
ety (A) and (B) the [Rut'(NH~)4(pz)_,] -'+ moiety, and (C) 
the Nernst plot employed for the evaluation of E°_,~ 2,_, and 
E°23 223" 

along with the corresponding E °' values. Be- 
cause o f  the errors involved in the E °' measure- 
ments and of  the small variat ion in the activity 
coefficients, the results should be regarded as 

good  estimated values o f  the equilibrium con- 
stants, in the absence o f  thermodynamic  data 
extrapolated to infinite dilution. 
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Fig. 5. Spectroelectrochemical behavior of the trinuclear 
complex, trans-[Ru(NH4)4{(pz)RuEDTA}2], 1.0 mM, in 
the presence of 6.0 mM [RumEDTA(H,O)] -, 0.1 M KCI, 
showing the oxidation of moiety (A) the [Ru"EDTA(pz)] 2 
and (B) the [Ru"(NH~)4(pz)2] -'+ moiety, and (C) the 
Nernst plot employed for the evaluation of E~2~,222 and 
E~23:2z3 



1874 H.E, Toma, R.L. Sernaglia / Talanta 42 (1995) 1867-1874 

4, Conclusion References 

This work has shown that  based on the 
determinat ion o f  the redox potentials and 
of  two successive equilibrium constants,  the 
complete network o f  association reactions 
for the cis- and trans-[Ru(NH3)4(pz)2]3+/2++ 
[ R u E D T A ( H 2 0 ) ]  - / : -  complexes can be eluci- 
dated. 

F r o m  the data  in Table 1, one can see that  
the [ R u n E D T A ]  2-  ion exhibits a remarkable 
affinity for the pyrazine bridging ligands, lead- 
ing to the format ion  o f  very stable binuclear 
and trinuclear species. In compar i son  with the 
corresponding [ R u m E D T A ]  - complexes, the 
difference o f  six orders o f  magni tude  in the 
stability constants  is consistent with strong 
backbonding  interactions in the [ R u n E D T A  - 
pyrazine] moiety. 

Except  for the trans-[RuIILRunLRu u] com- 
plex, successive equilibrium constants  decrease 
systematically according to statistical be- 
haviour,  for instance /(32 > K323 and /(33> 
K333. In the case o f  the trans-[RuULRul~LRu u] 
complex, K22 <K222 indicates a cooperat ive 
effect associated with the backbonding  interac- 
t ions in the complex. This is no t  observed in 
the cis isomer, presumably  because o f  its 
greater susceptibility to steric hindrance effects. 
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Abstract 

The protonation constants of ten Schiff's bases synthesized by the condensation of 2-hydroxy-l-naph- 
thaldehyde with aniline and o-, m-, and p-substituted methylanilines, ethylanilines and methoxyanilines in 
various dioxan-water mixtures have been determined potentiometrically using an electrode system cali- 
brated in concentration units of the hydrogen ion. The influence of substituents in the molecular structure 
on the protonation constants is discussed. The log K 2 values relating to the protonation of imine nitrogen 
atoms are in accordance with the Hammett relationship for all solvent compositions. A reverse relationship 
is observed between log K 2 for all Schiff's bases and the mole fraction of dioxan. However, the log Kt values 
corresponding to the protonation of naphtholate O-ions have been found to increase with the increase in 
concentration of dioxan. Both electrostatic and non-electrostatic contributions influencing these constants 
are briefly discussed. 

Keywords: Dioxan-water mixture; 2-Hydroxy-l-naphthalideneanilines; Potentiometry; Protonation con- 
stants; Schiff's bases; Solvent effect; Substituent effect; Titrimetry 

1. Introduction 

Among different physicochemical properties 
of  organic compounds,  protonat ion constants 
determined in mixed solvents provide an im- 
portant  basis for speculation about  whether 
solvent and substituent effects influence their 
acidity or basicity. Knowledge of  equilibrium 
data also facilitates the design of  new separa- 
tion and analytical procedures such as ac id -  
base titration, complex formation and solvent 
extraction. In a continuation of  our previous 
work [1-3] on various protonation equilibria 
in wate r -organ ic  solvent mixtures, the present 

* Corresponding author. 

work reports the protonation constants of  sub- 
stituted 2-hydroxy-l-naphthalideneanilines (I) 
in different wa te r -d ioxan  mixtures. There have 
been a number of  publications on the protona-  
tion constants of  2-hydroxy-l-naphthalidene- 
anilines in mixed solvents but no systematic 
reports dealing with these Schiff's bases in 
d ioxan-wate r  mixtures have appeared so far 
[4-101. 

In addition, the results obtained in the 
present paper have been compared with those 
for salicylideneanilines in d ioxan-wate r  mix- 
tures in order to gain a better understanding of 
solute-solvent  interactions and structural vari- 
ations. Such studies are now being conducted 
in our laboratories and will be reported later. 

SSDI 0039-9140(95)01649-X 
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I 

where R is H (2-hydroxy-l-naphthalidene- 
aniline; used as a reference), 2-CH 3 (2-hydroxy- 
l-naphthalidene-2-methylaniline), 3-CH 3 (2-hy- 
droxy- 1-naphthalidene-3-methylaniline), 4-CH3 
(2-hydroxy- 1-naphthalidene-4-methylaniline), 
2-C2H5 (2-hydroxy- l-naphthalidene-2-ethylani- 
line), 3-C2H5 (2-hydroxy-l-naphthalidene-3- 
ethylaniline), 4-C2H5 (2-hydroxy-l-naphtha- 
lidene-4-ethylaniline), 2-OCH3 (2-hydroxy-1- 
naphthalidene-2-methoxyaniline), 3-OCH 3 (2- 
hydroxy - 1 - naphthalidene - 3 - methoxyaniline), 
4-OCH 3 (2-hydroxy-l-naphthalidene-4-meth- 
oxyaniline). 

2. Experimental 

2.1. Materials 

The 2-hydroxy-l-napthalideneanilines were 
prepared by the condensation of 2-hydroxy-1- 
naphthaldehyde with aniline and 2-methyl- 
aniline, 3-methylaniline, 4-methylaniline, 2- 
ethylaniline, 3-ethylaniline, 4-ethylaniline, 2- 
methoxyaniline, 3-methoxyaniline and 4-meth- 
oxyaniline. The purity of these compounds was 
confirmed by a non-aqueous titrimetric 
method. Stock solutions of SchilTs bases were 
prepared in dioxan purified by the method 
given in Ref. [11]. 2-Hydroxy-l-naphthalde- 
hyde and all anilines were purchased from 
Merck. The water used was deionized water 
redistilled twice, once over alkaline KMnO4 
and then in an all-glass still, and was stored 
under nitrogen. Standard solutions of perchlo- 
ric acid and sodium hydroxide were prepared 
as described elsewhere [1]. 

2.2. Procedure 

The study was performed by potentiometric 
measurement of the hydrogen ion concentra- 
tion at 25.0 +0.1*C and under a nitrogen at- 
mosphere in water-dioxan mixtures containing 
30, 40, 50, 60 and 70°,/o dioxan (v/v). Ionic 
strengths of the media were maintained at 
0.1 M using sodium perchlorate (Merck). 

For each solvent mixture, the pH-ionmeter 
(Orion 940), fitted with a combined pH elec- 
trode (Ingold) containing a filling solution of 
0.01 M NaC1-0.09 M NaCIO4 as calibrated in 
concentration units of the hydrogen ion as 
described previously, using a standard solution 
of sodium hydroxide as the titrant prepared in 
the corresponding solvent mixture [1]. The 
preparation of the test solutions for the poten- 
tiometric measurements and the procedure em- 
ployed for the estimation of new protonation 
constants have been described in Ref. [1]. All 
test solutions were freshly prepared before tak- 
ing the measurements. Computations were car- 
ried out with the software termed pKAS, which 
handles protonation constants with a high de- 
gree of efficiency [12,13]. 

3. Results and discussion 

The stoichiometric protonation constants of 
Schiff's bases derived from 2-hydroxy-l-naph- 
thaldehyde and substituted anilines in dioxan- 
water mixtures at 25°C are tabulated in Table 
1. 

The log K1 values correspond to the protona- 
tion equilibrium of naphtholate O-ions and 
log K2 to the imine nitrogen atom. These equi- 
libria are L-  + H+~--~HL and L + H+~--*H2 L+, 
respectively. The magnitudes of the differences 
between log KI and log K2 values for all SchilTs 
bases show that the protonation nitrogen atom 
and naphtholic hydrogen atom are completely 
dissociable in separate steps. 

It is interesting to compare the protonation 
constants of 2-hydroxy-l-naphthalideneanilines 
with those of salicylideneanilines reported in 
our previous paper [1]. It is seen that both the 
log KI and the log K 2 values of naphthalidene- 
anilines (NA) studied are lower than those of 
the corresponding salicylideanilines (SA) for 
each dioxan-water mixture. This result can be 
attributed to the fact that the electron densities 
of nitrogen atoms and O-  ions in the case of 
naphthalideneanilines are smaller because of 
the higher electron withdrawing tendency of 
the naphthaline ring compared with the ben- 
zene ring. One can think that these values 
obtained for the protonation constants of the 
NA and SA can also be explained by compar- 
ing the conformational structures of these com- 
pounds. Both SA and N A  can exist in two 
planar conformations, one of which has an 
intramolecular hydrogen bond. The hydrogen- 
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bonded conformation will be more probable 
for the NA due to the steric effect of  the C8 
atom and its attached hydrogen atom. Thus, in 
the case of NA, the electron density of  the 
hydrogen acceptor imine nitrogen atom de- 
creases and the observation of  lower log K, 
values for the NA derivatives compared with 
those of  the corresponding SA derivatives can 
be explained in terms of  their stereochemistry. 
However, when it comes to log K~ values, in 
NA, where an intramolecular hydrogen bonded 
structures formed by the protonation O -  ion is 
more probable, one would have expected that 
the log KI values should have been higher than 
those of SA, contrary to experimental findings. 
However, the fact that the differences between 
the log K2 values of naphthalideneanilines and 
the corresponding salicylideneanilines decrease 
with the increasing mole fraction of dioxan 
suggests that solute-solvent interactions as 
well as inductive effects are also of  importance 
in the determination of  the numerical values of 
the protonation constants of  Schiff's bases. 

The protonation constants given in Table 1 
are considered in more detail in order to gain 
more information about the specific effects of 
the substituents and the effect of the solvent 
composition on the basicities of the SchilTs 
bases. 

3.1. Subs t i tuent  effect 

The variation of the log K2 values of  naph- 
thalideneanilines shows that substitution on the 
aniline component influences the electron den- 
sity at the imine nitrogen atom. When the 
basicities of alkyl derivatives with differing sub- 
stitution patterns are compared, the order 2-R 
<re fe rence<  3-R < 4 - R  (where R is CH3 and 
-C2H5) is found in all solvent mixtures. This 
order can be used as an indication of  the extent 
of the contributions of  the alkyl groups to the 
basicity of  the azomethine nitrogen atom. Fur- 
thermore, electronic and steric effects of the 
alkyl groups can also be inferred. Methyl and 
ethyl groups are capable of releasing electrons 
by a resonance mechanism and are best able to 
stabilize a positive center when positioned 
ortho or para to it. This effect is known as 
hyperconjugation [14]. If the hyperconjugation 
was only the effect on the basicity of  the 
azomethine nitrogen atom, the 2-R derivatives 
would also be more basic than the reference. 
The fact that the reference is more basic than 
the 2-R derivatives indicates that the steric 

effect is dominant over the resonance effect in 
the case of ortho substitution. The 4-R deriva- 
tive is more basic than the 3-R derivative. This 
is in agreement with the prediction that the 
p-alkyl group will contribute more to the elec- 
tron density of the azomethine group than the 
m-alkyl group. 

Considering the reported values of log/£2 of 
the methyl- and ethylnaphthalideneanilines 
with the same pattern of substitution, it is 
observed that the value for each ethyl deriva- 
tive is slightly smaller than those for the methyl 
analogs regardless of the medium. In addition, 
it is found that the orders obtained for the 
alkyl derivatives of  naphthalideneanilines are 
similar to those of salicylideneanilines in all 
d ioxan-water  mixtures [1]. However, as re- 
gards the order of  the basicities for the 
methoxy derivatives of naphthalideneanilines, 
we have found different orders from those ob- 
tained for the methoxy derivatives of  salicylid- 
eneanilines in all the media investigated [1,2] 

For  naphthalideneanilines 

3-OCH3 < 2-OCH3 ~< Reference < 4-OCH 3 

For salicylideneanilines 

3-OCH 3 < Reference < 2-OCH 3 < 4-OCH 3 

The fact that the 2-methoxy derivatives of  
naphthalideneanilines, in contrast to salicylid- 
eneanilines, are slightly less basic than the ref- 
erence reveals that the steric effect of the 
methoxy group is more pronounced in the case 
of the naphthalideneanilines compared to the 
salicylideneanilines. 

In agreement with the observations obtained 
in our previous work on salicylideneanilines 
[1,2], any regularity between the log K~ values 
and the type and position of the substituents 
was also not found for naphthalideneanilines in 
the present study. This lack of regularity is 
further evidence supporting the lack of signifi- 
cance of electronic effects of the substituents 
located far from the reaction sites. 

Although almost every kind of  organic reac- 
tion has been treated via the Hammett  equa- 
tion or its extended form in various 
water-organic  solvent mixtures [15-19], any 
study related to the protonation of  SchilTs 
bases in d ioxan-water  mixtures is yet to ap- 
pear in the literature. It is of  interest to exam- 
ine the question whether the Hammett 
equation can be used to predict the effect of 
substituents on the basicity of  2-hydroxy-1- 
naphthalideneaniline in d ioxan-water  mix- 
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Fig. 1. Plot of A log k of substituted 2-hydroxy-l-naphthalideneanilines against the Hammett substituent constants (tT) in 
40% dioxan-60% water. 

tures. The plots of the Alogk values, i.e. 
log K 2 -  log K2(Ref. ) for the substituted naph- 
thalideneanilines against the Hammett sub- 
stituent cqnstants (a) are obtained for each 
dioxan-water mixture studied and the plot for 
40% dioxan-60% water is given in Fig. 1 as an 
example. The equations of the best straight 
lines through the points are given in Table 2 
together with their regression coefficients. 
From these results, it can be concluded that the 
Hammett equation, to a reasonable approxi- 
mation, represents the effects of substituents on 
the protonation reaction of the imine nitrogen 

Table 2 
Linear relationships between A log k of 2-hydroxy-l-naph- 
thalideneanilines and the Hammett constants (~) in various 
dioxan-water  mixtures at 25.0 _+ 0.1°C 

Dioxan Equation r ~ s b 

(%) 

30 A log k = - 2.059a - 0.021 -0.962 0.072 
40 A log k = -2 .154a  - 0.005 -0.981 0.051 
50 A log k = -0 .230~ + 0.056 -0.975 0.074 
60 A Iogk = -2.184t7 + 0.084 -0 .964 0.080 
70 A log k = -0 .267a  + 0.066 -0.958 0.087 

Regression coefficient. 
b Standard deviation of the regression line. 

atoms 2-hydroxy-l-naphthalideneanilines in 
dioxan-water mixtures. Although one can 
claim that it may not be proper to make any 
conclusive remarks about the applicability of 
the Hammett equation, considering that the 
range of substituent types investigated in this 
study was not too large and all the substituents 
were electron donors in nature, a similar obser- 
vation made in our previous study [2], in which 
the effect of seven electron donor and acceptor 
substituents upon salicylideneanilines having 
similar structures to naphthalideneanilines was 
investigated, supports our above conclusion re- 
garding the applicability of the Hammett equa- 
tion to naphthalideneanilines. 

Furthermore, we attempted to examine the 
question whether the extended Hammett equa- 
tion proposed by Hoefnagel and Webster [16] 
for use in water-organic solvent mixtures cov- 
ers the experimental data better. We observed 
that this equation could no longer give any 
improvement for the substituted naphthalid- 
eneanilines in dioxan-water mixtures. 

3.2. Solvent effect 

The numerical log K2 values for ten naph- 
thalideneanilines determined in dioxan-water 
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Fig. 2. Variations of  log K 2 values of methyl-substituted 
Schiff's bases with the mole fraction of dioxan (Xdi . . . .  )" ~ ,  
Reference; (3, 2-CH3; A, 3-CH3; El, 4-CH3. 

mixtures  decrease wi th  increas ing d ioxan  con- 
tent  in the solvent  mix ture  as shown in Figs.  
2 - 4 .  F o r  all Schiff 's bases  s tudied,  it is ob-  
served tha t  the re la t ionships  are l inear  over  the 
range  o f  d ioxan  mole  f rac t ions  f rom 0.08 to 
0.24. However ,  log  K2 values  at  a mole  frac- 
t i o n o f  d ioxan  o f  0.33 are  sl ightly h igher  than  
those  expected f rom the l inear  t rend.  The  l inear  
equa t ions  and  the re la ted  regress ion coefficients 
are l isted in Tab le  3. This  l inear  va r i a t ion  is 
very s imilar  to tha t  found  for  sal icyl idene-  
anil ines in the  same med ia  [1]. This  obse rva t ion  
is not  surpr is ing  as the molecu la r  species H L  
would  be so lva ted  be t te r  t han  the ionic species 
H2 L+  in the solvent  mix ture  rich in d ioxan .  
The  fact  tha t  an increase in log K2 values ap-  
pea red  at  Xd~o~=, = 0.33 suggests  tha t  these val-  
ues may  pass  t h rough  a m i n i m u m  as the wate r  
conten t  becomes  low. Such dev ia t ions  o f  lin- 
ear i ty  are  charac ter i s t ic  o f  the d issoc ia t ion  o f  
the cha rged  acids  in a n u m b e r  o f  mixed solvent  

4.6 

4,2 

o 
3.8 

3.4 

3.0 ! i 

012 
I 

0 0 .1  0.3 
X d i o u  n 

Fig. 3. Variations of IogK 2 values of ethyl-substituted 
Scbiff's bases with the mole fraction of  dioxan (xdio,a,). G, 
2-C2H~; A, 3-C2Hs; El, 4-C2Hs. 

4.6 

O ~ 3 . 8  

3.4 

3,0 0 0.'1 012 ',, 0:3 
Xdioxan 

Fig. 4. Variations of log K 2 values of methoxy-suhstituted 
Schiff's bases with the mole fraction of dioxan (Xdio,,n). Q, 
2-OCH3; A,  3-OCH3; El, 4-OCH3. 

m e d i a  and  can sat is factor i ly  be expla ined  by  
differences in solvent  s tab i l iza t ion  o f  the species 
H + and  H2L +, resul t ing f rom the m a r k e d  pref-  
erence o f  the p r o t o n  for  water  [20,21]. I t  m a y  
also be caused by ignor ing  the var ia t ion  o f  the 
dielectr ic  cons tan t  o f  the solvent  molecules  in 
the vicinity o f  an ion tha t  can arise f rom 
preferent ia l  so lva t ion  o f  the solute  by water  o r  
an organic  c o m p o n e n t  o f  the solvent  mix ture  
[14,22,23]. W e  have also observed  s imilar  be- 
haviors  for  bo th  sal icyl ideneani l ines  and  
pyr id ines  in aqueous  e thano l  [2,3]. I t  can thus  
be said tha t  the na tu re  o f  the  solvent  effects on  
the  p r o t o n a t i o n  o f  the imine n i t rogen a t o m s  o f  
SchiWs bases  is as expected f rom tha t  o f  the 
uncha rged  bases in mixed  solvent  media .  

W h e n  the var ia t ion  o f  log Kt values o f  the 
phenol ic  moie ty  o f  Schiff 's  bases  with solvent  
compos i t i on  is examined ,  it is found  tha t  the 

Table 3 
Linear relationships between the log K 2 values of substi- 
tuted 2-hydroxy-l-naphthalideneanilines and the mole frac- 
tion of dioxan (from 0.08 to 0.24) 

R Equation r ~ s b 

H log K 2 -- 4.277 - 3.144x -0.994 0.025 

2-CH3 log/('2 = 4.048 - 3.151x -0.999 0.008 
3-CH 3 log K 2 = 4.298 - 2.657x -0.991 0.028 
4-CH 3 log K2 = 4.625 - 2.490x -0.991 0.031 

2-C2H 5 log K2 -- 3.972 - 3.046.4 -0.995 0.093 
3-C2H 5 log K2 = 4.322 - 3.065x -0.997 0.017 
4-C2H 5 log K 2 = 4.630 - 2.741x -0.980 0.038 

2-OCH 3 log K 2 = 4.210 - 2.968x -0.981 0.040 
3-OCH 3 l o g  K 2 - 3 . 9 0 6  - -  2.124x -0.956 0.045 
4-OCH~ log K2 = 4.633 - 1.856x -0.992 0.016 

= Regression coefficient. 

b Standard deviation of the regression line. 
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Fig. 5. Variations of log K I values of 2-hydroxy-l-naph- 
thalidene-4-ethylaniline with the mole fraction of dioxan 
(Xd ioxan)-  

would be solvated better than the L -  species in 
solvents containing a higher concentration of  
dioxan, whereas the opposite would be true for 
a solvent rich in water, and thus the log K~ 
values would be expected to increase as ob- 
served with increase of  dioxan concentration. 
The steep increase of the log K, values at 
Xdi . . . .  = 0.33 may be connected at least par- 
tially with a change in the effective dielectrc 
constant in the cibotactic region [14]. Thus, our 
results for Schiff's bases in the present and 
previous work [1,2] support the hypothesis that 
solute-solvent interactions of  a non-electro- 
static nature play an important role in con- 
trolling acid-base processes in the mixed sol- 
vents. 

general trends of  the curves obtained are quali- 
tatively similar. All the curves increase as the 
mole fraction of  dioxan increases up to 0.24, 
above which they rise rapidly, as seen in the 
example given in Fig. 5 for 2-hydroxy-l-naph- 
thalidene-4-ethylaniline. In an attempt to assess 
more clearly the electrostatic contributions to 
the solvent effect on protonation, log K~ values 
are plotted as a function of  the reciprocal of  
the dielectric constants (l/e) of  the mixed sol- 
vent. Fig. 6 shows such a plot. It is evident that 
a straight line is not obtained, as would be 
expected if the simple Born's model were an 
adequate representation of solvent effects on 
the protonation constants of uncharged acids 
such as phenols [21,24,25]. This observation 
may be explained by the existence of  a non- 
electrostatic contribution to the variation in 
log K1 with increasing dioxan content which is 
a result of  selective interactions between the 
molecular or anionic form of  the Schiff's base 
and the preferred species of  solvent molecules. 
In the related equilibrium, the HL species 

9.60  

9./~) 

9 .20  

-- 9 .00  

.~ 8 . a0  

8.40 

Z 

, ~  ,.~ ,.'6 ,:7 ¢.a 1'.9 
• (1/t)xlO 2 

Fig. 6. Variations of log Kj values of 2-hydroxy-l-naph- 
thalidene-4-ethylaniline the reciprocal of dielectric con- 
stants (i/e) of dioxan-water mixtures. 
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Abstract 

A highly selective, rapid and direct amperometric method, based on the formation of a complex between 
tin(II) and 8-hydroxyquinoline (oxine), has been developed for the determination of trace levels of tin(II) 
using flow injection analysis. Tin(II) electro-oxidation was catalyzed by oxine; its oxidation peak occurred 
at +0.05V vs. Ag/AgC1 at a glassy carbon electrode in 0.1 moll -~ acetate buffer (pH 6). A linear 
relationship was obtained between the peak current and the tin(II) concentration in the range 0.25- 
20 Bmol 1-1. The detection limit was 0.1 Bmol l-~ and the relative standard deviation calculated by the 
injection of a l0 lamol l-~ tin(II) solution was 5% (n = 20). Optimization of several experimental parameters 
has been carried out and the influence of numerous cations and possible interfering molecules encountered 
in radiopharmaceuticals and in dental gels has been investigated. The method was applied to the 
determination of tin(II) in dental gels. 

Keywords: Amperometric detection; Dental gel; Flow injection analysis; 8-Hydroxyquinoline; Tin(II) deter- 
mination 

1. Introduction 

Tin occurs in trace amounts in most foods 
and in larger amounts in canned foods [1]. A 
rapid, selective and quantitative assay for inor- 
ganic tin(II) used as a reducing agent for ra- 
dioactive 99mTc(VII) would be very desirable in 
the quality assurance control of  radiopharma- 
ceutical "kits". Tin (II) fluoride is used in gel 
formulations for the treatment of  dental sur- 
faces. However, on standing, tin(II) is oxidized 
and the gel loses its activity. Actually, the 
determination of  tin(lI) in the presence of 
tin(IV) is of  considerable interest. 

Many techniques have been described for the 
determination of  total tin after conversion to 

* Corresponding author. 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights 
SSDI 0039-914005)01650-3 

tin(II) or tin(IV), such as atomic absorption 
spectrometry [2-6], fluorimetry [7], spectropho- 
tometry [8-14], polarography [15-19] and an- 
odic stripping voltammetry [20-25]. Tin, when 
present in appreciable amounts, can be deter- 
mined by gravimetry or oxidative volumetry 
with potentiometric detection [26-29] or by 
complexometry [27]. Few methods allow the 
determination of  tin(II) in the presence of 
tin(IV); they are generally complex, insensitive, 
and time-consuming. Tin(II) is the least fa- 
vourable cation for analytical investigations; it 
is not only readily oxidized by air [30] 
(Eo(Sn(II)/Sn(IV) ~ +0.15 V vs. NHE), but it 
also precipitates and forms basic oxides above 
pH 2 [31]. 

The compound 8-Hydroxyquinoline (oxine; 
8-quinolinol) is a well-characterized reagent 

reserved 
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that reacts with more than 60 metal ions to 
form complexes whose aqueous phase forma- 
tion constants range from about l04 (Ba 2+) to 
1038 (Fe 3+) [32]. It is a useful reagent for the 
extraction, separation and spectrophotometric 
detection of metal ions [33]. Oxine (HOx) has 
been extensively applied to the polarographic 
[34-37] and adsorptive stripping voltammetric 
[38-41] determination of trace metals using 
mercury electrodes. The latter, however, are 
quite unstable under hydrodynamic conditions. 
Recently, Cai and Khoo [42] determined alu- 
minium(III) at trace levels in water samples by 
differential pulse adsorptive stripping voltam- 
metry based on the oxidation of the alumin- 
ium(III)-HOx complex at a glassy carbon elec- 
trode at +0.88 V vs. Ag/Ag +. The complexa- 
tion kinetics were fast; however, numerous 
other metals interfere since they show, once 
complexed by oxine, an oxidation peak close to 
the aluminium(III)-oxine oxidation peak [42]. 
In a project devoted to tin(II) analysis, we 
discovered that the oxidation of tin(II) at solid 
electrodes was catalyzed thanks to its complex- 
ation by oxine and occurred at a potential close 
to +0 V vs. Ag/Ag + [43]. In the present work, 
flow injection analysis (FIA) with amperomet- 
ric detection was used for the rapid and selec- 
tive determination of tin(II). A study of the 
possible interferences present in radiopharma- 
ceutical kits and its application to tin(II) analy- 
sis in a dental gel formulation is illustrated. 

2. Experimental 

2.1. Apparatus 

a thin-layer electrochemical cell (BAS; LC-CC5 
dual glassy carbon working electrode 2 x 3 mm 
in diameter). The electrode potential was ad- 
justed by means of a potentiostat (BAS; LC- 
4B). Amperometric currents were recorded 
using a Y - t  recorder (Kipp & Zonen, type BD 
41). The pH measurements were made with a 
Tacussel Mini 80 pH meter. 

2.2. Reagents 

All chemicals were of analytical grade. 
Tin(II) chloride dihydrate was from Merck. 
Oxine (HOx), 8-hydroxyquinoline-5-sulfonic 
acid hydrate, 8-hydroxyquinoline-7-iodo-5-sui- 
fonic acid, and 8-hydroxyquinoline-N-oxide 
were obtained from Aldrich. Methylene 
diphosphonic acid (medronic acid), (~, o)-glu- 
coheptonic acid and gentisic acid were from 
Sigma, pentetic acid (Schuchardt Miinchen), 
dimercaptosuccinic acid (DMSA) and 4- 
aminobenzoic acid were from Aldrich. A stan- 
dard solution of tin(II), prepared in 
nitrogen-deaerated HCI, was titrated iodomet- 
rically [44,45]. A fresh solution (0.01 moll -I) 
was prepared daily and kept in the dark before 
use. Tin(IV) and other metal ion solutions were 
prepared by dissolution of the corresponding 
salts in 0.1 moll -~ HCI. A stock solution 
(0.01moll -I) of oxine was prepared in 
methanol and protected from light by storage 
in a dark glass bottle. A 0.1 tool 1-~ acetate 
buffer (pH 6) served as the carrier and for 
solution dilution. It was prepared by sodium 
acetate trihydrate dissolution in demineralized 
double-distilled water and the pH was adjusted 
to 6 with 0.1 tool 1-~ HC1 solution. 

Voltammetric measurements were made with 
a BAS CV 27 electrochemical analyzer and a 
three-electrode cell coupled to a HP 7090A 
recorder. A 3 mm diameter glassy carbon elec- 
trode (BAS), a platinum wire and an Ag/AgCl 
(3 M NaCl) electrode (BAS), served as work- 
ing, auxiliary and reference electrodes, respec- 
tively. The other working electrodes used were 
a dual carbon paste electrode (BAS; diameter, 
3 mm) prepared from standard paste 
(Metrohm Ea 207c) and a carbon paste elec- 
trode bulk modified by 8-hydroxyquinoline 
(5% (m/m)). The flow system consisted of a 
pump (Hiload T M  pump P-50) used to deliver 
the carrier, and a rotary valve with a 20 lal loop 
for sample injection. The reaction coil was 
50 cm x 0.02 cm i.d. Peek tubing connected to 

2.3. Analytical procedure 

The amperometric signal was obtained by 
holding the electrode at + 0.15 V vs. Ag/AgC1. 
The carrier flow rate was 1 ml rain -j .  Several 
media were tested for the tin(II) stock solution 
preparation, namely acetonitrile [46], DMSO 
[47], DMF [48], glycerol and polyalcohols [48- 
50], but better repeatability of the tin(II)-oxine 
response was obtained using l moll -I HCI. 
The tin(II)-oxine complex was prepared by 
adding aliquots (less than 100 lad of the deaer- 
ated tin(II) stock solution to 10ml of 
0.1 mol 1 -~ acetate buffer (pH. 6) containing 
0.25 mmol l-  I oxine (the latter was the blank). 
After standing for l rain, the tin(II)-oxine so- 
lution was injected into the FIA system. It 



K. Boutakhrit et al. / Talanta 42 (1995) 1883-1890 1885 

should be mentioned that the pH of  the in- 
jected solution was lower than the cartier pH, 
at worst by approximately 0.3 pH units. The 
blank response was low, and its magnitude, i.e. 
2nA,  was subtracted from the tin(II)-oxine 
response. The tin(II)-oxine solutions were pre- 
pared just before injection. Before each set of 
experiments (i.e. daily), the glassy carbon 
working electrode (GCE) was polished with 
0.01 lam alumina slurry on a polishing cloth 
(BAS). 

3. Results and discussion 

3.1. Linear scan voltammetry 

A linear scan voltammogram (LSV) of 
0.1 mmol l  -I  tin(II) (Fig. 1, curve a) in 
0.1 mol 1 -~ acetate buffer (pH 6) showed an 
oxidation process starting at +0.15 V and 
spread over a large potential range (from 
+0.15 to +0.6V).  The broad shape of the 
curve was not very useful from an analytical 
point of  view (in terms of  sensitivity and selec- 
tivity). The linear scan voltammogram of 
0.2 mmol 1-] oxine in 0.1 mol 1-] acetate buffer 

U 

-6.S 6 +6.5 Ao 
E, V(vs Ag/AgCI) 

Fig. I. Linear-scan vol tammograms at the glassy carbon 
electrode in 0.1 mol I -  t acetate buffer (pH 6). (Curve a) 
buffer + 0. I mmol  1- ~ tin(I I); (curve b) buffer + 
0 . 2 m m o l l - ~  HOx, PI is at +0 .58V;  (curve c) 
buffer + 0.2 mmol  I -  = HOx + 25 lamol 1- ~ tin(ll), P2 is at 
+0.05 V, P3 is at + l . 1 3 V .  (Scan rate, 2 0 m V s - ~ . )  

~ H  6) showed one well-defined oxidation peak 
(PI) at +0 .58V (Fig. 1, curve b). On the 
addition of tin(II) (0.05mmoll-~),  P1 de- 
creased and two new oxidation peaks ap- 
peared, one (P2) located at a less positive 
potential (+0.05V) and the other (P3) at a 
more positive potential than P1 (+1.13 V) as 
shown in Fig. 1, curve c. Subsequent additions 
of tin(II) lead to an increase in the peaks P2 
and P3 and a decrease in peak P1. On the 
addition of tin(IV), P1 decreased and the oxi- 
dation peak P3 increased (not shown). As re- 
ported previously [43], peak P2 corresponded 
to the oxidation of tin(II) catalyzed by oxine 
and P3 corresponded to the oxidation of the 
oxinate complexed to tin(IV). At this point in 
the work, it is interesting to note that an 
electrode held at + 0.15 V will not sense oxine 
or tin(II), but will sense the tin(II)-oxine com- 
plex. 

Several molecules structurally related to ox- 
ine have also been investigated as possible 
complexing agents for tin(II) catalytic oxida- 
tion (see experimental section), but oxine was 
found to give the best signal in terms of peak 
shape and ease of oxidation [43]. 

3.2. Optimization of  Sn(lI)-HOx formation 

c Effect of  HOx concentration 
The intensity of the t in(II)-HOx peak (P2) 

was measured by LSV in acetate buffer (pH 6) 
as a function of the HOx concentration in the 
presence of  50 lamol 1 -~ tin(II) (Fig. 2). The 
peak height increased linearly on raising the 
HOx concentration from 20 to 50 lamol ! -] b 
(slope 1) and from 50 to 80 Iamol 1 - j  (slope 2); 
it remained constant beyond 80 lamol 1- ~ oxine 
(i.e. the complete complexation of t in(II)-HOx 
was attained). From the structure of the iso- 

a lated and spectroscopically characterized 
(NMR, Mrssbauer, IR) tin(II)-oxine, and in 
accordance with the UV-vis spectroscopic data 
[51], our results suggested that complexes with 
stoichiometries of 1:1 tin(II)/HOx (slope 1) and 
1:2 tin(II)/HOx (slope 2) were formed, respec- 
tively. 

Influence of pH 
The solution pH may influence the distribu- 

tion both of tin(II) [31] and of the HOx species 
(pKat = 4.9; pKa2 = 9.8) [52]. In the pH range 
5-9, HOx existed mainly in its neutral form. 
At pH values above 8.8 and below 5.9, HOx 
was converted to the phenolate C9H6NO- ion 
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[HOxl (uM) 
Fig. 2. Peak current (LSV) of  t in(II) -HOx as a function of  
the HOx concentration. (Cs,(u) = 50 lamol 1-~; 0.1 mol I -~ 
acetate buffer (pH 6).) 

and the oxinium CgH6N+OH cation, respec- 
tively. The peak height of the tin(II)-HOx 
complex, studied by LSV, was constant in the 
pH range 5-7, whereas at lower or higher pH 
values it diminished (Fig. 3). This indicated 
that the complexation was complete in the pH 

0.7 il~'UA) 

0.6 

0.5 

0,4 

0.3 

0.2 

O.1 

~LI .41  

0 1 I I 

0 2 4 6 8 

pH 

Fig. 3. Peak current (LSV) of  t i n ( l l ) -HOx as a function of  
pH (acetate adjusted with HCI or NaOH). 
(Cs , ( , )=501amol l -~ ;  CHO~=0.1 rnmoll  -~. Scan rate, 
20 mV s-~.) 

range 5-7 i.e. where oxine existed in its neutral 
form. Below pH 5, the protonation of oxine 
inhibited tin(II)-HOx formation and above 
pH 7, formation of the complex Sn(OH)f may 
occur [31,51]. We note also that the tin(II)- 
HOx peak (P2) shifted to less positive values by 
raising the pH from 2 to 5 and it became pH 
independent in the range 5-8. Several elec- 
trolytes have been tested, namely NaOAc- 
HCI, NH4OAc, NH4CI-NH3, NaH2POa- 
Na2HPO4 and H4Cit-Na3HCit (all at a con- 
centration of 0.1 moll -1 and at pH 6). The 
oxidation peak shape (intensity and potential) 
of the tin(II)-HOx complex was found to 
differ significantly depending on the electrolyte 
used. In phosphate buffer, a 40% peak decrease 
was observed compared with the peak obtained 
in acetate buffer, a phenomenon likely to be 
due to competition between phosphate and ox- 
ine for tin(II) complexation. In subsequent 
work, a pH 6 NaOAc-HCI buffer was selected 
because of a better peak sensitivity and buffer- 
ing capacity (acetate is also a weak competitor 
for tin(II) complexation). 

3.3. Flow injection analysis of tin(H) 

Stability of the tin(ll)-HOx complex 
Solutions of tin(II) (10 lamol 1-~) in the pres- 

ence of 0.2 mmol 1 -I oxine at pH 6 were in- 
jected into the FIA set-up, the electrode being 
held at +0.15V (see experimental section). 
Experiments were performed in the presence 
and in the absence of dissolved oxygen in the 
sample and the carrier. The FIA response was 
reproducible for the first 10 min following the 
preparation of the complex, then a gradual 
current decrease was observed with a loss of 
25% of the peak height after 20 min of stand- 
ing. Since no significant difference was ob- 
served in the presence or absence of dissolved 
oxygen, the decline in the response may most 
likely be attributed to the poor solubility of the 
metal-oxinate complex (between 1 nmoll -~ 
and 1 lamoll -I) [53]. From these results we 
may infer that the linear scan voitammetric 
determination of tin(II)-oxine, using the stan- 
dard additions method, would be inappropriate 
due to the length of the procedure. With use of 
FIA, the total analysis time was reduced to 
3 min per sample. 

Choice of the working electrode 
In LSV, the GCE needed resurfacing by 

manual polishing after each scan in order to 
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Fig. 4. Hydrodynamic voltammogram of 501amoll - I  tin(ll) (carrier, 0.l m o l l - '  acetate buffer (pH 6); flow rate, 
l ml ra in- ' ) .  

remove adsorbed products due to tin(II)-HOx 
oxidation. In FIA, the electrode was renewed 
daily since fouling was minimized due to re- 
duced contact time and thanks to the washing 
out effect exerted by the carrier flow. A com- 
parative study of several working electrodes 
has been carried out. The slope of the calibra- 
tion graph obtained in FIA at the GCE was 
seven and three times higher than at the carbon 
paste electrode (CPE) and oxine-modified CPE, 
respectively. 

Effect of the applied potential and flow rate 
As reported in Fig. 4, the hydrodynamic 

voltammogram (HDV) of the tin(II)-HOx 
complex (10 lamol 1-1) at the GCE showed an 
almost sigmoidal curve, indicating a diffusion- 
controlled process. In order to achieve good 
signal stability and sensitivity, an applied po- 
tential of +0.15 V was selected. The FIA re- 
sponse of the injected tin(II)-HOx complex 
(101amoll -I) increased linearly upon raising 
the flow rate to 0.7 ml min-t; it remained con- 
stant beyond this value. A flow rate of 
1 ml min-i  was selected for further studies. 

Analytical characteristics 
Actually, the FIA experiments may be per- 

formed as described above (see experimental 
section) or by using a carrier containing the 
complexing agent, provided that the complexa- 
tion is fast. The latter procedure consisted of 
using a 0.1 mol 1-t acetate buffer carrier at pH 
6 containing oxine (0.25 mmol 1 -I) and inject- 
ing the tin(II) sample just after its preparation 
in the acetate buffer. Both procedures have 

been shown to be suitable for tin(II) determina- 
tion, with no significant differences in terms of 
sensitivity. A linear relationship was observed 
between the amperometric signal and tin(II) 
concentrations between 0.25 and 20 lamol l-l;  
Ip (nA) = 10. l x [Sn 2+] (lamol 1-1) + 2.98 
(r = 0.998). Typical FIA responses as a func- 
tion of tin(II) concentration are shown in Fig. 
5. The repeatability was studied by serial injec- 
tions of a 10 ~tmoll-' tin(II)-HOx solution 
and the relative standard deviation was 5% 
(n = 20). The detection limit (three times the 
standard deviation of the blank) was 
0.1 lamol 1-' by FIA and 10 ~tmol 1-' (signal- 
to-noise ratio, 3) by LSV. 

Interferences 
In the amperometric tin(II)-HOx determina- 

2.3.,~ 

4flA 

5 

t U 
TIME 

Fig. 5. Calibration peak signals for tin(ll) determination 
by FlA. (E a = +0.15 V; flow rate, I ml rain-i ;  t in(i l)con- 
centration: peaks l, blank (buffer+0.2mmoll  - I  HOx); 
peaks 2, 0.25 laM; peaks 3, 0.5 ]aM; peaks 4, 0.75 laM; 
peaks 5, I laM; peaks 6, 2 laM. 

TAL 4Z: IZ4 
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Table l 
Oxidation peak potential of metal-HOx complexes at the 
glassy carbon electrode ~ 

Metal ion P2 P3 
(V vs. Ag/Ag +) 

AI{III) 0.94 
Ca(ll) 
Cd(ll) 
CoOl) 0.86 
Cr(iIl) 
Cu(ll) 0.84 
Fe(ll) 0.89 
Fe(ill) 0.89 
Mg(ll) 
Mn(ll) 1.10 
Ni(lI) 0.83 
Pb(ll) 
Sn(IV) 1.13 
Sn(II) 0.05 1.13 
Zn(II) 

In 0.1 mol I -~ acetate buffer (pH 6; CHo x = 50 lamol I-t; 
CMeta I = l0 lamoI 1- i. 

t ion, provided that  there was an excess of  oxine, 
the cat ions investigated did no t  interfere at the 
applied potent ia l  because, once complexed by 
oxine, they showed no response (Ca, Cd, Cr, 
Mg, Pb, Zn)  or an oxidat ion peak P3 at a high 
positive potent ia l  (AI, Co, Cu, Fe, Mn,  Ni, 
Sn(IV)) (Table 1) [41]. The influence of  different 
molecules which may be present  in radiophar-  
maceutical  kits a long with t in(II)  has been stud- 
ied. As shown in Table  2, except for D M S A  and 
ascorbic acid (AA), the molecules were not  

electroactive at +0 .15  V. The effect of  these 
molecules on the t i n ( I I ) - H O x  peak is also 
shown in Table  2. It appeared that  in addi t ion  to 
A A  and  D M S A  interference, radiopharmaceut i -  
cal kits con ta in ing  molecules which form strong 
complexes with tin(II),  such as medronic  acid, 
4-aminobenzoic  acid and pentetic acid gave rise 
to a decrease in the t i n ( I I ) - H O x  peak. The 
interference of  AA, however, could be avoided 
by injecting the sample in the absence (AA 
response) and in the presence of  oxine 
( A A +  t i n ( I I ) - H O x  response) and  subtract ing 
the signals. 

A p p f i c a t i o n  

The method  was applied to the de terminat ion  
of  t in(II)  by analyzing two lots of  dental  gel 
formula t ion  (gel composi t ion:  sorbitol,  water, 
hydrated silica, PEG-32,  sodium lauryl sulfate, 
xa n t hum gum, s tannous  pyrophosphate ,  
flavour, t i t an ium dioxide, zinc citrate, sodium 
fluoride, sodium saccharin). The sample was 
dissolved in 1 mol 1-i  deaerated HCI and soni- 
cated for 5 min.  Samples were clarified by stand- 
ing and  the superna tan t  was injected after pass- 
age through a 0.45 lam filter. Two samples have 
been analyzed (5 assays per sample, 5 injections 
per assay). The t in(II)  results were obta ined  by 
reference to the cal ibra t ion curve and  were in 
good agreement  with results obta ined  by 
iodatometry  [44,45] (Table 3). The calculated t 
and  F values did not  exceed the theoretical 
values (Table 4). F rom the obta ined  data,  it 

Table 2 
Electroactivity and effect of interferents on tin(li)-HOx oxidation, in F1A ~ 

Interferent Concentration Electroactivity b Tin(ll)-HOx Peak change 
(mol I - ' )  peak ¢ (%) 

lnositol 10- 2 _ _ 0 
Sodium chloride 10 -~ - - 0 
Dimercaptosuccinic acid 10 -4 + + + 17 
Sodium tartrate 10 -2 - - 0 
Pentetic acid 10 -z - + -49 
Albumin 0.025'7. (m/v) - - 0 
Ascorbic acid l0 -4 + + + 34 
Lactose 10- -~ - - 0 
Succinic acid l0 -2 - - 0 
Gentisic acid l0 -4 - - 0 
Sodium (~, D)-glucoheptonate I 0 - 4 _ _ 0 
Medronic acid 10 -4 - + - 56 
4-Aminobenzoic acid 10 -4 - + - 17 
Sodium laurylsulfate 10 -4 - - 0 

~g~= +0.15V; flow rate, 1 mlmin -~. 
b - ,  No electroactivity. 

--, No effect. 
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Table 3 
Determination of tin(II) and total tin in dental gel (n = 5) 

Sample Volumetric methods Proposed method 
(amperometry) 

Tin(ll) ~ Total tin b T i n ( I I )  
(%) (%) (%) 

I 0.19+0,01 0.77__+0.01 0.18_+0.01 
1I 0.11 __0.01 0.75 _+0.03 0.10 -+ 0.01 

" Determined by iodatometry. 
b Determined by complexometry [27,54] and corrected 
from the Zn content (0.12% by ICP-AES). 

Table 4 
Statistical data concerning the results in Table 3 

Analyte /calculated /theoretical Fcalculated ftheoretical 

Tin(ll) 1.414 2.776 1 6.39 
Total tin 0.16 2.90 196 225 

appeared that the gels have a quite low tin(II) 
content with respect to total tin and that the 
tin(II) content was lower in the aged sample II. 

Acknowledgements 

Thanks are expressed to Bioanalytical Sys- 
tems, Inc., (BAS-USA) for providing instru- 
mentation support. Thanks are also expressed 
to O. Dufour for ICP-AES analysis of zinc. 

References 

[1] G. Weber, Fresenius Z. Anal. Chem., 321 (1985) 217. 
[2] K.C. Thompson and D.R. Thomerson, Analyst, 99 

(1974) 595. 
[3] R. Pinel, I.G. Gandjar, M.Z. Benabdallah, A. Astruc 

and M. Astruc, Analusis, 12 (1984) 404. 
[4] R.V.C. Peddy, G. Kalpana and V. Koshy, Analyst, 

117 (1992) 27. 
[5] Z. Fang and L. Sun, Talanta, 39 (1992) 383. 
[6] B. Welz, M. Schubert-Jacobs and T. Guo, Talanta, 39 

(1992) 1097. 
[7] S. Rubio, A. Gomez-Hens and M. Valcarcel, Analyst, 

I10 (1985) 43. 
[8] D.-J. Wang, Z.-H. Xie, Q.-L. Wu, Y.-J. Song and 

S.-Y. Jin, Analyst, 116 (1991) 1189. 
[9] M. Omar and H.J.M. Bowen, Analyst, 107 (1982) 654. 

[10] V.H. Kulkarni and M.L. Good, Anal. Chem., 50 
(1978) 973. 

[11] R. Pyare and P. Nath, Analyst, 110 (1985) 1321. 
[12] S. Bajic and B. Jaselskis, Analyst, 116 (1991) 1059. 
[13] Y.K. Agrawal and V.J. Bhatt, Analyst, 110 (1985) 

1325. 

[14] L.F. Capit~in-Vallvey, M.C. Valencia and G. Miron, 
Anal. Chim. Acta. 289 (1994) 365. 

[15] G. Weber, Anal. Chim. Acta, 186 (1986) 49. 
[16] S.K. Bhowal and F. Umland, Z. Anal. Chem., 285 

(1977) 226. 
[17] M.D. McBride, R. George, W. Kessler and S. Shaw, 

J. Pharm. Sci., 66 (1977) 870. 
[18] J. Guifi6n and J. Garcia-Ant6n, Anal. Chim. Acta, 

177 (1985) 225. 
[19] G. Somer and A. Arslantas, Analyst, 119 (1994) 1257. 
[20] P. Debacker, J.L. Vandenbalck, G.J. Patriarche and 

G.D. Christian, Microchem. J., 26 (1981) 192. 
[21] T.V. Nghi and F. Vydra, J. Electroanal. Chem., 71 

(1976) 333. 
[22] E. Desimoni, F. Palmisano and L. Sabbatini, Anal. 

Chem., 52 (1980) 1889. 
[23] S. Dogan, G. Nembrini and W. Haerdi, Anal. Chim. 

Acta, 130 (1981) 385. 
[24] P. Kiekens, H. Verplaetse, L. De Cock and E. 

Temmerman, Analyst, 106 (1981) 305. 
[25] J. Wang, P. Tuzhi, R. Li and J. Zadeii, Anal. Lett., 22 

(1989) 719. 
[26] W. Malik and M. Ajmal, J. Electronanal. Chem., 6 

(1963) 450. 
[27] M,A. Marcilio de Almeida and C.P. Gonaealves Da 

Silva, J. Radioanal, NucL Chem., 176 (1993) 225. 
[28] S.N. Muddukrishna, A. Chen, T.R. Sykes and A.A. 

Noujaim, Appl. Radiat. lsot., 45 (1994) 293. 
[29] L.R. Chervu, B. Vallabhajosyula, J. Mani, S.B. Chung 

and M.D. Blaufox, Eur. J. Nucl. Med., 7 (1982) 
291. 

[30] S. Glodowski and Z. Kublik, Anal. Chim. Acta, 130 
(1981) 133. 

[31] M. Pettine, F. Millero and G. Macchi, Anal. Chem., 
53 (1981) 1039. 

[32] R.E. Sturgeon, S.S. Berman, S.N. Willie and J.A.H. 
Desaulniers, Anal. Chem., 53 (1983) 2337. 

[33] C. Baiocchi, G. Saini, P. Bertolo, G.P. Cartoni and G. 
Pettiti, Analyst, 113 (1988) 805. 

[34] B. Magyar and P. Richner, Mikrochim. Acta (Wien), 
II, (1987) 121. 

[35] R.M. Dagnall and S.K. Hasanaddin, Talanta, 15 
(1968) 1025. 

[36] P. Bosserman, D.T. Sawyer and A. Page, Anal. 
Chem., 50 (1978) 1300. 

[37] Y. Nagaosa and K. Kobayashi, Talanta, 31 (1984) 
593. 

[38] C.M.G. Van den Berg, J. Electroanal. Chem., 215 
(1986) 111. 

[39] C.M.G. Van den Berg, Analyst, 114 (1989) 1527. 
[40] C. Sun, J. Wang, W. Hu, X. Mao and W. Jin, J. 

Electroanal. Chem., 306 (1991) 252. 
[41] J. Wang and J. Lu, Talanta, 39 (1992) 801. 
[42] Q. Cai and S.B. Khoo, Anal. Chim. Acta, 276 (1993) 

99. 
[43] Z.P. Yang, J. Arcos, M. Alafandy, K. Boutakhrit and 

J.M. Kauffmann, Electroanalysis, in press. 
[44] J. Hefferren, J. Pharm. Sci., 52 (1963) 1090. 
[45] N.H. Furman, Standard Methods of Chemical Analy- 

sis, 6th edn., Vol. I, Robert E. Krieger, 1975, p. 
1079. 

[46] L.A. Avaca, E.R. Gonzalez and N.R. Stradiotto, J. 
Electroanal. Chem., 130 (1981) 255. 

[47] S.M.A. Jorge and N.R. Stradiotto, Anal. Lett., 22 
(1989) 1709. 



1890 K. Boutakhrit et al./ Talanta 42 (1995) 1883-1890 

[48] M. Manzini and L.O. de S. Bulh6es, Anal. Lett., 24 
(1991) 287. 

[49] S. Arribas, R. Rinc6n, R. Moro and M.L. Alvarez, 
Anal. Chim. Acta, 33 (1965) 205. 

[50] M.A. Sienra-Alvarez, A. Costa-Garcia, P. Tufion- 
Blanco and S. Arribas-Jimeno, J. Electroanal. Chem., 
179 (1984) 201. 

[51] M. Alafandy, Ph.D. Thesis, Free University of Brus- 
sels, 1995. 

[52] H.A. Mottola and H. Freiser, Talanta, 13 (1966) 55. 
[53] B.M. Vanderborght and R.E. Van Grieken, Anal. 

Chem., 49 (1977) 31 I. 
[54] M. Goldstein and G. Kober. Z. Anal. Chem., 279 

(1976) 1287. 



~." k ~  ~, . " , ' , ,a  

E L S E V I E R  Talanta 42 (1995) 1891 - 1895 

Talanta 

Indirect thermo-optical detection for capillary 
electrophoresis 

J i c u n  R e n  ,,i ,  B i n c h e n g  L i  ~, Y a n z h u o  D e n g  b..,  J i e k e  C h e n g  ~ 

, Department of Chemistry, Wuhan University, Wuhan 430072, People's Republic of China 
b Department of Analysis and Testing Science, Wuhan University, Wuhan 430072, People's Republic of China 

Received 28 October 1994: revised 16 May 1995; accepted 23 May 1995 

Abstract 

Indirect thermo-optical detection for capillary electrophoresis is described first. A 20 mW helium-neon 
laser (632.8 nm) was used to provide the pumping beam and a 2 mW helium-neon laser (632.8 nm) supplied 
as the probe beam; Methylene Blue dye was used as a background absorber. The addition of ethanol to the 
background electrolyte solution can be performed to reduce adsorption of Methylene Blue onto the capillary 
wall. The detection method was applied to the detection of amino acids separated by capillary electrophore- 
sis. The detection limit for lysine was 5 x 10 -6 mol 1 -~ (signal-to-noise ratio, 2). 

Keywords: Amino acids; Capillary electrophoresis; Indirect-optical detection; Methylene Blue 

1. Introduction 

Capillary electrophoresis (CE) is a highly 
efficient microvolume separation technique that 
can be applied to the separation of  a variety of  
compounds, including proteins, peptides, DNA 
fragments, pharmaceuticals, inorganic ions and 
organic compounds [1]. The detection methods 
used in CE mainly include UV absorbance 
detection [2], fluorescence detection [3], electro- 
chemical detection [4], laser interference refrac- 
tive index detection [5], thermo-optical 
detection [6], etc. However, many compounds 
do not inherently possess the necessary charac- 
teristics for sensitive detection, indirect detec- 
tion can be used as a more universal method 
for non-absorbing analytes (non-fluorescent 
and electrochemically inactive analytes) after 
CE separation. The possibilities for indirect 
laser-induced fluorescence detection have been 
studied by Yeung [7]. He used the latter detec- 

* Corresponding author. 
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Normal University, Changsha, 410081. China. 
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tion method in the separations of  amino acids, 
nucleotides, proteins, sugars and inorganic 
ions. Olefirowicz and Ewing [8] first demon- 
strated the use of  indirect amperometric detec- 
tion with CE and reported the successful 
separation of  amino acids and dipeptides. Indi- 
rect UV absorbance detection has been used 
extensively to detect inorganic ions, organic 
acids, amino acids, etc. [9]. However, the detec- 
tion limit for indirect UV absorbance detection 
is limited by a short light path in the UV 
absorbance detector. 

Crossed-beam thermo-optical detection pro- 
vides very small volumes, typically on the order 
of  a few picoliters. The sensitivity of  this 
method is almost unrelated to the light path. 
The thermal lensing and the thermo-optical 
interference approach were used in the crossed- 
beam thermo-optical method. Since the inter- 
nal diameter of  the capillary is small, the 
thermal lensing approach is difficult to use in 
CE. The interference detection technique has 
been widely employed in the crossed-beam 
thermo-optical detection method for CE. In 
thermo-optical detection, the two laser beams 

reserved 
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are located perpendicular to each other and in 
a plane orthogonal to the capillary tube. When 
the analyte passes through the detection win- 
dow, absorbance by the analyte will generate a 
temperature rise in the buffer. Since the refrac- 
tive index of almost every substance changes 
with temperature, absorbance of the pumping 
beam results in a refractive index change within 
the buffer that can be detected as a change in 
the intensity of the probe beam. Yu and 
Dovichi [10,11] exploited the high intensity and 
focusing ability of a laser to construct a 
thermo-optical detection system, which was 
used to detect derived amino acids after CE 
separation. The detection limit for glycine was 
42 attomol. But thermo-optical detection is rel- 
ative to the molar absorption coefficient of the 
analytes, the detector cannot be used directly 
to detect non-absorbing analytes. 

In this paper, an indirect thermo-optical de- 
tection method for detecting native amino 
acids after CE separation is first described. 
In the CE detector, Methylene Blue was used 
as a background absorber, and the addition 
of ethanol to the background electrolyte solu- 
tion (BGES) can reduce the adsorption of 
Methylene Blue onto the capillary wall and 
enhance the detector signal. 

2. Experimental 

2. I. Instrumentation 

The capillary electrophoresis system was 
constructed in the laboratory [5], and was simi- 
lar to that described previously by Jorgenson 
and Lukacs [12]. A high-voltage d.c. power 
supply (0-30 kV; made in Shanghai, China) 
was employed to provide a high voltage. The 
capillary used was of uncoated fused-silica, 
75 lam in i.d. (Yongnian Optical Fiber Fac- 
tory), and 59 cm in length (48 cm to the detec- 
tor). A 1 cm length of the polymer coating was 
carefully scraped; this was used as the window 
of the detector. The indirect thermo-optical 
detection system is shown in Fig. 1, and is 
similar to that described by Yu and Dovichi 
[10]. A 20mW helium-neon laser (M1000 
mode; made at the Shanghai Institute of Laser 
Technology) provided the pumping beam, and 
a 2mW helium-neon laser (TEMOO mode; 
made at the Shanghai Institute of Laser Tech- 
nology), provided the probe beam. Other de- 
tector components included a lock-in amplifier 

(ND240 mode; Nanjin University Instrument 
Factory), a chopper (194A mode, EG&G, 
USA), a photodiode (Wuhan University semi- 
conductor factory), and lens (3) and lens (6) 
( f =  9 mm). A recorder (Dahua instrument fac- 
tory; Shanghai) was used to record the electro- 
pherograms of the analytes. 

2.2. Chemicals 

Lysine, alanine and isoleucine were pur- 
chased from Sigma Co. Other chemicals were 
of analytical reagent grade (Shanghai Chemical 
Co.). Water was double-distilled. Samples were 
dissolved in the BGES. 

2.3. Experimental  procedure 

Alignment of the optical system was per- 
formed by filling the capillary with BGES con- 
taining Methylene Blue. The positions of the 
two lenses were adjusted so that the beams 
were both focused onto the capillary, this re- 
quired an iterative process to ensure maximum 
overlap between the pumping and probe laser 
beams. The probe beam was aligned first. The 
position of the focused lens was adjusted care- 
fully to obtain a high-contrast interference pat- 
tern in the forward direction of the probe 
beam. Subsequently, the pumping beam was 
focused onto the capillary until maximum 
overlap between the pumping and probe beams 
and minimum light scattering of the pumping 
beam at the point of detection were achieved; 
this generated the maximum signal. Once this 

3 
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Fig. 1. Schematic diagram of the detection system. I and 
2, helium-neon laser; 3, chopper; 4 and 5, lenses; 6, 
capillary; 7, aperture; 8, phot~liode; 9, lock-in amNifier; 
10, recorder. 
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Fig. 2. The structure and spectrum of  Methylene Blue. 
(Buffer, 2.5 x l0 -3  tool l - I  H3PO 4 + 20% ethanol; concen- 
tration of  Methylene Blue, l0 -5  mol l-~). 

was achieved, all optical components were 
fixed. In indirect detection, the power of the 
pump laser beam was 20 mW and its modu- 
lated frequency was 12 Hz. CE was performed 
as below. 

A new capillary was rinsed with 0.1 mol l -  
sodium hydroxide, double-distilled water and 
BGES, in the appropriate order. The capillary 
was filled with BGES by the hydrostatic 
method. The high-voltage output and the 
ground were connected to platinum electrodes, 
which were placed in 6 ml electrolyte reservoirs. 
The ends of the fused silica capillary were 
dipped in both reservoirs, completing the cir- 
cuit. The sample solution was introduced by 
siphoning at a given height. The electrophoresis 
was performed at constant voltage. A recorder 
was used to record the electropherograms of the 
analytes. 

3. Results and discussion 

3.1. Choice of background absorber 

In indirect thermo-optical detection, a he- 
lium-neon laser (632.8 nm) was used to provide 
a pumping beam. Experiments showed that the 
absorption wavelength of Methylene Blue can 
match that of the helium-neon laser beam. The 
structure and spectrum of Methylene Blue are 
shown in Fig. 2. The molar absorption co- 
efficient of the absorber at 633 nm is about 
5 x 1041 mol- i cm- '. 

...... ,ha acidic buffer, adsorption of Methylene 
~lhe onto the capillary surface was noted by 
Higashijima et al. [13]. In the experiments, we 
found that the addition of ethanol to BGES 
can reduce the adsorption of the capillary sur- 
face. The results are shown in Fig. 3. The 
increase in the concentration of ethanol was 
beneficial, leading to an improvement in the 
peak shape of Methylene Blue. This phe- 
nomenon can be attributed to the fact that 
ethanol can limit the dissociation of silanol on 
the capillary surface and the adsorption of 
Methylene Blue. Meanwhile, ethanol also en- 
hanced the Methylene Blue detection signal, 
because dn/dT of ethanolic solutions is larger 
than that of water solutions; this was beneficial 
for the improvement of sensitivity in indirect 
thermo-optical detection. 

3.2. lndirect detection 

The indirect thermo-optical detection of 
amino acids was accomplished by the addition 
of cationic absorber, Methylene Blue, to the 
BGES. When the capillary was filled with 
BGES containing Methylene Blue, a constant 
background thermo-optical signal was pro- 
duced in the detection system. Due to the need 
to maintain charge neutrality of the sample 
zone in CE, Methylene Blue in BGES was 
displaced by cationic analytes when they passed 
by the detection window. The displacement lead 
to a decrease in the background signal. As a 
result, negative peaks were expected in the 
electropherogram. Fig. 4 shows an electro- 
pherogram of amino acids in a phosphoric 

a 

I ' i i 

4 1 i0 18 I0 18 

Migration time (mln) 

Fig. 3. Electropherogram of  Methylene Blue. Buffer a, 
2 . 5 x 1 0 - 3 m o l l  - I  H3PO4: buffer b, 2 . 5 x  1 0 - 3 m o l l  - I  
H.~PO 4 + 20% ethanol; buffer c, 5 x l0 -3  mol I - I  
N a H 2 P O 4 + 4 0 %  ethanol, 19kV; sample, 10-4tool  I -~ 
Methylene Blue, 
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Fig. 4. An electropherogram of amino acids. Elec- 
trophoretic conditions: buffer, 2.5 × 10- 3 tool l -  
H.~PO4+20% ethanol+10-4mol l  - I  Methylene Blue; 
19kV. s. System peak; 1, lysine (5x 10-Smoll-~); 2, 
alanine (10 -4 mol 1- i); 3, isoleucine (10 -4 tool 1- t). 

acid-ethanol-Methylene Blue buffer. In this 
buffer, both the amino acids and the Methylene 
Blue possessed positive charges; the amino 
acids were detected by the indirect thermo-opti- 
cal method. The migration time of the first 
peak(s) in the electropherogram corresponded 
with that of Methylene Blue. Of three amino 
acids, the peak height of lysine was the largest 
since its mobility was nearest to that of 
Methylene Blue and it had the highest displace- 
ment ratio. 

3.3. Linearity and detection 

In CE analyses, the reproducibility depends 
on factors such as sampling, temperature, 
voltage, and position of the probe aperture in 
the thermo-optical detector. The effects of the 
above-mentioned factors can be reduced by 
using the internal standard method [14]. Fig. 5 
shows an electropherogram of tetrabutylam- 
monium bromide and lysine. In phosphate- 
ethanol-Methylene Blue buffer, the two com- 
pounds exhibited good peak shapes. Fig. 6 
illustrates the relationship between relative 
peak height and the concentration of lysine 
using tetrabutylammonium bromide as internal 
standard. When the concentration of lysine was 
below 10-4mol 1 -I, the equation for the cali- 
bration curve was h = 1.04 x 10 -4  C -  3.85 x 
10 -6 (where h is the relative peak height and C 
is the concentration of lysine; r = 0.9994). The 
detection limit for lysine was 5 x 10 -6 mol 1 -~ 
(signal-to-noise ratio, 2). 

s 

I 

i T I 

12 16 

Migration time(min) 

Fig. 5. An electropherogram of lysine and tetrabutylam- 
monium bromide. Electrophoretic conditions: buffer, 
56x 10-3moll  -I  NaH2PO4+40% ethanol+10-4mol 
I - I  Methylene Blue; 19kV. s, System peak; 1, lysine 
(2.5 x 10 - 3 m o l l - ' ) ;  2, tetrabutylammonium (2.5 x 
10-5 moll-I) .  

4. Conclusions 

In the present work, we have demonstrated 
indirect thermo-optical detection for CE. With 
Methylene Blue added to BGES as an ab- 
sorber, three amino acids were separated on a 
home-made CE system with indirect thermo- 
optical detection. Since the conditions in our 
laboratory were limited, in indirect thermo-op- 
tical detection, helium-neon lasers (632.8 nm) 
were used to provide both the probe beam and 
the pumping beam. If the probe beam is sup- 
plied by another laser, such as an argon ion 
laser, the detection limit in indirect thermo-op- 
tical detection can be further improved due to 
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Fig. 6. Calibration curve of lysine. Conditions as in 
Fig. 5. Internal standard, tetrabutylammonium bromide 
(10 -4 tool 1-i). 
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a decrease in the effects of light scattering from 
the probe beam. Future work will investigate 
possible improvements to the detection sensi- 
tivity including the use of highly stable lasers, 
and the improvement of  the optical configura- 
tion in the indirect thermo-optical detector to 
decrease the detector noise, leading to an en- 
hancement of  the signal-to-noise ratio. 
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Abstract 

The reaction behaviour of the fl-type chelates of lanthanide ions (Ln 3+) with p-bromochloroarsenazo 
(4-CAsA-pB) in 0.01 mol 1 -~ HC104 solution has been studied systematically by a spectrophotometric 
method. All the lanthanide ions can form /?-type chelates with p-bromochloroarsenazo. The maximum 
absorption wavelength is in the range 727-731 nm, the molar absorptivities are about 6.0 x 104- 
9.0 x 104 cm 2 mol -~, the composition ratio of Ln 3+ ions with 4-CAsA-pB is 1:2 and the actual combining 
ratio is 2:4. The optimum acidity range (ApH value) of the formation of/?-type chelates has been obtained. 
Kinetic parameters, such as the reaction order and rate constants, have also been studied and a formation 
mechanism for the fl-type chelates has been proposed. 

Keywords: Absorption spectra; fl-Type chelates; p-Bromochloroarsenazo; Kinetic parameters; Lanthanides 

1. Introduction 

The interaction between lanthanide ions and 
some 2,7-bis(arylazo) derivatives of  chro- 
motropic acid, which form chelates that have 
high molar absorptivities in the 700-800 nm 
region, has been for a long time, of  interest to 
analysts [1,2]. Many authors [3-7] have re- 
ported that these reactions can be used for the 
determination of  trace amounts of  light lan- 
thanide elements in the presence of  heavy lan- 
thanide elements. Some authors [7,8] have 
presented the kinetics and mechanisms of  the 
formation of  fl-type chelates. However, infor- 

mation concerning the reaction behavior of  
arsenazo-type reagents which contain an ax- 
ochromic group in the benzyl ring linked to the 
analytic group is still sparse. 

Therefore, as part of  a systematic study, in 
this paper we describe the fl-type chelates of  
lanthanide ions with p-bromochloroarsenazo (a 
new non-symmetric azo-type reagent; see 
Scheme 1). We determine the composition ratio 
and the actual combining ratio, investigate the 
optimum acidity range (ApH value) of  the for- 
mation of  fl-type chelates, the reaction order 
and the rate constants, and propose a process 
for the formation of  the fl-type chelates. 

Cl 

Scheme 1. The structure of 4-CAsA-pB 

OH OH 

HOaS ~ SOaH 

~N ~ Br 

* Corresponding author. Fax: (86) 931-766-8159. 
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Table 1 
The optimum acidity range (ApH value) for the formation of fl-type chelates for the system Ln ~+ with 4-CAsA-pB 

pH Ln ~+ ion 
parameter 

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

pHt 3.64 3.48 3 .24 3.06 3.24 3.05 2.70 2.38 2 .56 2 .69 2 .62 2.96 2.98 3.08 
pH 2 4.19 4 .06  3 .86 3 .70 3.92 3.76 3.72 3.48 3.60 3 .76 3.74 6.08 6.25 6.46 
ApH 0.55 0 .58 0 .62  0 .64  0.68 0.71 1.02 1.10 1.04 1.08 1.12 3.12 3.27 3.38 

T = 288 K. 

2. Experimental 

2.1. Apparatus 

The absorption is measured by means of  a 
U-3400 spectrophotometer  (Hitachi, Japan) at 
a constant temperature controlled by a model 
501 Super Thomosta t  (Shengzhen, China). The 
acidity is determined by means of  a model 
pHS-3C meter (Zhejiang, China). 

2.2. Reagents 

Standard solutions of  the lanthanide(III) 
ions were prepared by dissolving their corre- 
sponding oxides, which were of  spectral purity, 
in hot perchloric acid (adding hydrogen perox- 
ide when dissolving CeO2), then evaporating 
the excess acid and diluting with redistilled, 
deionized water to a given volume. The p-bro-  
mochloroarsenazo was provided as a gift by 
Professor Bincai Wu, Depar tment  of  Chem- 
istry, East China Normal  University, and was 
used without further purification (more than 
94% pure). The other reagents were all analyti- 
cal grade, and all solutions were prepared with 
redistilled, deionized water. 

2.3. Procedure 

(1) Preparation of  the complex solution in- 
volved adding 3.0ml of  1.0 x 1 0 - 4 m o l l  -~ p-  
bromochloroarsenazo (4-CAsA-pB) to a 25 ml 
calibrated flask which contained 1.0 ml of  a 
1.0 x 1 0 - 4 m o l l  -~ solution of  the lanthanide 
ion and requisite amounts  of  0 . 01m ol l  - t  
HCIO4 solution or 0.02 mol 1- t N a O H  solution 
(the resultant pH of  the final solution is shown 
in Table 1), diluting to the mark  with water 
and allowing to stand overnight. The absorp- 
tion was then measured in a 1.0 cm cell against 
a reagent or water blank, 

(2) Determination of  the rate constants for 
the formation of the fl-type chelates involved 

adding 2.0 ml of  1.0 x 10 -4 mol 1-~ 4-CAsA- 
pB to a 25 ml calibrated flask which contained 
1.0ml of a 1.0 × 1 0 - 4 m o l l  -~ solution of  the 
lanthanide ion and 2 .0ml of  0 .01mol l  -~ 
HCIO4 at a constant temperature, diluting to 
the mark with water, mixing well rapidly, then 
immediately measuring the variation of  absorp- 
tion with the time in the kinetic system, with 
use of  the U-3400 spectrophotometer.  

3. Results and discussion 

3.1. Absorption spectra 

The fl-type reactions of  14 lanthanides with 
4-CAsA-pB in 0.01 m o l l  -~ HCIO4 solution 
(pH 3.40-3.70) were studied and the results are 
given in Fig. 1. All the lanthanide ions form 

0.4 1 Dy ~ ~:Ho 

NdEu ~ '~ rTm 
C e ~ .  '')r 

I I I I N  ' 
4-CAsA-pB 

0 600 650 700 750 
k (nm) 

Fig. 1. The absorption spectra of fl-typ¢ chelates of Ln ~+ 
ions with 4-CAsA-pB. (CL,,+ = 4.0 x 10 -6 tool I -  i; 
C4.CA,A.pa= 1.2 × 10 -Smo l l - I ;  pH 3.40-3.70; HCIO4; 
T = 296 + 0.3 K; against reagents,) 
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o 
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Fig. 2. Absorption scans o f  fl-type chelates with respect to 
time for the system Eu 3+ with 4-CAsA-pB. 
(CEu = 4.0 x 10 -6  mol 1- i; C4.CAsA.p  B = 1.2 x 10 -5  mol 
I-~; pH 3 .40+0.1 ;  T =  296 _+ 0.3 K). Curve l, 2.0rain; 
curve 2, 5.0 min; curve 3, 10.0 min: curve 4, 20.0 min; curve 
5, 30.0 min: curve 6, 40.0 rain; curve 7, 50.0 min. 

homonuclear fl-type chelates with 4-CAsA-pB, 
the maximum absorption peaks of which shift 
from 727 nm to 731 nm with increasing atomic 
number of the lanthanides, and the absorptivi- 
ties correspondingly vary from 6.0 x l04 to 
9.0 x 104 cm 2 mol -~. 

Results from continuous scanning of the ab- 
sorption with respect to time show that there is 
a transformation from a-type to fl-type 
chelates (see Fig. 2 for the system of Eu 3+ ions 
with 4-CAsA-pB. A similar transformation was 
observed for the other lanthanides). During the 
transformation process, the absorption of the 
a-type chelates decreased while the absorption 
of the fl-type chelates increased. The fl-type 
chelates were stable for at least 12 h after the 
transition of the a-type chelates to the fl-type 
had reached equilibrium (for each lanthanide 
system, the time of equilibrium was different). 
However, on standing for more than 48 h, the 
absorbance decreased and a blue precipitate 
appeared. 

3.2. Determination of  the optimum acidity 
range (ApH value) of  the formation of  the 
fl-type chelates 

As is known, the acidity of the solution plays 
an important role in the formation of the fl- 
type chelates. We systematically determined the 
optimum acidity range (ApH value) for the 
formation of the fl-type chelates of the lan- 
thanide ions with 4-CAsA-pB. The results are 

listed in Table I. The determination showed 
that the optimum acidity range is different for 
each of the lanthanide systems; the ApH value 
is extended with increasing atomic number of 
the lanthanides and these changes can be di- 
vided into three groups: for La to Eu, the ApH 
value is about 0.5-0.7, for Ga to Er, the ApH 
value is about 1.0-1.1, and for Tm, Yb, Lu, 
the ApH values are about 3.1, 3.3 and 3.4, 
respectively. The conclusions are similar for the 
system of lanthanides with p-bromochloro- 
phosphonazo [9]. 

It is worth noticing that there is some definite 
relationship between the optimum acidity 
range for the formation of fl-type chelates and 
the deprotonation constants of the analytic 
functional group -AsO3H2. The minimum and 
maximum pH values (pHi, pH2) are almost 
approximately pk 3, pk4 if we consider the influ- 
ence of some lanthanide characteristics (i.e. the 
atomic number, the ionic radius, etc.). That is 
to say, the optimum acidity range is influenced 
by the deprotonation constants of the 
-AsO3H2 group and some lanthanide charac- 
teristics. 

3.3. Investigation of  the composition ratio and 
the actual combining ratio of  the fl-type 
chelates 

Using the continuous variation method [10] 
and the equilibrium shift method [11], we in- 
vestigated the composition ratio of the fl-type 
chelates of lanthanide ions with 4-CAsA-pB 

0.30 

0.25 - 

0.20 

,~ 0.15 

0.10 

0.05 
0 0.5 1.0 1.5 2.0 2.5 

VEu3+ 
3.0 2.5 2.0 1.5 1.0 0.5 

V4-CAsA-pB 

Fig. 3. Investigation of  the composit ion of  fl-type chelates 
by the cont inuous variation method. (Eu; wavelength 
2 = 728.5 nm; pH 3.20-3,40; T =  296 + 0.3 K.) 
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Fig. 4. Investigation of the composition of fl-type chelates 
by the equilibrium shift method. (Eu; 2 = 728.5 nm; pH 
3.20-3.40; T = 296 _ 0.3 K.) 
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1'4f i I r ~  1.2 

1.0 
0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.4! 

rA 
Fig. 6. Actual combining ratio of fl-type chelates. (Ce; 
2 = 727.8 nm; T = 296 + 0.3 K.) 

(see Figs. 3 and 4 for Eu; similar results are 
obtained for other lanthanide systems). The 
composition ratio, Ln 3 ÷:4-CAsA-pB was 
found to be 1:2. Furthermore, the actual 
combining ratio of the ]/-type chelates is in- 
sured to be 2:4 by a graphical method involv- 
ing the dilution effect model [12,13] (see Figs. 5 
and 6 for Ce; similar results are obtained for 
the other lanthanide systems). These investiga- 
tions show that the ]/-type chelates of lan- 
thanides with 4-CAsA-pB are polymers. 

0.45 

CLn-6.4xl04 tool I "t " ~ / - /  
cL°-eo.,o" mo,,' \/ 

\11 

i 

65O 7O0 750 
~. (nm) 

Fig. 5. Dilution absorption spectra of f- type chelates 
in the system Ln 3+ with 4-CAsA-pB. (Ce; the Ln: 4- 
CAsA-pB ratio is 1:2; T=296 +0.3 K.) 

3.4. The kinetics of  fl-type chelates 
From the absorption spectra of  Ln 3+ with 

4-CAsA-pB (see Fig. 1) we know that 
2p = 727-731 nm, 2, = 662-665 nm, 24-CA,A-pB 
= 572 rim, A2, = 90-92 nm, A2p = 155- 
159nm and AA~.p= 65-67 nm, so there is no 
influence on the scan of the absorption of the 
~-type chelate and the fl-type chelate with 
respect to time. Fig. 2 shows the conversion of 
or-type chelates to fl-type chelates, and the 
reaction order determination is shown in Fig. 
7. It is concluded that the conversion from 

-type chelates to fl-type chelates in 
0.01 mol 1-~ HCIO4 is a second-order reaction. 
Using the same graphical method, we investi- 
gated the rate constants for the ]/-type conver- 

10 

9! 

5 10 15 20 25 30 
t (rain) 

Fig. 7. The reaction order of ~-type chelates conversion to 
fl-type chelates. (Ce,~+ =4.0 x 10-~mol I-I; C,,cA,^. 
pB-- 8 . 0 x l 0 - 6 m o l l - ' ;  J.=728.5nm; T=296-1-0.3K; 
pH 3.40 _+ 0.1.) 
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Table 2 
Rate constants for the ~-type to ~'-type conversion reaction for tlie system Ln 3+ with 4-CAsA-pB 

1901 

Reaction Ln 3+ ion 
rate 

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

k (m 3 mol -I s -I) 0 .3t  0.33 0.69 1.02 21.2 23.0 20.8 25.9 28.0 30.1 31.2 14.0 46.4 21.9 

T= 296 _+ 0.3 K; pH 3.56 _+ 0.2. 

Table 3 
The influence of acidity on the reaction rate of fl-type chelates in the system Eu 3+ with 4-CAsA-pB 

Reaction pH 
rate 

3.03 3.07 3.14 3.28 3.56 4.23 

k (m -3 mol-z s- i) 19.56 19.79 32.48 25.78 23.84 16.81 

T = 298 + 0.3 K. 

sion from the u-type reaction in the system of  
lanthanide ions with 4-CAsA-pB at T = 296 + 
0.3 K and pH 3.56 + 0.2. The results listed in 
Table 2 show that the rate constants increased 
with increasing atomic number  of  the lan- 
thanides and that the rate constants for light 
rare earth elements and heavy rare earth ele- 
ments are very different. 

We also studied the influence of  acidity and 
temperature on the reaction rate in the system 
Eu ~ ÷ with 4-CAsA-pB. The results are listed in 
Tables 3 and 4. The reaction rate increased 
with increasing acidity at 2 9 8 + 0 . 3  K. 
However, if the pH is below 3.07, the reaction 
rate decreased. It also increased with increasing 
temperature at pH 3.60 + 0.2 when the temper- 
ature is below 303 K. Otherwise, it decreased. 

3.5. Proposed mechanism o f  the formation o f  
fl-type chelates 

The conclusion of  the transformation from 
u-type chelates to fl-type chelates has been 
reported as a deprotonation process, in which 
the ligand loses one proton and forms a "Z" -  
type chelate in the system of  heavy rare earth 
elements [8]. As the structure of  4-CAsA-pB 
and its reaction behaviour with lanthanide ions 
is different, we have suggested another mecha- 
nism for the formation of  fl-type chelates for 
the system 4-CAsA-pB with lanthanide ions. 
Usually, the structure of  4-CAsA-pB in acidic 
solution is as presented in Scheme 2 [14]. The 
hydrogen bond makes the - N = N -  group more 

stable and it also decreases the deprotonating 
ability of  the - O H  group linked to the naph- 
thyl ring. The dissociation pathway of  azo-type 
reagents also shows that the deprotonating 
ability of  - O H  groups linked to the naphthyl 
ring in acidic solution is very weak [14]. In 
contrast, the deprotonating ability of  the - 
AsO3H2 group is increased on decreasing the 
electronic clouds around the oxygen atom in 
the -AsO3H2 group by adding a strong elec- 
tronic acceptor ( -CI )  onto the benzyl ring 
linked to the -AsO3H2 group. Therefore, in 
highly acidic solution, the coordinating ability 
of  the -AsO3H2 group is greater than that of  
the - N = N -  group and the - O H  group linked 
to the naphthyl ring. The probable coordina- 
tion pattern may be lanthanide ions combining 
with oxygen atoms in the -AsO3H2 group and 
forming a bridging bond between the lan- 
thanide atoms and the oxygen atoms (see 
Scheme 3 for its structure). 

4. Conclusion 

According to the above results, the following 
conclusions may be drawn. The 4-CAsA-pB 
reagent forms sensitive fl-type chelates with all 
the lanthanide ions. The opt imum acidity range 
of  the formation of  the fl-type chelates (ApH 
value) is extended with increasing atomic num- 
ber of  the lanthanides. There is a definite rela- 
tionship between the opt imum acidity and the 
deprotonation constants of  the -AsO3H2 
groups. 
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Table 4 
The influence of temperature on the reaction rate of fl-type chelates in the system Eu 3+ with 4-CAsA-pB 

Reaction Temperature (K) 
rate 

286 291 296 299 303 306 

k (mmol-~ s-i)  11.24 16.45 18.90 20.24 15.74 13.51 

pH 3.60 + 0.2. 

B: 

Scheme 2. The structure of 4-CAsA-pB in the acidic solution 

el ~ ~ A s O 3 H 2  ~ ' ~ B r  

-03S SO~" 

Scheme 3. The structure of the I~-type chelates of Ln s* with 4-CAsA-pB 

H O \  O 0 / B  \ ,/.--N. , / . -~  / 
AS, -Ln, )As 

(b) -03S SO~" 

The fl- type chelates are polymers formed 
from a- type chelates. The fo rmat ion  procedure 
is a second-order  reaction and  the reaction rate 
increases with increasing a tomic n u m b e r  of  the 
lanthanides .  The influence of  acidity and tem- 
perature  on the react ion rate is such that,  over 
a defined range, the react ion rate is increased 
with increasing tempera ture  and  acidity. 
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Abstract 

Scandium in the presence of cerium(III) forms, with p-acetylchlorophosphonazo (CPApA), a hetero- 
polynuclei ternary fl-complex of scandium-cerium-CPApA. The complex gives a very sensitive reaction for 
scandium with a molar absorptivity of e~ = 2.29 × 1051 tool -~ crn -I due to the cocoloration effect. Most 
foreign ions can be tolerated in considerable amounts. The optimum conditions and the mechanism of the 
complex formation reaction are discussed. A simple method is proposed for the determination of scandium 
in alloys, with satisfactory results. 

Keywords: Cocoloration effect; Scandium-cerium-p-acetylchlorophosphonazo complex; Spectrophotometry 

1. Introduction 

/?-type complex formation reactions [1,2] of  
rare earths with asymmetric derivatives of  
chromotropic acid containing the o-phos- 
phono-o'-hydroxyazo functional group have 
been widely used for the determination of  rare 
earth elements [3,4]. 

p-Acetylchlorophosphonazo [5] (CPApA; I), 
one of  the reagents synthesized in our labora- 
tory, has been employed to determine total rare 
earths [5] and cerium subgroup rare earths [6]. 

C# l,i,,, N N= N ~  C-CFIj 

! 

* Corresponding author. 

Usually, the ]Y-complex reaction is accompa- 
nied by a cocoloration effect [7-9]. It was 
found that CPApA gave a sensitive fl-reaction 
with scandium in acidic medium, and the sensi- 
tivity of  the reaction would be greatly en- 
hanced in the presence of  rare earth elements. 
In this paper, we studied the spectrophotomet- 
ric characteristics and the mechanism of  the 
cocoloration effect of  the scandium-cer ium-  
CPApA system. From the results, a sensitive 
method has been developed for the determina- 
tion of  scandium in alloys. 

2. Experimental 

2.1. Reagents  

A standard stock solution of  scandium was 
prepared by dissolving scandium oxide (Spec- 

S S D ! 0039-9140(95)01658-9 



1906 C.-G. Hsu et al. / Talanta 42 (1995) 1905-1911 

pure; Johnson Matthey) in hydrochloric acid 
(1 + 1), evaporating the excess acid and dilut- 
ing with hydrochloric acid (1 + 100) to a given 
volume. The solution was standardized by 
EDTA titration with Xylenol Orange as indica- 
tor. The working standard solution was pre- 
pared by diluting as required with hydrochloric 
acid (1 + 100). 

A standard solution of cerium(Ill) was pre- 
pared as described previously [10]. 

p-Acetylchlorophosphonazo (CPApA) solu- 
tion (0.04%) was prepared by dissolving 0.04 g 
of CPApA in 100ml of water. CPApA was 
synthesized as described in the previous work 
[11]. 

Other reagents were of analytical-reagent 
grade. 

2.2. Apparatus 

Absorption spectra and absorbances were 
recorded and measured with use of a Beckman 
DU-7HS spectrophotometer and a model 752 
spectrophotometer (Shanghai Analytical Instru- 
ments). A constant temperature was maintained 
by using a model CS-501 ultrathermostat. 

2.3. Procedures 

(A ) General procedure 
To 2-8 lag of scandium in a 25 ml calibrated 

flask, add 25 lag of cerium(III), 1 ml of 3 M 
hydrochloric acid, and adjust the volume to 
about 10 ml with water. Add 3.5 ml of 0.04% 
CPApA and mix well. After allowing to stand 
for 30min, dilute to the mark with water. 
Measure the absorbance at 722 nm in a 1.0 cm 
cell against a reagent blank. 

(B) Procedure for kinetic study 
Under a constant temperature in a 25 ml 

calibrated flask, add 5 lag of scandium, 1 ml of 
3 M hydrochloric acid, and adjust the volume 
to about 20 ml with water, add 1.5 ml of 0.04% 
CPApA, dilute to the mark with water and 
measure the absorbance at 722 nm in a 1.0 cm 
cell against a reagent blank without standing. 

(C) Procedure for the determination of scan- 
dium in alloys 

To 1.5 g of the sample, add 10 ml of aqua 
regia (1 + 1), heat to decompose the sample 
and evaporate almost to dryness. After cooling 
to room temperature, dissolve the residue in 
water, transfer the solution into a 100 ml cali- 

brated flask, and dilute to the mark with water. 
Place 1.0 ml (or another appropriate aliquot) 
of the resultant solution in a 25 ml calibrated 
flask, then add 2.0 lag of scandium, and follow 
the general procedure for the determination of 
scandium. 

3. Results and discussion 

3.1. Absorption spectra 

As shown in Fig. 1, the ~-complex of 
cerium-CPApA exhibits an absorption peak at 
678 nm (curve 2), whereas the fl-complex of 
scandium-CPApA gives a maximum absorp- 
tion at 722 nm (curve 3). However, in the pres- 
ence of cerium(Ill), a hetero-polynuclei ter- 
nary complex of scandium-cerium-CPApA is 
formed, which greatly enhances the absorption 
at 722 nm (curve 4) due to the cocoloration 
effect [7-9,12-14]. 

3.2. Optimum conditions for complex formation 

CPApA forms a ternary complex with the 
mixture of scandium and cerium(Ill) in acidic 
medium. In 0.08-0.24 M hydrochloric acid 
(Fig. 2) and 1.3-1.8 x 10-SM CPApA, the 
complex gives the highest and a constant ab- 
sorbance. The temperature at 10-30°C does 
not influence the color development. 

4 

o.~ 

~: 0.2 

~4¢,,~/e.j ~ C-*,,) 

Fig. I. Absorption spectra of  CPApA and its complexes. 
Curve 1, CPApA vs. water; curve :2, cer ium-CPApA; 
curve 3, scandium-CPApA; curve 4, scandium-cerium- 
CPApA vs. reagent blank (scandium, 5 lag; cerium, :25 lag, 
CPApA, 1.55 x 10 -5 M; HCI, 0.12 M). 
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Fig. 2. Effect of acid concentration on the scandium- 
cerium-CPApA complex (wavelength).= 722cm; other 
conditions as for Fig. I). 

5 lag of  scandium gave a coefficient of  variation 
of  O.73%, 

3.4. Effect of  foreign ions 

A solution containing 3 lag of  scandium and 
various amounts of  37 possible accompanying 
ions were prepared, and procedure A was fol- 
lowed for the determination of  scandium. As 
shown in Table l, most  of  the ions do not 
interfere with the determination (maximum 5% 
error); 1.5- to 3-fold amounts  of  rare earths, 
uranium(VI), iron(III), titanium and zirconium 
are tolerated, as well as more than l0 mg mag- 
nesium, iron(II), copper and zinc. This property 
can be utilized to create a satisfactory method 
for the determination of scandium in these 
metals and their alloys without separation. 

3.5. Composition of  the complex 

The reaction rate of  fl-complex formation in 
the s c a n d i u m - c e r i u m - C P A p A  systems is slow: 
maximum absorbance will be obtained after 
3 h; however the reaction can be completed 
within 30 min if a smaller volume (10-15 ml) is 
used owing to the higher concentrations of  the 
reactants; the solution is then diluted to 25 ml 
with water in the calibrated flask. The complex 
once formed will be stable for at least 3 h. 

3.3. Analytical characteristics of  the reaction 

The calibration graph prepared by plotting 
absorbance vs. concentration of  scandium was 
linear over the range 2 - 8  lag of  scandium in 
25 ml of  solution. For  convenience and for the 
determination of  less than 2.0 lag of  scandium, 
a standard addi t ion-deduct ion method [3,15] 
was used; i.e. 2.0 lag of  scandium were added to 
each of  the standard solutions to construct a 
calibration graph (starting from 0 lag on the 
abscissa). For  sample analysis, 2.0 lag of  scan- 
dium were also added to each of  the sample 
solutions; the scandium contents could then be 
determined directly from the calibration graph. 

The straight-line equation obtained by a 
least-squares treatment ( n = 7 )  was A =  
0 . 2 0 4 C -  0.286 (r = 0.9980), where A is the ab- 
sorbance recorded, C is the concentration 
(number of  micrograms of  scandium in 25 ml 
of  solution), and r is the correlation coefficient. 
The apparent  molar  absorptivity for scandium 
was found to be 2.29 x 1051 tool - j  c m - ' .  Ten 
replicate analyses of  a test solution containing 

The molar  composition of  the scand ium-  
c e r i u m - C P A p A  complex was determined by 
the mole ratio method [16]. According to the 
conditions described in procedure A, the molar  
ratios of  scandium to cerium(III) in a series of  
solutions were varied while CPApA was present 
in excess. An intersection point occurred when 

Table 1 
Tolerance limits (maximum 5% error) for foreign ions in 
the determination of 3 ~g of scandium 

Foreign ion Tolerance limit 
(ttg) 

Cu(lI) 60 000 
Zn(I1) 50 000 
NH4(I) 20 000 
Fe(lll) ~ 10 000 
Mg(il) 10 000 
Mn(li) 5000 
Sb(llI) 2000 
Ca(ll) 1500 
Ba(II), Cd(ll), Ni(ll), Co(ll) 1000 
AI(III), Sr(II) 500 
v(v) 200 
Cr(VI), Mo(VI), W(VI). Pb(ll). Sb(V) 100 
Pd(ll) 80 
Bi(lil) 50 
Ti(IV), Zr (IV) 10 
La(lll), Y(III), Ce(IV), U(VI), Fe(ill) 5 
Phosphate 150 000 
Sulphate, ascorbate 50 000 
Citrate 40 000 
Nitrate, tartrate 20 000 
Oxalate 5000 
EDTA 1500 

In the presence of 50 mg of ascorbic acid. 
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Fig. 3. Molar ratio of scandium to cerium in the ternary 
complex (,t = 722 nm; cerium, 4.4 x 10 -6 M; CPApA, 
1.55 x 10 -5 M; HCI, 0.12 M). 

[Sc]/[Ce] = 1 (Fig. 3). Similarly, the concentra- 
tions of CPApA were varied; when the mole 
ratio of scandium to cerium was fixed at 1, the 
intersection point was at [CPApA]:[Sc]=2:I 
(Fig. 4). Thus, the molar composition of the 
polynuclei ternary complex was estimated to be 
scandium:cerium:CPApA = h 1:2. 

3.6. Kinetic study and the mechanism of the 
complex formation 

The formation of a hetero-polynuclei com- 
plex is often based on the formation of a 
homo-polynuclei complex [8,9]. In order to 

o.6 

s S 

t S 

o,2 

| n ! 

/0 o .2.O .3 ,O 

cc.P4~d / Cs~) 
Fig. 4. Molar ratio of CPApA to scandium in the ternary 
complex (scandium, cerium, 2.70 x 10 -6 M; other condi- 
tions as for Fig. 3). 

g- 

o,5 

o.2 

0./ 

~ 4.o 6 ~r o 7,a o 760 

W~.,Je,~ 3 ~  C ",,,, ) 
Fig. 5. Absorption spectra of the scandium-CPApA 
complex at (curve 1) 0min; (curve 2) 5min; (curve 3) 
10min; (curve 4) 20min; (curve 5) 30rain (scandium, 
4.44 x 10 -6 M; CPApA, 6.64 x 10 -6 M; HCI, 0.12 M; 
T = 288 K). 

study the mechanism of the formation of the 
scandium-cerium-CPApA ternary complex, it 
is required that the nature of the scandium- 
CPApA binary complex be understood. 

The absorption spectra of the scandium- 
CPApA complex are shown in Fig. 5. At the 
beginning of the reaction, an a-type complex of 
scandium-CPApA is formed, with maximum 
absorption at 687 nm. After standing, the ab- 
sorption peak will be gradually shifted to a 
longer wavelength (722 nm) and a/?-type com- 
plex is then formed. 

Under the conditions described in proce- 
dure B, log(Am,x-A,), 1~(Am,x-At) and 
1/(Area x - A t )  2 were plotted respectively versus 
t, where Ama~ is the maximum absorbance and 
A, is the absorbance at the denoted time. As 
shown in Fig. 6, the linear relationship between 
I/(A,,,a~- At) and t indicates that the transfor- 
mation reaction of the a+-complex to the /?- 
complex is a second-order reaction. The rate 
constant K obtained from slope of the straight 
line is 1.72 x 10  - ~  m o l - '  lmin -~. 

Both the molar compositions of the ~-com- 
plex and the fl-complex of scandium-CPApA 
were ascertained by the Asmus method [17], 
and the mole ratio and slope ratio [18] meth- 
ods. All three methods indicated that the 
metal-to-ligand ratios of these two complexes 
were all 1:1. In considering the order of the 
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Fig. 6. Determination of the reaction order of the formation of the p-complex of scandium-CPApA (2 = 722 nm; other 
conditions as for Fig. 5). Curve I, Iog(Amax-A,) vs. t; curve 2, I / ( A , , ~ - A , )  vs. t; curve 3, 1 / ( A m x - A , )  2 vs. t. 

reac t ion ,  the f l - complex  o f  s c a n d i u m - C P A p A  
will be a d imer ,  i.e. Sc2(CPApA)2.  

A c c o r d i n g  to the  exper imenta l  results,  the 
complex  f o r m a t i o n  reac t ion  p roceeded  as fol- 
lows. 

(a) The  ~-complexes  o f  C P A p A  with  scan-  
d ium and  ce r ium(I I I )  a re  fo rmed  ins tant ly  at  
first (Eqs. (1) and  (2)) (the charges  on  the ions  
are  omi t t ed  for  convenience) .  

Table 2 
Results for the determination of scandium in alloys 

Sc + C P A p A  -~ S c ( C P A p A )  (1) 

Ce + 4 C P A p A  - ,  Ce(CPApA)4[6]  (2) 

(b) Two  molecules  o f  the , t -complex  o f  scan- 
d i u m - C P A p A  combine  toge ther  to  form one  
molecule  o f  the f l complex  (Eq. (3)). 

2 S c ( C P A p A )  --, Sc2(CPApA)2 (3) 

Sample Scandium (10 -3 %) 

Content Found Mean 

Relative Recovery 
standard (%) 
deviation 
(%) 

Brass, BY 1901-2 4.6 

Aluminium-brass, BY 1912-1 9.0 

Manganese-brass, BY 1914-1 8.8 

Zinc alloy, 47 ~' 9.7 

Magnesium alloy. ZM~ 29.2 

4.70 4.68 4.68 1.21 102 
4.58 4.72 
4.71 
9.02 9.04 9.02 1.08 100 
8.88 8.99 
9.15 
8.76 8.89 8.88 0.84 101 
8.96 8.92 
8.88 

10.0 9.88 9.95 0.46 103 
9.98 9.95 
9.96 

29.0 29.2 29.1 0.83 99.5 
29.4 28.9 
28.8 
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Table 3 
Comparison of the sensitivities of methods for the spectrophotometric determination of scandium 

Reagent or system pH 2max 10 -4e  Reference 
(nm) (1 mol-  I cm-  i) 

Arsenazo I 6. I 570 ! .7 
Arsenazo II1 1.8 675 1.9 
Xylenol Orange 0.01 M HCIOa 553 2.4 
Chlorophosphonazo(I I I) 2.5 690 1.25 
Chlorophosphonazo-p-Cl 2 a 762 15.4 
4-(2'-Thiazolylazo)resorcinol 8.1 540 5.06 
Scandium-calcium-Alizarin Red 3.5 528 6.6 
Scandium-bismuth-tribromoarsenazo 0,48 M HCI 635 7. I 
Scandium-lanthanum-p-fluorochlorophosphonazo 0,48 M HC1 730 8.6 
Scandium-Chrome Azurol S-N-dodecyldimethyl- 7,0-7.8 620 30.0 

aminoaeetic acid 
Scandium-cerium-p-acetylchlorophosphonazo 0,12 M 722 22.9 

[20] 
[21] 
[22] 
[23] 
[24] 
[251 
[26] 
[27] 
[28l 
[29] 

Present method 

a Approximate. 

(c) Finally, the fl-complex of scandium- 
cerium-CPApA is formed by the reaction be- 
tween the fl-complex of scandium-CPApA 
and the ~-complex of cerium-CPApA (Eq. (4)) 

Sc2(CPApA)2 + 2Ce(CPApA)4 --* 

2Sc-Ce-(CPApA) 2 + 6CPApA (4) 

in which cerium(III) replaces one atom of the 
scandium in Sc2(CPApA)2, with the formation 
of two molecules of Sc-Ce-(CPApA)2, and 
the absorbance of the ternary complex will be 
increased markedly. 

3. 7. Determination o f  scandium in alloys 

Synthetic samples were prepared by intro- 
ducing known amounts of scandium to stan- 
dard samples of copper, zinc, and magnesium 
alloys [19], and the scandium contents were 
determined by using procedure c. The results 
obtained (Table 2) indicate that the method is 
reliable and accurate. 

4. Conclusions 

The present method, based on the formation 
of the scandium-cerium-p-acetylchlorophos- 
phonazo(CPApA) complex, for the spec- 
trophotometric determination of scandium in 
alloys is simple, accurate and reliable. 

Compared with the spectrophotometric 
methods conventionally used for determination 
(Table 3), in terms of sensitivity, the described 
method is superior to the other methods except 

for that utilizing the scandium-Chrome Azurol 
S-N-dodecyldimethylaminoacetic acid sys- 
tems. However, the latter suffers serious inter- 
ferences from iron and aluminium. 

Under the experimental conditions em- 
ployed, 10mg or more of magnesium, iron, 
copper and zinc do not interfere, and 0.5 mg of 
aluminum are tolerated. This gives the de- 
scribed method an advantage over the other 
methods. 
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Abstract 

The reagent 3,8,13,18-tetramethyl-21H,23H-porphine-2,7,12,17-tetrapropionic acid or coproporphyrin-I 
(CPI) was used for the spectrophotometric determination of copper(II) and cobalt(II) in the presence of 
pyridine and imidazole catalysts. Optimum conditions were investigated and the methods were applied to the 
determination of parts per billion levels of copper(II) and cobalt(II). The Sandell sensitivities of the 
recommended procedures were 0.568 tam c m  - 2  and 0.464 tag cm -2 (for .4 = 0.001) for copper and cobalt, 
respectively. The relative standard deviations were 2.0% for copper and 1.0% for cobalt. The kinetics of the 
reaction of CPI with copper(II) and cobalt(II) in the presence of the catalysts and the influence of the 
temperature were studied, and their kinetic constants determined. 

The influence of light on the photodecomposition of CPI was also studied. 

Keywords: Copper(II); Cobalt(II); Spectrophotometry; Coproporphyrin-I 

1. Introduction 

Porphyrins have been extensively studied be- 
cause of  their biological importance and ana- 
lytical applications. Particular attention has 
been given to the analytical use of  porphyrins 
for spectrophotometric determinations of  sev- 
eral metal ions, because they form very stable 
complexes with very high molar absorptivity 
(on the order of  several hundred-thousands in 
a 400-500 nm field, the so-called Soret band). 
However, porphyrins have the disadvantage 
that the incorporation reaction of  the metal ion 
into the porphyrin ring is generally very slow 
and must be accelerated by using several cata- 
lysts [1], or by metal exchange reactions [2,3]. 

* Corresponding author. 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights 
SSDI 0039-9140(95)01662-7 

In many cases, porphyrins have found analyti- 
cal applications for the determination of  sev- 
eral metal ions at the parts per million level 
[1,4-8]. 

It has been also observed that porphyrins 
undergo photoreduction reactions with the for- 
mation of stable photoproducts [9,10] that may 
play an important role in cancer therapy [l l]. 

In this paper, a series of  spectrophotometric 
studies on coproporphyrin-I (CPI) is described 
in order to verify its possible use for the deter- 
mination of  metal ions. The influence of  light 
on CPI and on CPI complexes and the equi- 
libria between CPI and copper(II) or cobalt(II), 
and the influence of  several catalysts on the 
reaction rate are studied. A simple method for 
the spectrophotometric determination of  cop- 
per(II) and cobalt(II) at the parts per billion 
level is developed. 

reserved 
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2. Experimental 

2.1. Reagents 

All reagents were of  analytical grade and 
were used without further purification. All the 
solutions were prepared with distilled, deminer- 
alized water. 

2.1.1. CPI solution 
A 2.8 x 10 -4M stock solution was prepared 

by dissolving 102.1 mg of CPI dihydrochloride 
in 500 ml of  7.2 mM sodium hydroxide solu- 
tion, and diluting with water. 

2.1.2. Standard copper(II) and cobalt(II) 
solutions 

Stock aqueous solutions containing about 
0.4 mmol of CuClz or COC12 • 6H20 per litre, 
and sufficient acid to prevent precipitation, 
were prepared. The stock solutions were stan- 
dardized by inductively coupled plasma (ICP) 
determinations. 

2.2. Apparatus 

A Hewlett-Packard 8452 A diode-array spec- 
t rophotometer  with a 1 cm quartz cell con- 
nected to a Lauda K2R thermostat was used 
for the absorbance measurements. 

A Metrohm 655 pH meter was used for pH 
measurement. 

An inductively coupled plasma Jobin Yvon 
JY 24R instrument was used for the metal 
solution standardization. 

A 150 W Osram xenon lamp was used for 
the photochemical reaction study. 

and from 0 to 5 ml of the stock solution of  the 
metals, followed by over 2.5 ml of 4 M imida- 
zole or pyridine solution. The pH of these 
solutions was adjusted to 8 by the addition of  
perchloric acid, and the solutions were brought 
to volume with water. The ionic strength was 
maintained constant at 0.2 M with sodium 
perchlorate. The absorbance-t ime curves of  
the solutions were obtained by measuring the 
absorbance every 2min  at 414nm for the 
cobalt complex, and at 380 nm for the copper 
complex in a 10mm cell against a blank, at 
temperatures ranging from 20 to 40 °C. 

2.3.3. Spectrophotometric titration 
Ten samples, containing about 0.1 lag ml - t  

of  cobalt(II) or copper(II), and sufficient 
NaC104 and HC104 to adjust the ionic strength 
to 0.2 M and the pH to 8, were titrated with a 
2.8 x 10-4M CPI solution. After each addi- 
tion, the solutions were heated in a water bath 
at 80 °C (with catalysts) or at 90 °C (without 
catalysts), for 10 min. They were then cooled in 
cold water, and the absorbances were measured 
at 414 nm or 380 nm, respectively, in a 10 mm 
cell thermostatted at 20 °C, against a blank. 

2.3.4. Calibration curve method 
Calibration curves were obtained by mixing 

increasing quantities of  cobalt(II) or copper(II) 
(from 35 to 128 ppb) with a slight excess of  CPI 
at pH 8 and ionic strength 0.2 M. Each solution 
was heated in a water bath at 90 °C for 10 rain. 
After cooling in cold water, the absorbance was 
measured at 414 nm or 380 nm, respectively, in 
a 10 mm cell thermostatted at 20 °C, against a 
blank. 

2. 3. Recommended procedures 

2.3.1. Photometric measurements 
Ten sample solutions containing from 

3 × 10 -6 M to 2 x 10 -5 M of  CPI at pH rang- 
ing from 1 to 13, previously degassed with a 
nitrogen flow, were illuminated with UV-Vis 
radiation by use of  a xenon lamp with interfer- 
ence filters. An infrared absorbing glass and a 
water cell were placed in the light path and the 
absorbance was measured every 5 min in the 
range from 200 to 800nm in a 10ram cell, 
against a blank. 

2.3.2. Kinetic measurements 
In 10 ml volumetric flasks were placed from 

0.1 to 0.6 ml of the standard solution of CPI, 

3. Results and discussion 

3.1. Photometric measurements 

An aqueous solution of  CPI with pH 8 and 
ionic strength 0.2 mol 1-~ was deep pink and 
displayed absorption maxima at 372 nm (Soret 
band; e = ( l . 1 6 _ 0 . 0 2 )  x 105 and at 500, 538 
and 558 nm, and a shoulder at about 606 nm. 
The illumination with light of  degassed solu- 
tions of CPI at pH 5-13 caused the formation 
of a stable and colourless photoproduct.  In 
Fig. 1 are presented (curves (a)) spectra of  CPI, 
showing an absorbance decrease as a function 
of  time due to exposure to light. The spectrum 
of  the photoproducts has absorption maxima 
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at 220 and 264 nm, and a shoulder at around 
380 nm (see Fig. 1, curve (b)). The photoreac- 
tion may be represented by the equation 

CPI + hv --. photoproduct  

the corresponding kinetic equation of  which 
was 

d[CPI] 
k[CPI] (1) 

dt 

where k] is the first-order rate constant. 
The plots of  ln(1/[CPI]) versus the exposure 

time, measured at two different wavelengths, 
give good straight lines, the slopes of  which 
represent the first-order rate constant. The two 
values obtained are in good agreement: k372 = 
(4 .39+0.01)  x 1 0 - 6 s - l ;  k388 = ( 4 . 5 0 + 0 . 0 2 )  x 
1 0 - 6 S  -1" 

No photoreaction has been observed, either 
in acidic solution or in the presence of  metal 
ions. 

3.2. Absorption spectra of the complex 

In the presence of  an excess of  metal, the 
absorption spectra of  m e t a l - C P I  complexes 
gave absorption maxima at 414nm (Soret 
band; e =  (1.01 + 0.05) × 105 with pyridine and 
e = ( 1 . 9 5 + 0 . 0 3 )  x 105 with imidazole) for 
cobalt (Fig. 2, curve (a)) and at 380 nm (Soret 
band; e = (1.12 ___ 0.01) × 105 with pyridine and 
e = (2.03 + 0.02) x 105 with imidazole) for cop- 
per (Fig. 2, curve (b)). 

Absorbance  

0.3 

0.2 

0.1 

(b) 2 

J ! (a) 
jI 3 ~[ 
i ' 

I/ 'l 

0 ~ : - = ,  
2 0 0  400 600 8 0 0  

Wavelength / n m  

Fig. I. Curves (a), absorption spectra of CPI (2.2 x 
l0 -6 M; pH 8; ionic strength, 0.2 M) after: (spectrum I) 
0 min; (spectrum 2) 5 rain; (spectrum 3) 10 min; (spectrum 
4) 15 min; (spectrum 5) 20 min; (spectrum 6) 35 rain, (spec- 
trum 7) 40 min, (spectrum 8) and 45 rain of light exposure. 
Curve (b), spectrum of the photoproducts obtained after 
the light exposure of CPI (absorbance x 5). 

Absorbanee 

2O0 

Co) 

400 

(a) 

6oo 800  

Wavelength/nm 

Fig. 2. The absorption spectra of (curve (a)) the cobalt- 
CPI (1.34 × l0 -5 M) complex and (curve (b)) the copper- 
CP1 0.38 x l0 -5 M) complex at pH 8, an ionic strength of 
0.2 M, and with imidazole as catalyst. 

3.3. Composition of the complex 

The stoichiometry of  the reactions in the 
c o p p e r - C P I  and c o b a l t - C P I  systems has been 
determined by applying the mole ratio method; 
the ratio was 1:1 in both cases (Fig. 3). 

3.4. Reaction rate for the formation of the 
complex 

The rate of  formation of  CPI complexes with 
metal ions was generally very slow. In order to 
increase the reaction rate, we carried out mea- 
surements in the presence of a catalyst at 20 °C 
or at higher temperatures in the absence of 
catalyst. By using pyridine or imidazole as 
catalysts, an increase in the reaction rate of  
about 10 times with respect to the uncatalyzed 
reaction was observed. The reaction rates de- 
pended on the pH, and a maximum value was 
reached at about pH 8. Measurements carried 

Abs~,bane¢ 

1.3 ~ Cu(ll) ~- - - *  

Co(ll) 
~- /~= . . . . . . . . . . . .  

0.9 - .< ." 

0 .7  ~ , -I l-  
K " /¢  • 

j .¢'" 

1 1.4 1.8 

Fig. 3. Titration curves of copper (5.5 x 10-6M) and 
cobalt (5.1 × 10-6M) by CPI at pH8, ionic strength 
0.2 M, with imidazole as catalyst (4) indicates the CPI: 
metal ion ratio). 
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Table 1 
First- and second-order kinetic constants  for copper and cobalt complexes with different catalysts at 20"C 

Catalyst Cu(l l)  Co(l l)  

kl k2 k, k2 
(s - I )  (1 tool - I  s - ' )  ( s - ' )  (1 t o o l - '  s - I )  

Pyridine (5.05 _+ 0.02) x 10 -2  26.85 + 1.01 (5.14 + 0.03) x 10 -2  23.81 _+ 3.12 
Imidazole (4.69 + 0.01) x l0 -2  24.88 _ 0.94 (1.45 _+ 0.02) x l0 -2  18.22 _+ 2.93 

Copper(II) and cobalt(II), 4 x 1 0 - 6 - 2  x 10 -4  M; CPI, 2.8 x 10-4-1 .68  x 10 -5  M; pyridine and imidazole, I M; ionic 
strength, 0.2 M (NaCIO,).  

out in the presence of  a large excess of metal 
(1:100 relative to CPI) at pH 8 and in the 
presence of a catalyst at 20 *C have shown that 
the reactions were completed within 30 min, 
and followed first-order kinetics, the rates of 
which may be represented by the equation 

dICPI] 
- d---7-- = kl [CPI] (2) 

where k~ is the conditional rate constant, in- 
volving the concentration of hydrogen ions, 
cobalt or copper. 

The plots of ( 1 / C L )  ln[(Ao - A ~ ) / ( A , -  A~)] 
versus t (where A 0, A, and A~ denote the 
absorbances of the system at times 0, t, and 
infinity, respectively) give good straight lines, 
the slopes of which represent the conditional 
rate constants. Measurements carried out un- 
der the same conditions as described above, 
but in the presence of a small excess of metal 
(1:5 relative to CPI), showed second-order ki- 
netics, corresponding to the equation 

d[CPI] 
d---7- = k2[M][L] (3) 

where k 2 is the second-order rate constant, 
involving only the hydrogen ion concentration. 

The plot of [ I / (CM- CL)] ln([M]/[L]) versus 
t (where CM and CL denote the metal and 
ligand concentration, respectively [M] = C M -  
CL[(A o -  A , ) / ( A , -  A~)] and [El = CL[(A , -  
A ~ ) / ( A o - A ~ ) ] )  gave a straight line, the slope 
of which provided the value of k2. All the 
results are summarized in Table 1. 

Measurements performed under the same 
conditions but without a catalyst, at tempera- 
tures ranging from 20 to 40 *C, showed an 
increase in the reaction rate of about 0.2 times 
per degree. At 20 *C, the catalyzed reaction 
rate is about half that of the uncatalyzed reac- 
tion at 40°C. Plots of Ink1 against 1/T at 
different wavelengths allowed the determina- 
tion of the activation energy according to the 

relationship In k = In A - EalRT. The mean 
value for the cobalt complex was (4.9 + 0.1)x 
104 J tool - t .  

3.5. Spectrophotometric titration 

These titrations have given weU-defined 
curves. A typical plot is shown in Fig. 3. The 
equivalence point is in accordance with the 
formation of a 1:1 complex. Using this method, 
amounts of copper and cobalt in the range 
10-7-10-5 M can be determined with relative 
standard deviations of 2.0% and 1.0%, respec- 
tively. 

3.6. Calibration curve method 

Calibration curves obtained according to the 
procedure described give good straight lines, 
the equations of which were 

Amount of Cu = 0.568(Ao - A) 

Amount of Co = 0.464(Ao - A ) 

where copper and cobalt are in units of micro- 
grams per millilitre, and Ao and A are the 
absorbances of the reagent blank and the sam- 
ple, respectively. Minimum detectable amounts 
in the copper and cobalt determinations were 
on the order of parts per billion, with a sensi- 
tivity for the 0.001 absorbance (Sandell index 
[7]) of  0.568lagcm -2 for copper(II) and 
0.464 lag cm -2 for cobalt(II). The sensitivity for 
the copper(II) determination is eight times 
greater than the sensitivities of the 
bathocuproine, cuprizon, sodium diethyl 
dithiocarbamidate methods, and is comparable 
with that of the diphenylcarbazide method 
[12-16]. For the cobalt(II) determination, the 
sensitivity is ten times greater than those ob- 
tained using a nitroso-R salt and 2-nitroso-1- 
naphthol, is four times greater than when using 
1-nitroso-2-naphthol, and is twofold greater 
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than that obtained for the 1-(2-pyridy- 
lazo)resorcinol methods [12,15]. 

3. 7. Effect of foreign ions 

Solutions containing 0.1 mg 1- i of copper(II) 
or cobalt(II) and varying concentrations of sev- 
eral ions metals were analyzed in order to 
ascertain whether they interfered with the de- 
terminations. Mn(II), Zn(II), Ni(II), Pb(II), 
Cr(II), Fe(III), Mg(II), Ca(II), Sr(II) and Ba(II) 
did not interfere up to 100 mg (about a one- 
thousandfold excess). Pd(II), Fe(II) and Hg(II) 
interfered in the determination. The interfer- 
ence of Pd(II) was removed by the addition of 
0.01 M potassium iodide solution, while the 
interference of Fe(II) was removed by prelimi- 
nary oxidation to Fe(III). Hg(II) reacted 
quickly with the CPI and its interference was 
avoided by the addition of hydroxylamine. 

4. Conclusions 

The illumination of CPI using a UV-Vis light 
source caused the formation of stable and 
colourless photoproducts with absorption 
bands at 220 and 264 nm at pH above 6. In 
contrast in acidic solutions, and in the presence 
of metal ions, CPI did not photodecompose. 
This fact suggests that the photoreaction begins 
inside the CPI ring in the absence of crowding. 
The porphyrin ring can be reduced by photo- 
chemical or chemical action, giving phlorin, 
displaying absorption maxima at 400 and 
735nm, porphomethene (500nm) and por- 
phyrinogen (about 200 nm). The photoreduc- 
tion proceeds through distinct stages; the third 
stage (porphyrinogen) is a completely colour- 
less compound that could be reached only with 
several reducing agents [18]. The photoreduc- 
tion can concern the 2fl bonds of the pyrroles 
(absorption maxima at about 650 nm) [19] with 
the formation of chlorine. The product ob- 
tained on irradiation of CPI exhibited the char- 
acteristic band of porphyrinogens, therefore 
this product is the most favourable in this 
phototransformation. The phototransforma- 
tion rate was very slow with respect to the 
complexation reaction rate, in such a way that 
it did not influence the determination of the 
kinetic complexation constants and the metal 
ions. 

The Soret bands of CPI and its metal com- 
plexes at pH 8 were located at 372 and 414 nm 

(Co0i)) and 380 nm (Cu(II)). In the analytical 
determination of cobalt(II), the distance of the 
complex from the CPI band was sufficient for 
an easy determination of the absorbance peak, 
while in the Cu(II) determination, a gaussian 
decomposition of the peaks was necessary. The 
application of these direct reactions was im- 
practical because of their small reaction rates 
even in the presence of catalysts. Actually, after 
each addition of titrant (CPI), it was necessary 
to wait at least 10 min for completion of the 
reactions. Because of the very large absorptivi- 
ties of CPI and its complexes, after the equiva- 
lence point the measured absorbances were 
proportional to the difference between the ab- 
sorptivities of CPI and the metal complexes. 
This influence on the titration curves was more 
evident for copper than for cobalt (due to the 
smaller distance between CPI and the peaks of 
the complex); however, this fact does not influ- 
ence the titration end point (Fig. 3). This 
method presents several advantages compared 
with common titrants, because it forms ex- 
tremely stable metal complexes with a molar 
ratio of 1:1 and with a very large molar ab- 
sorptivity, as well as, high sensitivities, greater 
than or comparable with those obtained with 
other ligands. 

The calibration curve method was more prac- 
tical than the titration method because although 
it was an equally sensitive technique, it was less 
time consuming. In conclusion, CPI may be 
considered as a suitable titrant for the determi- 
nation of several metals despite the low reaction 
rate observed. Trace amounts of copper or 
cobalt ions may be directly determined by spec- 
trophotometry with sensitivities of 0.568 x 
10 -3 lag cm -2 and 0.464 x 10 -3  lag cm -2 for 
copper and cobalt, respectively. 
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Abstract 

Humic materials extracted from tree leaves of chestnut (Castanea sativa), eucalyptus (Eucalyptus globulus) 
and oak (Quercus robur) were analyzed by performing conductimetric titrations. Values between about 84 
and 236 ~tScm -I for the molar conductivity and between 0.42 and 0.74 for the charge distribution 
parameter were obtained when the concentrations of the extract are increased from 40 to 100 mg I-I. These 
variations were explained by using the counterion condensation theory, and the distance between the 
charged groups of the polyions, the volume of the counterion condensation and the Debye-Hiickel potential 
were also calculated. 

Keywords: Conductimetry; Humic acids; Leaf extract 

1. Introduction 

The organic matter of  soils is constituted 
mainly from humic materials (humic acids 
(HA) and fulvic acids (FA)), polyelectrolyte 
compounds which play an important role in 
the behaviour of  metals in soils and aquatic 
environments, due to their ability to complex 
metal ions. On the other hand, these humic 
materials are formed by microbial degradation 
and percolation of  water through leaves and 
other organic litter, so a knowledge of  the 
behaviour and structural properties of  leaf ex- 
tracts in solution may be of  interest in under- 
standing the chemical behaviour of  humic 
materials. 

In order to study these polyelectrolyte mate- 
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rials in solution, many different techniques (i.e. 
potentiometry, dialysis, fluorescence spec- 
troscopy, etc.) have been used. Conductimetric 
titrations are an important tool in the study of  
these types of  compounds, because they 
provide information on association phenomena 
and on the nature and behaviour of  charged 
groups [1-11]. However, interpretation of  the 
experimental results has been difficult. The de- 
velopment of  the condensation theory [12] was 
an important advance in the explanation of  the 
polyelectrolyte properties of  solutions [13-16], 
and recently van Leeuwen et al. [17] sum- 
marised existing theories of  association phe- 
nomena and reviewed the literature relating to 
conductimetric analysis of  polyelectrolyte sys- 
tems. These authors stressed the difficulty of  
understanding the concentration dependence of  
the conductivity of  polyelectrolyte solutions. 

reserved 
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In the present work, the influence of concen- 
tration on the conductimetric analysis of the 
extracts obtained from leaves of three types of 
trees common in the forests of the Galician 
country (N.W. Spain), i.e. oak, eucalyptus and 
chestnut, when titrated with alkali metal hy- 
droxides, is reported. The parameters relating 
to the "condensation" of counterions (i.e. the 
line charge density, ~, and the Debye-Hiickel 
potential, ~b(a)) and the volume of the zone of 
the counterion condensation, Vp, are calcu- 
lated. 

2. Experimental 

All reagents were p.a. or similar, and were 
used without further purification. Carbon-diox- 
ide-free deionised water with resistivity 20 M~ 
cm or above was used. 

The solutions of the metal ions (Li ÷, Na ÷ 
and K ÷) were prepared by dilution of stock 
solutions of their respective hydroxides. Their 
concentrations were determined by titration 
with standardised HCI. 

The extracts of oak, chestnut and eucalyptus 
were obtained from leaves collected in different 
forests of Galicia, and were extracted by using 
the standard procedure recommended by the 
IHSS for FA [18,19]. For this purpose, the 
leaves were dried in air, shaken with 2 M hy- 
drochloric acid solution diluted with water to 
pH approximately 2, concentrated on Amber- 
lite XAD-8 resin, transformed to their acidic 
form using cation-exchange resin (Merck ion 
exchanger l) and freeze-dried. The yield of the 
process was about 0.3% (w/w). 

A CRISON microCM 2101 conductimeter, 
equipped with a platinum cell (nominal con- 
stant l) and calibrated with a 0.01000 M KCI 
solution, was used to obtain the conductance 
of the FA solutions. 

In the experiments, 50 ml of diluted salt-free 
solutions of the extracts (concentrations, 40, 
60, 80 and 100 mg- 1, except for oak because its 
100mgl -~ solutions were unstable), were in- 
troduced into a thermostatted cell (298.0-1- 
0.1 K) until thermal equilibrium was reached, 
and were titrated with metal hydroxide (ap- 
proximately 0.018 M, in steps of 25 pl) with a 
CRISON ~tBUR 2031 burette. Prior and dur- 
ing the titrations the samples were purged and 
stirred with CO2-free dry air. The conductance 
values were recorded after stabilisation (con- 
ductance variations of 0.1 ~tS cm or  less per 
2 min) and average values of three repeated 

experiments (the differences were less than 
0.2 pS cm) were used in the calculations. 

3. Calculations 

The interpretation of the conductimetric be- 
haviour of polyelectrolyte systems is not easy 
and different theories attemtping to explain it 
have been published [17]. Of these, the line 
charge model seems the most interesting, be- 
cause of the good correlation of predictions 
with the experimental results and the relatively 
large number of parameters which can be cal- 
culated from the experimental data. 

The basic starting point for understanding 
the conductimetric curves of polyelectrolyte 
systems is the expression for the molar conduc- 
tivity (A) of a solution which contains only 
polyions p and their respective counterions 

K =f(2c + 2p)Cp 

A =f(2c + 2p) (1) 

where K is the conductance of the solution, Cp 
is the molar concentration of deprotonated 
groups of the polyion, A is the molar conduc- 
tivity (=K/Cp  [17]), 2~ is the conductivity of 
the counterions, 2p is the conductivity of the 
polyion and f (= 1 - 0, where 0 is the fraction 
of countercharges bounded to the polyion) is a 
charge distribution parameter which can be 
related to the fraction of free counterions. The 
molar conductivity is calculated from the ex- 
perimental plots of the conductance of the 
polyelectrolyte solutions vs. the amount of 
metal hydroxide added in the zone where the 
concentrations of H ÷ and OH- are not great 
[20]. This equation can be modified [21] to 
consider 20 (the conductivity of the counterions 
in pure solvent, available from the literature), 
instead of 2¢ 

A =]'(2 ° + 2p) (2) 

Eq, (2) expresses the fact that A is proportional 
to 2 ° and, if linear plots are obtained [22], the 
slope and intercept of the plot of A vs. 2 ° for 
different monovalent cations allows the calcu- 
lation o f f  and 2. [23]. 

On the other hand if it is assumed that the 
polyion can be considered as a long cylinder 
with a sufficiently high charge density (due to 
the presence of a large amount of deprotonated 
groups in different sites), Manning [13,21] 
found the following relationships between f 
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and a dimensionless line charge density ~ (,~,- 
dependent; see also Eqs. (7) and (9)) 

f=0.8661zl-' -' 
f =  1 0"55~2 ~) 

where z is the charge of  the cation (Eq. (4) 
holds for [z[ = 1 only). On the other hand, ~ is 
related to the average spacing between charged 
sites of  the polyion, 1 

1 

where l ,  is the Bjerrum length, defined as 

e 2 

41r eeo k T 

where re0 is the permitivity of  the solution. 
From Eqs. (3)-(6), ~ and 1 values can be 
estimated from f 

Moreover, if the relaxation effect is consid- 
ered [21], the following relationship between 
2p, 2~ °, the radius of  the cylinder, a, and a 
reciprocal screening length, Xo, can be ob- 
tained 

0.866/-/2 ° In ]xoa[ 
2p = iz[2 o + 0.134H In I Dal (7) 

In this expression, H is a standard elec- 
trophoretic mobility factor defined by 

4teo 
H = -~ff- R T 

4. Resu l t s  and discuss ion 

The titration curves of  polyelectrolyte solu- 
(3) tions with metal hydroxides show three differ- 

ent regions (in Fig. 1 a set of  typical 
(4) experimental titration curves at different ex- 

tract concentrations is presented as an exam- 
pie): (a) the initial part of  the curve, where the 
conductivity decreases down to a minimum, 
which can be attributed to the neutralisation of  
free H + ions by added metal hydroxide; (b) the 
region after the minimum, where the conduc- 

(5) tivity increases slowly due to an increase in 
both negatively charged groups on the poly- 
electrolyte molecules and the concentration of  
free metal ions; and (c) the final part, where a 
larger slope is obtained due to an increase in 

(6) the concentration of  free metal hydroxide. 
Of  these three regions, the second (where the 

concentrations of  H ÷ and O H -  ions are low) 
is the most important for performing the calcu- 
lations of  the conductimetric parameters of  
polyelectrolytes, because the conductivity de- 
pends only on the fraction of  free counterions, 
and on the molar conductivities of  the counter- 
ion in the pure solvent and the polyion. There- 
fore, application of  Eqs. (1) or (2) allows the 
calculation of  f and 2p. These equations predict 
that the plots of  K vs. Cp have an intercept 
equal to zero; if this is not the case, the K 
values must be corrected by subtracting the 
value of  K obtained by extrapolation of  
O H i o  ~ to zero. Values for 2p and f in that 

(8) region of  the curves for the three extracts 
analysed, obtained by using Eq. (2), are sum- 

t/is the viscosity of  the polyelectrolyte solution, 
and rD can be calculated from ~° l • "b~'~ e d" 

F2Cp 80 

x~ = eeoRT~ (9) / ,~  . 

In the same way, a relationship can be ob- ] N a , , o ~ f  
tained for the electrostatic potential at the s u r - ~ : l ~ ' ~  ~ ~ i o I ~  b , ~  
face of  the cylinder of  radius a pF(a)), due to . ib~tm ~ 
the presence of  the counterions (Izl = 1 only) 

~b(a)= 2kTlniKoal  (10) 201~-  " " ~  

Finally, when ~ exceeds unity, the volume of t 0 ~  
o.o o.2 0.¢ o.e o~ 1.o ~.2 ~.¢ 

the zone of  counterion condensation, lip, (in 
cubic centimetres per mole if l is expressed in 
Angstr6ms) can be related to ( by the equation 
[24] 

Fp = 41.1(~: - 1)/3 (11) 

v ~ tN,~ 

Fig. I. Variation of the conductance (I~S cm - ~) of eucalyp- 
tus extract solutions (of concentrations ( I )  40 mg I-~, (7q) 
60mgl  -I ,  (&) 80mgl  -I and ( [ ] )  100mgl -I)  when ti- 
trated with NaOH. For an explanation of the a, b and c 
regions, see the text. 
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Table 1 
Parameters obtained from the conductimetric titration 
eucalyptus, chestnut and oak 

Parameter Extract concentration (mg I- ~) 

40 60 80 100 

Eucalyptus 
f 0.43 0.58 0.78 0.74 
2p 199.9 146.8 84.2 98.1 

2.01 1.49 1.11 1.17 
I (A) 3.6 4.8 6.4 6.1 
Vp 1937 2227 1185 1586 
¢(a)Li (V) 2. l 0.74 0.27 0.34 
~(a)Na (V) l.l 0.56 0.24 0.29 
¢(a)K (V) 0.72 0.44 0.21 0.26 

Chestnut 
f 0.42 0.53 0.55 0.44 
2p 235.8 169.2 154.2 197.4 

2.06 1.65 1.58 1.97 
I (A) 3.4 4.3 4.5 3.6 
Vp 1712 2124 2172 1726 
#(a)Li (V) 9.7 1.1 0.85 2.0 
#(a)Na (V) 1.8 0.74 0.62 1.1 
#(a)K (V) 0.98 0.55 0.48 0.71 

Oak 
f 0.47 0.69 0.51 a 
,~p 226.8 131.2 185.7 _a 
~: 1.84 1.25 1.69 _a 
I (A) 3.9 5.7 4.2 _a 
Vp 2048 1903 2101 _a 
~,(a)Li (V) 5.4 0.58 1.54 a 
~(a)Na (V) 1.6 0.46 0.91 _a 
~,(a)K (V) 0.90 0.38 0.64 _a 

"Values not available (see text). 

of 

marised in Table 1 (statistical treatment of  the 
plots showed that the above-mentioned correc- 
tions were not required). 

The results show that an initial decrease of  
2p occurs when the concentration of the extract 
rises until a minimum is reached (at about 
60-80  mg l-~, depending on the extract). The 
eventual increase in 2p (and related variables) 
can be attributed to changes in the conforma- 
tional structures of  the polyelectrolyte mol- 
ecules. These results are in agreement with the 
theoretical decrease of  ,;.p when the number  of  
deprotonated groups of  polyelectrolyte in- 
creases [17], due to an increment in the polyion 
radius and a consequent decrease in ~:. A s f a n d  

are inversely related (Eqs. (3) and (4)), a 
parallel increase in the fraction of  conductimet- 
rically free counter ions is also observed. 

From the calculated f values, the line charge 
density, ( ,  and the distances between charged 
groups (I) were estimated using Eqs. (3)-(6). 
The values obtained (also listed in Table l) fall 

in the range 3 .4 -6 .4A,  and are similar to 
published values for similar systems [24,25], 
which confirms the polyelectrolyte nature of  
the extracts. As for f ,  an increment in the l 
values is observed when the concentration in- 
creases, in agreement with an increase in the 
viscosity values (obtained in salt-free solutions 
of  the extracts) with concentration (the viscos- 
ity increases up to 60-80  mg l-~, but a marked 
decrease is observed at the highest concentra- 
tion [25] and this suggests an unscroUing of  
polyelectrolyte molecules in the concentration 
range from 40 to 6 0 - 8 0 m g  1 -~ and a later 
scrolling due to changes in their conformation. 

From ,~p and ~/, values of  # (a )  and Vp were 
estimated using Eqs. (10) and ( l l ) .  An initial 
decrease in the Debye-Hi icke l  potential when 
the concentration increases is obtained; this 
can be attributed to the enlargement of  the 
extract molecules, in good agreement with the ! 
and f variations calculated before, and with 
others reported for FA [26]. On the other hand, 
no definite trend was found for the Vp values, 
due to the small influence of  the counterions on 
the size of  the condensation volume. 

When the parameters  calculated for the three 
different extracts are compared,  significant 
differences appear  for the eucalyptus at the 
higher concentrations analyzed. The f and / 
values are higher than for the other two ex- 
tracts, showing that the distance between 
groups is larger and a higher number of  coun- 
terions are conductimetrically free. This be- 
haviour is in agreement with the less acidic 
nature of  the eucalyptus extract, determined 
previously [27]. 
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Abstract 

The reagent bis(salicylaldehyde)tetramethylethylenediimine has been used for the determination of diox- 
ouranium(VI), based on complexation in aqueous solution at pH 6, followed by extraction in chloroform 
and HPLC determination on a Hypersil ODS (3 pro) column. The complex was eluted with the ternary 
mixture methanol-acetonitrile-water (40:30:30, v/v/v), with UV detection at 260 nm. Oxovanadium(IV), 
iron(III), c0pper(II), cobalt(II), nickel(II) and palladium(II) were completely separated and did not interfere 
in the determination of uranium. The linear calibration range and detection limits have been obtained. The 
method has been applied to the determination of uranium together with copper, iron and nickel in mineral 
ore samples. 

Keywords: Bis(salicylaldehyde)tetramethylethylenediimine; Complexation: Dioxouranium(VI), HPLC; Sol- 
vent extraction; Uranium determination 

I. Introduction 

A number of  analytical methods are reported 
for the determination of uranium, including 
spectrophotometry, spectrofluorimetry and in- 
ductively coupled plasma-atomic emission 
spectrometry. The methods generally involved 
prior separation using ion exchange or solvent 
extraction techniques [1-3]. High-performance 
liquid chromatography (HPLC) methods for 
the determination of  uranium have also been 
reported, based on ion exchange, ion pair or 
ion chromatography and post column deriva- 
tization using Arsenazo III or 4(2'-pyridy- 
lazo)resorcinol [4-11]. Casoli et al. [12] have 
used 2,6-diacetylpyridine-bis-(benzoylhydro- 
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zone) for solvent extraction, and reversed 
phase HPLC for the determination of uranium. 
Main and Fritz [13], after complexing uranium 
with the bis(quaternary ammonium hydro- 
zones) of  2,6-diacetylpyridine, have determined 
the uranium complexes chromatographically. 
Fuping et al. [14] have studied the retention 
behaviour of ~-hydroxyisobutyric acid com- 
plexes of  thorium and uranium by reversed- 
phase (RP) HPLC. 

The reagent bis(salicylaldehyde)tetramethyl- 
ethylenediimine (H2SA2Ten) has been used for 
the determination of copper and nickel in metal 
alloys using gas chromatography and normal 
phase HPLC [15], oxovanadium(IV) in crude 
petroleum oils using normal phase HPLC [16], 
and cobalt and iron in pharmaceutical prepara- 
tions using RP HPLC [17]. In the present 
work, the selective reaction of H2SA2Ten 

reserved 
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H3C%. / CN] H3C,~ " /CH 3 

M: Co(11~, Cu (11),Fe (11) .Ni fI1).PcI(II).U02(! I),V001) 

Fig. 1. Structural diagram of the metal-H2SA2Ten com- 
plex. 

(Fig. 1) with a limited number of metal ions 
(copper(II), nickel(II), cobalt(II), cobalt(III), 
iron(II), iron(III), palladium(II), platinum(II), 
manganese(II), oxovanadium(IV) (VO(II)) and 
dioxouranium(VI) (UO2(II)) [15-19]) com- 
bined with simple isocratic RP-HPLC has been 
used for the determination of  uranium. 

2. Experimental 

(20 ml; 65%) were added. The contents of the 
beaker were heated gently on a hot plate and 
when most of the acids had evaporated, nitric 
acid (20 ml; 65%) was added. The beaker con- 
tents were again heated to near dryness and the 
residues were dissolved in nitric acid (0.1 N). 
The solutions were filtered and the volumes 
was adjusted to 25ml. The solution (10ml) 
resulting from sample 1 or those (5 ml) result- 
ing from samples 2, 3, 4 and 5 were transferred 
to well-stoppered test tubes and the pHs were 
adjusted to 5-6. The procedure described in 
section 2.1 was then followed. 

2.3. Analysis of uranium using standard 
addition technique 

To sample 38842 (0.2 g) were added 40, 
80, 120, 160 and 200 lag of uranium, and the 
procedure described in section 2.2 was then 
followed. 

The reagent H2SA2Ten and its copper(II), 
nickel(II), palladium(II), iron(III), oxovana- 
dium(IV) and dioxouranium(VI) complexes 
were prepared as reported earlier [15-18]. 

2. I. Solvent extraction of dioxouranium(VI) 

An aliquot of a solution (1-10 ml) contain- 
ing uranium (0-200 lag) was transferred to a 
well-stoppered test tube. Sodium acetate-acetic 
acid buffer (pH 6; 2 ml) and reagent solution 
(1.5 ml; 1% (w/v) in ethanol) were added. The 
mixture was warmed on a water bath for 
10min, and after cooling, chloroform (2 ml) 
was added. The layers were mixed well and 
1 ml of  the extract was transferred to a sample 
vial. The solvent was removed and the complex 
was redissolved in 1 ml of methanol. Portions 
of the solution (1-5 rtl) were injected on to a 
column (150mm × 4.6mm) of Hypersil ODS 
(3 lam) and the complex was eluted with a 
ternary mixture of  methanol-acetonitr i le-  
water (40:30:30, v/v/v) with a flow rate of  
0 . 5 m l m i n - h  Detection (UV) was performed 
at 260 nm. 

2.2. Analysis of uranium in mineral ore 
samples 

Samples (1) 38834 (0.5 g), (2) 38842 (0.5 g), 
(3) 38835 (0.2g), (4) 388496 (0.2 g) and (5) 
38850 (0.2 g) were transferred to beakers and 
hydrochloric acid (60 ml; 37%) and nitric acid 

2.4. Simultaneous extraction of  copper(II), 
nickel(II), iron(II) and dioxouranium(Vl) 

To a solution (5 ml) containing (0-200 tag) 
of copper, nickel, iron and uranium were 
added the reagents, and that procedure de- 
scribed in section 2.1. was followed. The 
aqueous phase was transferred to a volumetric 
flask (10 ml), and the volume was adjusted to 
10 ml. The amount of copper, nickel and iron 
remaining in the aqueous phase was deter- 
mined using atomic absorption spectrophoto- 
metry. 

2.5. Simultaneous extraction and determination 
of copper(lI), nickel(If), iron(II) and 
dioxouranium(VI) in mineral ore samples 

The mineral ore samples (1 g) were trans- 
ferred to beakers and the analytical procedure 
described in section 2.2 was followed. The final 
volume was adjusted to 50 ml. An aliquot of 
the solution (0.1-25ml) was taken and the 
volume was adjusted to 10 ml. The procedure 
described in section 2.1 was then followed. 

The mineral samples (sandstone house refer- 
ence standards) were obtained from the Atomic 
Energy Minerals Centre, Lahore, and uranyl 
nitrate (BDH Chemicals Ltd.) was used for the 
preparation of a uranium standard solution 
(1 mg ml-I).  

HPLC studies were carried out with use of a 
Hitachi 655A liquid chromatograph connected 
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to a variable wavelength UV monitor, a Rheo- 
dyne 7125 injector and a Hitachi Chromato 
integrator D-2500. 

A column (150 mm × 4.6 mm i.d.) of  Hyper- 
sil ODS (3 lam) (Shandon, USA) was used 
throughout the study. Spectrophotometric 
studies were carried out with use of  a Hitachi 
220 spectrophotometer. A Varian Spectr AA 
20 atomic absorption spectrophotometer with 
an air-acetylene nebulizer was used. 

3. Results and discussion 

The reagent H2SA2Ten forms a neutral com- 
plex with dioxouranium(VI), which is easily 
extractable into chloroform ethyl acetate and 
methyl isobutyl ketone (MIBK). The absorb- 
tion maximum for the complex is at 470 nm 
and Beer's law is obeyed at a final concentra- 
tion of  2 -20  lag ml -  1 in chloroform. The effect 
of pH on the extraction of  dioxouranium(VI) 
was investigated spectrophotometrically. It was 
observed that dioxouranium(VI) is extracted in 
the pH range 3-9 ,  but optimal extraction was 
observed at pH 6. 

The uranyl complex was easily eluted from 
the Hypersil ODS column, but optimal separa- 
tion from an excess of  the reagent occurred 
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Fig. 2. HPLC separation of  (peak 1) the reagent, and 
(peak 2) the dioxouranium complex, on a column 
(150 mm x 4.6ram i.d.) of  Hypersil ODS (3 lain), with elu- 
tion with methanol-acetoni t r i le-water  (40:30:30, v/v/v) at 

a flow rate of  0.5 ml min-~,  and with UV detection at 
260 nm. 

when elution was effected with a ternary mix- 
ture of  methanol-acetoni t r i le-water  (40:30:30, 
v/v/v) (Fig. 2). Copper(II), cobalt(II), nick- 
el(II), iron(Ill), palladium(II) and oxovanadiu- 
m(IV) complexes of  H2SA2Ten, when present 
together, eluted separately from the uranyl 
complex and did not interfere in the uranium 
determination. However complete separation 
between dioxouranium(VI), oxovanadium(IV), 
palladium(II), nickel(II), cobalt(II), iron(II) 
and copper(II) was observed when isocratic 
elution was performed with methanol-acetoni-  
t r i le-water  (70:10:20, v/v/v) (Fig. 3). 

Linear calibration of  uranium was obtained 
with 0-100 lag ml -~ of  the extract by plotting 
the average peak height (n = 3) versus concen- 
tration. The coefficient of  correlation (r) was 
0.998. The detection limit measured at least 
three times the background noise was 
2.5 lag ml-~, corresponding to 12.5 ng per injec- 
tion. The test solutions were analyzed for con- 
tent of  uranium, and a relative percentage error 
within 0-4.2% was found. The effects of  alu- 
minium(III), chromium(VI), manganese(lI) and 
zinc(II) on the extraction of  uranium were ex- 
amined. Aluminium(III), manganese(II) and 
zinc(II) decreased the percentage extraction of  
uranium. Aluminium was masked with ammo- 
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Fig. 3. HPLC separation of chelates of (peak ]) 
HzSA2Ten, (peak 2) cobalt, (peak 3) oxovanadium, (peak 
4) dioxouranium, (peak 5) iron, (peak 6) palladium, (peak 
7) nickel, (peak 8) copper, on a column (150 mm x 4.6 mm 
i.d.) of Hypersil ODS (3 pro), with elution with methanol- 
acetonitri le-water (70:10:20, v/v/v) at a flow rate of  
0.8 ml rain-~ and with detection at 260 nm. 
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Table 1 
Analyses of uranium in mineral samples 

Sample Sample Amount of Amount of 
no. uranium uranium 

reported found a 
(lag g-  t) (lag g- i )  

1 38834 106.0 98.5(2.7) 
2 38842 423.0 392.0(4.5) 
3 38835 626.6 586.0(2.8) 
4 38849 1273.7 1210.0(3.8) 
5 38850 1718.0 1620.0(4.6) 

Coefficients of variation (%) are given in parentheses. 

n ium f luor ide  (1 ml; 1% (w/v)) and  m a n g a n e -  
se(II)  and  zinc(II)  cou ld  be to le ra ted  at  a con-  
cen t ra t ion  s imi lar  to tha t  o f  u ran ium.  The  
minera l  samples  were ana lyzed  for  con ten t  o f  
u r an ium (Table  1), and  the values  ob t a ined  
showed coefficients o f  va r i a t ion  (C.V) wi thin  
2 .7 -4 .6%,  which is 5 . 0 - 7 . 3 %  lower  than  the 
expected values.  Sample  2 (38842) was also 
ana lyzed  by  the s t a n d a r d  add i t i on  m e t h o d  and  
the results  ob t a ined  (395 Ixg g -  ~ with a C.V. o f  
3.5%) was close to  the prev ious ly  ob t a ined  
value. I t  m a y  be suggested tha t  the complexa -  
t ion ex t rac t ion  and  H P L C  de te rmina t ion  are  
quant i ta t ive ,  bu t  s l ightly low results  ( 5 - 7 . 3 % )  
could  be a t t r ibu ted  to a low d isso lu t ion  
efficiency o f  u ran ium in hydroch lo r i c  a c i d -  
ni t r ic  acid  f rom sandstone .  

F ina l ly ,  it was observed  tha t  the minera l  
samples  con ta ined  copper ,  i ron  and  nickel,  

U. 
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Fig. 4. Simultaneous HPLC determination of chelates of 
(peak l) dioxouranium(Vl) (peak 2) iron(Ill), (peak 3) 
nickel(II), (peak 4) copper(If) in sample no. 38842,on a 
column (150mm x 4.6ram i.d.) of Hypersil ODS (3 lam), 
with elution with methanol-acetonitrile-water (40:40:20, 
v/v/v) at a flow rate of 0.8 ml min- ~ and with detection at 
260 nm. 

which were s imul taneous ly  ex t rac ted  with  ura-  
nium. The  t ransfer  o f  meta l s  f rom the aqueous  
to the organic  phase  was examined.  The  meta l  
ions remain ing  in the aqueous  phase  were de- 
t e rmined  using a tomic  a bso rp t i on  spec t ropho-  
tomet ry .  I t  was observed  tha t  92%, 93% and  

Table 2 
Analyses of copper, iron and nickel in mineral samples 

Sample Sample Metal ion 
n o .  

Amount found Amount found by 
by HPLC = atomic absorption 
(lag g -  ~) spectrophotometry = 

(lag g-~) 

1 38834 Ni 37(5.1) 40(5.0) 
Cu 38(5.0) 35(2.2) 
Fe i 0400(3.8) 10600(1. I ) 

2 38842 Ni 48(5.0) 45(4.5) 
Cu 47(4.5) 45(2.1) 
Fe 60000(4.9) 60600(0.8) 

3 38835 Ni 52(6.10) 50(3.9) 
Cu 23(6.6) 20(2.3) 
Fe 16500(2.8) 16900(2.1 ) 

4 38849 Ni 42(4.5) 40(4.5) 
Cu 32(4.7) 30(2.1) 
Fe 18400(1.3) 18100(1.4) 

5 38850 Ni 44(5.5) 45(3.9) 
Cu 22(4.8) 20(1.8) 
Fe 49000(2.0) 49400(0.5) 

= Coefficients of variation (%) are given in parentheses. 
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94% o f  copper ,  nickel  and  i ron  were t rans-  
ferred with C.V.s o f  1.54%, 2.86% and  0.86%, 
respectively,  using a single extract ion.  Thus  an 
a t t emp t  was m a d e  to de te rmine  copper ,  i ron 
and  nickel  toge ther  with u r an ium using H P L C  
(Fig.  4). The  same ex t rac t ion  p rocedure  was 
used as for  u ran ium.  The  results  in Table  2 
indicate  a close cor re la t ion  between the 
a m o u n t s  ob t a ined  by H P L C  and  a tomic  ab-  
so rp t ion  spec t ropho tome t ry .  Coefficients o f  
va r ia t ion  ob ta ined  by  H P L C  were 2 .0 -6 .6%,  
c o m p a r e d  to  0 . 5 - 5 . 0 %  by a tomic  abso rp t i on  
spec t ropho tome t ry .  

4. Conclusions 

A simple  H P L C  m e t h o d  has  been used for  
the  de t e rmina t i on  o f  uranyl ,  based  on  pre-  
co lumn der iva t i za t ion  and  using H2SA2Ten as 
complex ing  reagent .  The  m e t h o d  has  been used 
for  the de t e rmina t i on  o f  u r a n i u m  toge ther  with 
copper ,  i ron  and  nickel  in minera l  samples  
af ter  acid  dissolut ion.  
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Abstract 

Metal exchange reactions of acetylacetonate complexes with Cd(II), Cu(II) and Zn(II) ions were 
investigated by using cadmium and copper ion selective electrodes. Changes in the electrode potential and 
pH of the solutions were monitored upon adding the pertinent metal Zn(II) of the acetylacetonate (AA) 
complexes. In the reverse system in which a stable Cu-AA complex exists in the solution prior to adding 
a secondary metal ion (Cd(II) or Zn(II)), no Cu(II) was replaced by either ion. In the systems containing 
Cd(II) and Zn(II) as a complexed form with AA or as free ions, the exchange reactions were not explained 
by considering the equilibrium stability constants of the Cd-AA and Zn-AA complexes. 

Keywords: Acetylacetonate complexes; Cadmium(II) ions; Copper(II) ions; Electrochemistry; Ion selective 
electrodes; Metal exchange reactions; Zinc(II) ions 

1. Introduction 

Speciation studies of  trace elements in the 
natural environment have been carried out ex- 
tensively to elucidate the fates and bioavailabil- 
ity of  toxic pollutants [1-3]. Several methods 
are used for these purposes, which can be 
classified into three categories: thermodynamic 
(and kinetic) calculations, direct analysis of  
environmental samples (including in situ analy- 
sis), and model experiments (experimental sim- 
ulations in the laboratory). The individual 
methods and their appliations strongly depend 
on the nature of  the medium to be analyzed, 
and on the different physicochemical forms to 
be determined. The electrochemical approach is 
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one of  the promising methods for this purpose 
[4]. The accuracy and sensitivity are sometimes 
not sufficient to deal with most natural water 
systems. The solution pH may be another lim- 
iting factor for ion selective electrode (ISE) 
measurements. However, in some cases, in 
which the concentration of  the element of  in- 
terest is rather high, e.m.f, measurement can be 
applied to environmental monitoring. 

The purpose of  the present study is to eluci- 
date the possibility of  evaluating exchange re- 
actions of  metal complexes by using ion 
selective electrodes. As a preliminary example, 
metal exchange reactions of  well-known acetyl- 
acetonate (AA) complexes have been investi- 
gated using cadmium and copper electrodes. 
The authors try to find unknown exchange 
reactions in the natural environment through 
certain metal complexes with known stability 
constants. 

reserved 
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2. Experimental 

2.1. Reagents and solutions 

All chemicals used in this study were pur- 
chased from Wako Pure Chemical Industries 
and were of analytical reagent grade. 

Standard solutions of Cd(II), Cu(II) and 
Zn(II) were prepared by dissolving the perti- 
nent metals (99.9% purity) in a small amount 
of concentrated HNO3. An aqueous solution of 
acetylacetone was prepared from direct dilu- 
tion of the reagent. 

2.2. Procedure 

The free ion concentration of Cd(II) or 
Cu(II) in the solution was measured by using 
an ion analyzer (Orion Model EA940) with a 
cadmium ion selective electrode (Orion Model 
9448BN) or a copper ion selective electrode 
(Orion Model 9429BN), an Ag/AgCI double- 
junction reference electrode (Orion 900200) 
and an automatic temperature compensation 
probe (Orion 917001). The solution pH was 
also monitored with a pH meter (Horiba D12). 

Calibration was carried out within the linear 
working range (10-7-10-5M) for individual 
metal ions (Cd(II) or Cu(II)) to obtain a char- 
acteristic slope in the pertinent e.m.f, measure- 
ment. Factors affecting the electrode potential 
are temperature, pH, ionic strength and also 
ionic and/or non-ionic species coexisting in 
the solution. The experimental conditions in 
this study were set as follows: temperature, 
20 + 0.1°C; pH 4-5; I =  0.01 M (with NaNO3). 
The linearity of the electrode potential for both 
the cadmium and the copper electrodes was 
examined in the concentration range from 10 - 7  

to 10 -5 M. The reproducibility of the calibra- 
tion curve was carefully checked before and 
after the experiment. The effects of coexisting 
ions on the electrode potential were evaluated 
by changing the amount of pertinent salts 
added to the solution of constant ionic 
strength. 

3. Results and discussion 

In order to elucidate the ISE response to the 
acetylacetonate complexation of Cd(II) and 
Cu(II), titration curves of these ions were ob- 
tained by using cadmium and copper elec- 
trodes. Figs. I and 2, respectively, show the 
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Fig. I. Titration curves of Cd(II) and Zn(II) solutions with 
10 -3 M AA aqueous solution monitored with a cadmium 
selective electrode. O,  5.0 x 10-SM Cd(II); ©, 5.0 x 
l0 - s  M Zn(II). 

results for Cd-AA and Cu-AA systems, 
in which the concentration of each metal ion 
was adjusted to 5 x 10 -6 M at pH 5 and I =  
0.01 M initially. An aqueous solution of AA 
(10 -3 M) was used as a titrant. Considering the 
acid dissociation constants of acetylacetone 
(pKa = 8.9), [5] virtually all AA in aqueous 
solution is in the neutral form, i.e. AAH at 
pH 5. The suitable pH range for ISE measure- 
ment is restricted by hydroxide formation for 
both Cu(II) and Cd(II), which is not detected 
by an ISE. Under the experimental conditions 
specified in this study, the complexation at 
pH 5 is fast enough to monitor a change in the 
e.m.f, of the solution electrochemically. Proton 
exchange is supposed to occur simultaneously 
in the AA complexation at pH 5. 
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Fig. 2. T i t r a t i o n  curves o f  Cd ( l ] ) ,  C u ( ] ] )  and  Z n ( [ l )  solu- 

t ions with l0 -~ M AA aqueous solution monitored with a 
copper selective electrode. ©, 5.0 x 10-6M Cd(li); O,  
5.0 x 10 -6 M Cu(ll); e ,  5.0 x 10 -6 M Zn(ll). 



R. Fujiyoshi, M. Katayama / Talanta 42 (1995) 1931-1935 1933 

Table 1 
Electrode response to the ion (M') present in the solution 
at 20°C, pH 5 and / =  0.01 

Electrode Ion (M') Selectivity Concentration 
coetScient a ( x 10 -7 M) 

Cadmium Cu(II) l0 ~ 35 b 1 - 10 
Zn(II) 10 -2 1-50 

Copper Cd(ll) 10 -2 1-50 
Zn(II) 10 -2 1-50 

a The selectivity coefficient was obtained by the mixed 
solution method with both fixed primary ion and fixed 
interference. 

b The value was not constant but increased with increas- 
ing amount of  Cu(II) ion present in the solution. 

The absolute value of the e.m.f, after the 
endpoint of a titration is known to be depen- 
dent on the type of complexing agent in the 
solution, its concentration and pH [6]. The 
endpoints obtained in both systems correspond 
to the formation of a stoichiometric 1:1 com- 
plex of metal-acetylacetonate. Figs. l and 2 
also show the results of the titration of Zn(II) 
with AA using a cadmium electrode and also 
of Zn(II) and Cd(II) using a copper electrode, 
respectively. The endpoints on the curves also 
suggest the formation of a 1:1 complex of the 
metal-acetylacetonates. Any metal species other 
than free ions are not detected by the ISE 
measurements. The aeetylacetonates of Cd(II), 
Cu(II) and Zn(II) are supposed to be 1:2 
(metal:AA) with respect to chemical composi- 
tion under the present experimental conditions. 

The effects of Zn(II) ions on the ISE poten- 
tial of the cadmium electrode, and Zn(II) or 
Cd(II) ions on that of the copper electrode 
were investigated separately by using the mixed 
solution method with both a fixed primary ion 
and fixed interference [7]. 

Table l lists the response of both cadmium 
and copper electrodes to the ions (M') present 
in the solutions. The presence of Zn(II) ions 
and also Zn(II) and Cd(II) ions (5 x l0 -6 M or 
lower) did not affect the electrode potential 
significantly on using the cadmium electrode 
and copper electrode, respectively [8]. Cd(II) 
ions in the solution do not interfere in the ISE 
measurement of Cu(II) ions with the copper 
electrode. The most striking effect appeared to 
be on the e.m.f, measurement of the Cd(II) 
ions in the solution containig cupric ions. The 
selectivity coefficients of the cadmium electrode 
was not constant but increased with increasing 
amount of Cu(II) ions in the solution 
(10 -7 M < Cu(II) < 5 x l0 -6 M). 

The metal exchange reaction was then inves- 
tigated by titrating a solution containing a 
known amount of primary metal-AA complex 
(5.0 × l0 -6 M) with a standard solution of a 
secondary metal ion 00 -4 M). The following 
systems were examined 

(a) CdAA2 + Cu(II) (Cu) 
(b) ZnAA2 + Cu(II) (Cu) 
(c) CdAA2+Zn(II) (Cd) 
(d) ZnAA2+ Cd(II) (Cd) 
(e) CuAA2 + Cd(II) (Cd) 
(f) CuAA2 + Zn(II) (Cu) 

where the element in parenthesis refers to the 
ISE used in the system. 

Fig. 3 shows the results of two typical exam- 
pies, systems (b) and (e), where the ISE poten- 
tial (mV) of the copper electrode is plotted 
against the logarithmic concentration (M) of 
Cu(II) ions added to the solution. The calibra- 
tion curve for Cu(II) is shown together with the 
titration curves. As shown in the figure, metal 
exchange is clearly observed between Zn(II) of 
the Zn-AA complex and the added Cu(II) ions 
(System (b)). In contrast, the Cd(II) ion does 
not replace the Cu(II) of the CuAA 2 complex 
appreciably (System (e)). 

From a set of data for e.m.f, measurements 
from the metal exchange reactions, the per cent 
exchange of a primary metal ion bound by AA 
was calculated as a function of the secondary 
metal concentration in the systems listed 
above. Figs. 4 and 5 give the results. As shown 
in Fig. 4, Cd(II) and Zn(II) bound with AA are 
easily replaced with Cu(II) ions under the ex- 
perimental conditions specified in this study. 
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Fig. 3. Change in ISE potential as a function of Cu(ll) 
concentration monitored with a copper selective electrode. 
O, Calibration curve; A. system (b) (ZnAA 2 + Cu(ll)); C), 
system (e) (CuAA 2 + Cd(ll)). The initial concentrations of 
ZnAA 2 and CuAA 2 in the solution were adjusted to be 
5 x l0 -7 M and 5 x 10 -6 M, respectively. 
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Fig. 4. Per cent exchange of  metal-acetylacetonate  as a 
function of  Cu( l l )concent ra t ion  in the solution. @, System 
(a) (CdAA 2 + Cu(ll)); &, system (b) (ZnAA 2 + Cu(II)). 
The initial concentrations o f  CdAA~ and Z n A A  2 in the 
solution were adjusted to be 5 x 10 -6  M and 5 x 10 -7 M, 
respectively. 

The behavior of Cu(II) in the metal exchange 
reaction of the AA complex may be explained 
by considering the large stability constant (log 
fl = 23.7) of CuAA 2. The stability constants 
(log fl) of ZnAA 2 and CdAA2 are reported to 
be 17.6 and 14.5, respectively at 25°C [9]. It is 
thus supposed that metal exchange will easily 
proceed in the system (c). However, as shown 
in Fig. 5, no exchange occurs before the point 
on the curve at which an equal concentration 
of Zn(II) ions to the Cd(II) are added to the 
CdAA2 solution. After this point, Zn(II) ions 
begin to replace Cd(II) of CdAA: to form the 
Zn-AA complex. 

Fig. 5 also shows the result in system (d). 
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Fig. 5. Per cent exchange of  metal-acetylacetonate  as a 
function of  titrant (AA complex) concentration in the 
solution. System (c) (CdAA 2 + Zn(ll)): ©,  2.0 x 10 -6  M; 
0 ,  5 . 0 x 1 0 - 6 M .  System (d) (ZnAA2+Cd( l l ) ) :  A,  
2.0 x 10 -6  M; &, 5.0 x 10 -6  M. The initial concentrations 
o f  both C d A A  2 and ZnAA2 in the solution were adjusted 
to be 2 x 10 -6  and 5 x 10 -6  M. 

Table 2 
Per cent exchange o f  M - A A  2 in the mixed solutions 
(equilibrium experiments) 

System Concentrat ion ( x 10 - 6  M) Exchange 
(%) 

M - A A  2 M' 

(c) 2.0 

(d) 2.0 

2.0 13.0 
5.0 45.3 

10.0 100 
2.0 90.2 
5.0 100 

10.0 100 

The exchange is unlikely to occur appreciably 
in this system because of a three orders-of- 
magnitude difference between the overall stabil- 
ity constants of ZnAA2 and CdAA 2. However, 
as shown in the figure, the per cent exchange of 
ZnAA2 increases with increasing amount of 
Cd(II) ions added to the solution. All the 
Zn(II) bound with AA has been replaced by 
Cd(II) ions at a point on the curve in which the 
concentration of Cd(II) ions equals that of 
Zn(II). 

In order to check that the equilibrium con- 
sideration is applicable to the results from the 
titration experiments in systems (c) and (d), the 
potential of the cadmium electrode was mea- 
sured in the mixed solutions with known 
amounts of CdAA 2 (or ZnAA2) and Zn(II) 
ions (or Cd(II) ions) at 20°C. Table 2 shows 
the per cent exchange of MAA2 obtained from 
serveral solutions for each system. The results 
are in agreement with those of the titration 
experiments. 

These facts suggest that the metal exchange 
in the AA complex does not always proceed 
according to the stability constants of the perti- 
nent acetylacetonates. This seems particularly 
to be the case when the difference in the stabil- 
ity constants between primary and secondary 
metal complexes is not large. 

The present authors have studied metal and/ 
or ligand exchange reactions of several metal 
complexes including porphyrins by using the 
radiotracer technique [10,11]. The degree of 
exchange in any of the systems studied previ- 
ously could be evaluated from the stability 
constants of each complex. 

The applicability of various exchange reac- 
tions to natural systems should be further in- 
vestigated not only by the radiotracer 
technique, but by another technique, such as 
ISE measurements. 
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4. Conclusion References 

Cadmium and copper ion selective electrodes 
were used to monitor free ion concentrations of 
Cd(II) and Cu(II) in the metal exchange reac- 
tion of acetylacetonate complexes with Cd(II), 
Cu(II) and Zn(II) ions at 20°C, pH 4-5 and 
I =  0.01 M. In some cases in which Cu(II) is 
included in the system, the exchange reaction 
proceeds according to the differences in the 
stability constants of the metal acetylaceto- 
nates. However, in the systems in which Zn(II) 
and Cd(II) are held in the complex form with 
AA or as added free ion, respectively, the 
Zn-AA complex with the higher stability con- 
stant releases Zn(II) ions to be Cd-AA com- 
plex through titrating Cd(II) ions to the 
solution. 

Further studies on metal exchange reactions 
are now being undertaken using a radiotracer 
technique. 
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Abstract 

The separation of silver from a uranium matrix has been carried out using Cyanex-471X (triisobutylphos- 
phine sulphide) in xylene. The effects of various parameters such as the Cyanex-471X concentration, the 
nitric acid molarity, the contact time and the nitrate ion concentration on the extraction of silver have been 
studied. The silver metal ion species extracted into the organic phase was found to be Ag(NO3)'2S (where 
S is Cyanex-471X). The stripping of silver into an aqueous medium was carried out with 5% NaHSO3, 
followed by its determination using ICP-AES. 

Keywords: Chemical separation; Cyanex-471X; Extraction; ICP-AES; Silver determination; Silver nitrate; 
Triisobutylphosphine sulphide; Uranium matrix 

1. Introduction 

In view of  the significantly high value of  the 
thermal neutron absorption cross-section for 
silver, it is considered to be one of  the metallic 
elements to be specially monitored in the chem- 
ical quality control of  nuclear fuel materials. 
Inductively coupled argon plasma-atomic emi- 
sion spectrometry (ICP-AES) has less tolerance 
for dissolved solids and can generate spectral 
interferences from uranium/plutonium in the 
determination of  analytes. In order to improve 
the overall analytical performance, it is, there- 
fore, essential to chemically separate the major 
matrix from the analytes or to separate the 
analyte metal ion selectively before ICP/AES 
determination. A highly selective solvent ex- 
traction technique has been developed for the 
separation of  silver from uranium/plutonium. 

Metal ions such as gold, silver, mercury, 
copper and palladium (all classified as "soft 
acids") are selectively extracted by reagents 
containing sulphur and phosphorus ("soft 

* Corresponding author. 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights 
S S D ! 0039-9140(95)01666-X 

bases") as donor atoms [1-5]. Cyanex-471X 
(triisobutylphosphine sulphide) developed by 
the American Cynamid Co., has been used 
successfully [6-10] in the extraction of  palla- 
dium, mercury, rhodium, gold and silver. 

This paper describes the extraction of  silver 
from a uranium matrix using 0.1% Cyanex- 
471X in xylene, from HNO3 medium. The 
effect of  various parameters on the extraction 
of  silver has also been studied. 

2. Experimental 

2. I. Apparatus 

A Jarrell-Ash 0.75 M (Mark III: Atomcomp 
1100 series) direct reading spectrometer 
equipped with d.c. arc and ICP excitation 
sources was used. The spectrometer consists of  
48 analytical channels covering 33 elements 
and a monochromator  as a variable wavelength 
channel. The data acquisition and processing 
are carried out with an IBM-compatible com- 
puter. A high-purity germanium (HPGe) detec- 

reserved 
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Table 1 
Variation in the parameters for the extraction of  silver 

Experiment no. Aqueous phase 

Ag carrier HNO~ N O ;  
(~tg ml -~) (M) (M) 

Organic phase: 
Cyanex-471X 
in xylene 

I - 2.5 - 10 -5 -10  -2  M 
I1 - 0 .01-5.0 - 0.1% 
IIl - 2.5 0 .1-0.5  0.005% 
IV 1-100 2.5 - 0.05-0.01% 

Conditions: aqueous and organic phase volumes, 1.0ml; radioactive tracer, ~°mAg; time of  equilibration, 15 min; 
temperature, 25 + 0.1*C. 

tor with a multichannel analyser was used for 
checking the purity of the ~°mAg tracer by 
recording its gamma energy spectrum. Gross 
gamma counting of ~°mAg was carried out 
with a gamma scintillation counter using a 
NaI(TI) detector (Harshaw, UK, 3 x 3 well- 
type, type no. 12 SW 12-W 3). 

2.2. Preparation of  standards and samples 

All the reagents (HNO3, xylene, NaNO 3, 
NaHSO3) were A.R. grade. Preanalysed high- 
purity U30 8 was used for the preparation of 
the synthetic samples. A radioactive tracer of 
~l°~Ag (fl-active; Board of Radiation and Iso- 
tope Technology (BRIT), Department of 
Atomic Energy (India)) was used to monitor 
the extraction of silver radiometrically. Cyan- 
ex-471X was used directly to extract silver in 
nitric acid medium. Stripping of silver into the 
aqueous phase was carried out with NaHSO3 
solution. 

Spec-pure AgNO3 (Johnson Matthey, UK) 
was dissolved in 0.3 M HNO3 to prepare a 
stock solution of concentration 1 mg ml-t.  A 
soluiton of 100 lag ml -~ was prepared in order 
to optimize the experimental parameters for 
silver (328.1 nm). A 20 lagml -j solution and 
the reagent blank were used as high-concentra- 
tion and low-concentration standards for two- 
point standardisation. The U3Os matrix was 
dissolved in HNOa in order to prepare a 
1 mg ml- t uranium stock solution. A 
100 lag ml -~ uranium solution was used for the 
optimisation of the analytical signal for ura- 
nium at the 409.01 nm line. The reagent blank 
and a 10 lag ml -~ uranium solution served as 
low- and high-concentration standards in a 
two-point standardisation programme for the 
monitoring of uranium in the chemically sepa- 
rated silver solution. 

2.3. Procedure 

Kinetics of  silver extraction 
The extraction kinetics of I I0mAg were stud- 

ied by mixing 1.0 ml of 2.5 M HNO3 contain- 
ing silver tracer with an equal volume of 0.1% 
Cyanex-471X in xylene and equilibrating by 
slow rotation (40 rev rain-~) in a water bath at 
25 _+ 0.1*C for 0.5-60 rain. The solutions were 
centrifuged and the organic and aqueous 
phases were separated for radioassay. 

Extraction of I tO,,Ag by Cyanex-471X 
Initial experiments on silver extraction 

were carried out in aqueous medium without 
any uranium. Different sets of experiments 
were performed by varying the Cyanex- 
471X, HNO3, NO£ ion and carrier Ag ÷ con- 
centrations. 

The range of variation for each of the above 
parameters is given in Table 1. After equilibra- 
tion, the phases were centrifuged, separated 
and radioassayed. 

Silver removal from the loaded organic phase 
Silver was extracted by 0.1% Cyanex-471X 

solution from 2.5 M HNO3 (containing ~°mAg) 
and the organic phase was separated. To 1 ml 
of the loaded organic phase, equal volumes of 
1-5%NaHSO3 solution was added. After 
shaking and centrifuging, the phases were sepa- 
rated and assayed for the ~° 'Ag activity. 

Once the experimental parameters were opti- 
raised, silver was separated from the uranium 
matrix. U3Os (100rag) was dissolved in 
2.5 MHNO3 to which a known amount of 
~°mAg tracer was added. The solution was 
extracted using 0.1% Cyanex-471X in xylene. 
Both the organic and aqueous phases were 
separated and assayed for the ~°mAg activity 
to assess the efficiency of extraction. 
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Two synthetic samples were also prepared by 
adding known amounts of silver to uranium. 
Silver was extracted with 0.1% Cyanex-471X in 
xylene with a 1 min contact time. Silver was 
removed from the organic phase uisng a 5% 
NaHSO3 solution. 

The ICP-AES method was standardised for 
the determination of silver stripped into the 
NaHSO3 solution. Initially, the experimental 
parameters (argon gas flow rates, signal inte- 
gration time, viewing positions) were optimised 
using 100 I~g ml- '  silver solution. The opti- 
mised parameters were then used to carry out a 
two-point standardisation with 0.3 M nitric 
acid as the low-concentration standard and 
20 ~tg ml -~ solution as the high-concentration 
standard. Since uranium is not covered by the 
48 analytical channels available from the poly- 
chromator, the U409.01 nm line was moni- 
tored on the variable wavelength channel. The 
experimental parameters were optimised using 
100~tgml -I uranium solution. A two-point 
standardisation was carried using 0.3 M nitric 
acid as the low-concentration standard and 
20 Ilg ml-t  solution as the high-concentration 
standard. The synthetic samples from which 
silver was separated were analysed for silver 
and traces of uranium. 

3. Results and discussion 

The kinetics of extraction of l~°mAg by 
Cyanex-471X has shown that the equilibrium is 
attained in about 1 min (Fig. 1). The extraction 
dependence of silver on the Cyanex-471X con- 
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Fig. I. Plot of  percentage extraction vs. time for Ag(l) in 
2.5 M HNO~ at a 0.1% Cyanex concentration. 

Table 2 
Effect of  Cyanex-471X concentration on the extraction of 

silver 

Cyanex Cyanex Distribution Extraction 

concentration concentration ratio, D (%) 

(%) (M) 

0.001 4.2 x 10 -5 0.043 4.4 

0.002 8.4 x 10 -5 0.17 14.3 
0.003 1.26 x i0  -4  0.32 24.5 
0.004 1.68 x l0  -4  0.59 37.3 
0.005 2.1 x l0 -4  0.87 46.5 
0.008 3.4 x i0 -4  2.1 68.0 
0.01 4.2 x l0 -4  3.3 77.0 
0.05 2.1 x 10 -3 39.0 97.5 
0.10 4.2 x 10 -3 99.0 99.0 
0.20 8.4 x 10 -3 61.5 98.4 
0.50 2.1 x l0 -2  65.6 98.5 

centration is shown in Table 2. At 0.1% or 
above, the extraction is quantitative. The equi- 
librium for the extraction of silver in the or- 
ganic phase is 

K 
AgZ + NO~ +mSo ~ (AgNOa'mS)o 

where subscripts a and o represent the aqueous 
phase and organic phase, respectively, and S 
signifies Cyanex-471X. 

K = [AgNOa'mS]° 
[Ag+]a[NO~- ].[S]o 

The distribution ratio (D) can be represented 
by 

D = [Ag]o = [AgNO3"m S]o 
[Ag]a [Ag+]. 

D 
K =  

[NO~IjS] ~ 

log K = log D - log[NO~-]~ - m log[S]0 

log D = log K + log[NO~- ]~ + m log[S]o 

Log D was plotted against the logarithm of 
the Cyanex-471X and the nitrate ion concen- 
trations. Fig. 2 shows a plot of log D vs. log 
[Cyanex-471X] in 2.5 M nitric acid. The slope 
is 1.9_-_+0.1 suggesting that two molecules of 
Cyanex-471X are attached to the silver atom. 
Fig. 3 shows a plot of log D vs. log [NO~-]; a 
straight line with a slope of 1.2 suggests that 
the complex species extracted is AgNO3-2S. 
The free NO~- ion concentration was calcu- 
lated by applying a correction for the dissocia- 
tion of HNO3. 

Table 3 shows the effect of nitric acid molar- 
ity on the extraction of silver using 0.1% 
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Fig. 2. Plot o f  log D vs. Iog[Cyanex] for Ag(I) in 
2.5 M H N O  3. 

Cyanex-471X. With an increase in nitric acid 
concentration, the extraction of  silver increases 
and becomes almost constant above 4 M. 

The loading effect of  silver was studied by 
adding increasing amounts of  silver carrier 
ranging from 1 to 20 lag ml -  ~. Extractions were 
carried out from 2 . 5 M H N O 3  using 0.05% 
Cyanex-471X in xylene. Up to 20 lag ml - l  sil- 
ver, the extraction is found to decrease. How- 
ever, with increased concentration of Cyanex- 
471X (0.1%) a quantiative extraction of silver 
up to 50 ttg ml-m can be achieved (Table 4). 

Table 5 shows the effect of  NaHSO3 concen- 
tration on the stripping of  silver from the 
organic to the aqueous medium. Silver could 
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Fig. 3. Plot of  log D vs. log[NO.7] for Ag(i) at a concen- 
tration o f  0.005% Cyanex in xylene. 

Table 3 
Effect o f  acid concentration on silver extraction using 0.1% 
Cyanex-471X extractant (in xylene) 

HNO~ concentration Extraction 
(M) (%) 

0.01 84.0 
0.05 92.0 
1.0 93.5 
2.0 96.5 
3.0 97.8 
4.0 98.8 
5.0 99.0 

be stripped to the extent of  about 94% into the 
aqueous medium in a single contact with about 
a 5% solution of  NaHSO a. Since a high con- 
centration of  NaHSO3 is used for the stripping 
of  silver which is then determined by ICP-AES, 
the interference of  sodium ions on the determi- 
nation of  silver has also been studied. A 
NaHSO3 solution at a 5% concentration was 
nebulised in the ICP and the analytical signal 
was monitored on the silver channel. The con- 
centration of  silver recorded was of  the order 
of the blank. Thus the NaHSO3 concentration 
was optimised at 5%. 

The uranium spectrum gives rise to spectral 
interference for most analyte elements in ICP- 
AES. Therefore, the presence of  uranium in the 
silver solution after its chemical separation us- 
ing Cyanex-471X as extractant was monitored. 
Uranium up to 10 lag ml -~ did not interfere in 
the determination of  silver; however, the coex- 
tracted amount  of  uranium in the present work 
was found to be below 0.5 lag ml -~ in all the 
samples. 

Optimised ICP-AES experimental parame- 
ters are tabulated in Table 6. The detection 
limit for silver is 0.2 ppm and it is based on the 

Table 4 
Effect of  silver ion concentration on loading of  Cyancx- 
471X 

Ag concentration % Extraction a % Extraction b 
(~g m l -  i) 

1 9 8  - 

2 98 - 
5 99 - 

10 97 - 
20 96 98 
50 86 98 

100 58 91 

0.05% Cyanex. 
b 0.1% Cyanex. 
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Table 5 
Effect of NaHSO 3 concentration on stripping of silver 

NaHSO3 concentration Extraction 
(%) (%) 

! 53.0 
2 74.0 
3 88.7 
4 93.7 
5 94.3 
6 94.0 

Table 7 
Results for ICP-AES determination of silver in synthetic 
samples 

Amount Amount Precision, 
a d d e d  determined % RSD (N = 10) 
(ppm) (ppm) 

5 5.2 2 
l0 11.3 l 

Concentration corresponding to signal equal to g +  36. 

Table 6 
Experimental parameters for the ICP-AES determination 
of silver 

Argon gas flow rates 
Outer flow 20 1 min- 
Intermediate flow 1.0 1 rain- 
Sample flow 0.6 1 min- 

Nebulizer Adjustable cross-flow 
pneumatic type 

R.F. power 
Forward 1.25 kW 
Reflected < 20 W 

Signal integration time 10 s 

Viewing position 
Axial 15 mm above the load coil 
Radial Centrally symmetric 

Slit width 25 ~tm 

Slit height 3 mm 

Magnification of image l 

~ + 3 t r  concept (,Y being the average blank 
signal). The detection is limit calculated by 
repetitive analyses of  the blank. The precision of  
the determinations is based on ten replicate 
analyses of  synthetic samples. The amounts of  
silver determined in the synthetic samples were 
in good agreement with the added amounts. The 
analytical data obtained are given in Table 7. 

Due to the non-availability of  suitable refer- 
ence standards/samples, two uranium samples 

were prepared synthetically by the addition of  
silver at the 0.5 and 2.5 ppm levels. These 
samples, after chemical separation, were anal- 
ysed by electrothermal a tomisat ion--a tomic  
absorption spectrometry (ETA-AAS) in order 
to provide an independent check on the recov- 
ery of  silver. Further, these samples were also 
analysed by the ICP-AES technique using the 
optimised procedure. The results of  these 
analyses are included in Table 8, and show 
good agreement for the estimates of  silver in 
the two samples obtained by these methods 
and also with their added contents. 

In conclusion, silver can be separated selec- 
tively and quantitatively at trace level con- 
centrations from a uranium matrix using 
Cyanex-471X extractant in xylene. Silver can 
then be back-extracted with a 5% NaHSO 3 so- 
lution. The detection limit for silver in the 
ICP-AES determination is 20 ~g g-~ based on 
a 100mg uranium sample aliquot. The devel- 
oped method is suitable for the analysis of  
nuclear fuel samples. 
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Table 8 
Analytical data on the recovery of silver 

Amount added Amount recovered (ppm) Precision, % RSD 
(ppm) 

ETA-AAS ICP-AES ETA-AAS ICP-AES 

0.5 0.4 0.52 8 2 
2.5 2.0 2.3 6 l 
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Abstract 

Cerium oxide (CeO2) was tested as a packing material in liquid chromatography for the separation of C6o 
and C7o fullerenes. The separation of C60 and C7o fullerenes could be achieved within 20 rain by using pure 
n-hexane as the mobile phase. Furthermore, some higher fullerenes could also be separated in less than 
40 min. The peak area was reproducible to a large extent. The separation of fullerenes by liquid 
chromatography on CeO2 is shown to be an effective method for their isolation in large amounts. The 
column efficiency of the CeO 2 column was compared with commercial silica gel and ODS columns. The 
main advantage of the CeO 2 column is its ability to separate large amounts of fullerenes (C6o and C7o) in 
toluene. 

Keywords: C60/C70 fullerene mixtures; Cerium oxide; Column packing material; Fullerenes; High perfor- 
mance liquid chromatography 

1. Introduction 

The physical and chemical characterization of  
fullerenes have been actively investigated by 
NMR,  IR, mass spectrometry and other spec- 
troscopic techniques. 

The purification of  the spherical carbon clus- 
ters termed fullerenes is an area of  increasing 
importance in chemical and physical testing. 
However, it is difficult to produce sufficient 
quantities of  high-purity fullerenes to evaluate 
the possible applications due to their limited 
solubility in organic solvents. Therefore, there is 
a need for the development of  an efficient 
separation technique for fullerenes. Until now, 
many attempts have been made to develop a 
technique for the separation of  fullerenes and 
their derivatives by column chromatography, 
e.g. C~s reversed-phase [1], silica-gel [2], alumina 
[3], Pirkle [4], CPS [5], graphite [6], PYE silica 
[7], multilegged phenyl group bonded silica [8]. 
Some techniques [9,10] have also been devel- 

oped for the large-scale purification of  fullere- 
nes. While most separation techniques so far 
utilized are straightforward at the analytical 
level, they are not suitable for the large-scale 
purification of  fullerenes. 

We have recently demonstrated that the poly- 
cyclic aromatic hydrocarbons can be effectively 
separated on a CeO2 stationary phase using 
n-hexane as the mobile phase. As an extension 
of  this work, we have proposed the use of  a 
CeO2 column for the separation of  Ct, o and C70 
fullerenes. For  the large-scale separation of  C~  
and C70 fullerenes, the CeO 2 column was clearly 
effective compared with the commercial silica 
gel and ODS columns. 

2. Experimental 

Commercial Ce02 (about 10 g), which was 
purchased from Soekawa Chemical Co. Ltd., 
was pretreated before use as a column packing 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights reserved 
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material by suspension in ethanol with mixing 
for 1 min, then allowed to stand for 10 min. 
The supernatant was discarded in order to 
remove any small particles. This procedure was 
repeated in five times. The pretreated CeO2 
with a mean particle size of 5 pm was slur- 
ried in 15 ml of ethylene glycol. This mixture 
was forced into a stainless steel tube 
(4.6mm x 135ram) over a period of 60min 
using pure ethanol as the packing solvent, at a 
constant pressure of 550kgcm -2. However, 
optimization of the packing is difficult because 
no satisfactory slurrying solvent has been 
found. The column was then used as a normal 
phase support using n-hexane as the mobile 
phase. The stock solutions of C60 and C7o 
fullerene standards are prepared by dissolution 
in toluene due to the higher solubility of the 
fullerenes. The working standards were pre- 
pared by appropriate dilution with toluene or 
n-hexane from the stock solution. The analyti- 
cal HPCL system consisted of an 880-PU 
pump, and an 875-UV spectrophotometric de- 
tector (both from JASCO, Tokyo), a Rheodyne 
model 7125 injector with a 20 pl injection loop 
and a Shimadzu model CR4A Chromatopac 
integrator. A Personal Pump NP-AX-15 (Nip- 
pon Seimitsu Kagaku Co. Ltd., Tokyo) was 
used for the packing of CeO2 into the stainless 
steel tube. The mobile phase was 100% n-hex- 
ane and the flow rate was 1.0 ml min-1. The 
detector was operated at 350 nm and the injec- 
tion volume was 20 pl. Quantitation was car- 
ried out by determination of the peak area. 

3. Results and discussion 

Fig. 1 shows the grain distribution of C e O  2 

which was untreated (Fig. l(a)) and pretreated 
(Fig. l(b)) with ethanol prior to packing in the 
column as mentioned in the experimental sec- 
tion. The mean grain size of CeO 2 was reduced 
to approximately 5 pm by the ethanol treat- 
ment. The variation in the grain size after the 
treatment is due to the disentanglement of the 
ground CeO2 by mixing with ethanol. Further, 
ethanol washing leads to a narrowed distribu- 
tion of C e O  2 particle sizes, as shown in Fig. 
l(b). This result is also clear by a comparison 
of the scanning electron microscope pictures of 
treated and untreated C e O  2. 

The preparative C e O  2 column was applied to 
the fullerenes (C6o and C70) to evaluate their 
chromatographic separation. Typical chro- 

matograms of the fullerenes obtained using 
CeO2, ODS and silica gel columns are illus- 
trated in Fig. 2. It appears that good resolution 
of C6o and C7o fullerenes can be achieved in a 
short time by using the CeO2 column and pure 
n-hexane as the elution solvent. We also found 
that C6o and C7o fullerenes can be widely sepa- 
rated; the smaller C60 fullerene is eluted before 
the C70, followed by the higher fullerenes. No 
other solvents examined (methanol, ethanol, 
ethyl acetate and toluene) effected separations 
as efficiently as pure n-hexane. The use of these 
solvents as mobile phases results in virtually no 
retention of C60 and C7o fullerenes on CeO2. 
The CeO2 is stable over a wide pH range; 
however, water or water/organic solvent mix- 
tures cannot be used as the mobile phase. 

Surprisingly, effective separation of the 
fullerenes has been obtained when about 30 ml 
of CHCI~ or CC14 are passed through the 
column at a flow rate of 1.0 ml min- '  prior to 
the use of n-hexane as the mobile phase. A 
similar separation effectiveness has also been 
observed for polycyclic aromatic hydrocarbons 
(PAHs) [11]. Thus, the decline in efficiency of 
the separation due to repetitive use is improved 
by passing these solvents through the column. 

18 

(a) 

18 188 1088 
Groin size (p.m) 

19 tOO iMO 
Oral. size ~.m) 

Fig. 1. The distribution curves of grain size of CeO, used 
in this experiment. (a) Treated with ethanol; (b) untreated. 
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Fig. 2. Separation of fullerenes on a CeO2 column. Chro- 
matographic conditions: mobile phase, n-hexane; sample, 
811gmi - l  C7o; column, (A) Finepak SIL (4 .6mmx 
250 mm), (B) Chemcosob 5-ODS-UH (4.6 mm × 150 mm), 
(C) cerium oxide (4.6ram × 125mm); injection volume, 
20 lal; flow rate, 1.0ml min-J;  detection, UV at 350 nm; 
attenuation, 4. 

This result indicates that the surface of CeO2 
may be activated by these solvents; however, 
further work may be required to understand 
the origin of these solvent effects. 

The retention mechanism of the fullerenes on 
the CeO2 phase is due to the adsorption contri- 
bution, similar to the mechanism of PAH re- 
tention on alumina. The fullerenes, which have 
many n-electrons, strongly interacted with the 
cerium atom on the surface of the adsorbent. It 
is expected that a difference in the number of 
n-electrons will lead to different interactions 
with CeO2; thus the C6o and C7o compounds 
can be separated on this basis. A similar reten- 
tion mechanism may be applied to the other 
rare earth oxides when separating the fullerenes 
or PHAs. However, the separation of the 
fullerenes could not be performed using La203, 
Gd203 and CeO2, which have particle sizes 
below about 1 lam. These results were mainly 
due to packing difficulties or ease of water 
adsorption caused by fines. In this study, CeO2 
(about 5 lam) was used as a packing material 
because of its excellent separation capability, 
and the cost of CeO2 is lower than that of the 
other rare earth oxides. The column efficiencies 
for the fullerenes were approximately 500 theo- 
retical plates for the 5 lam CeO2 employed. In 
general, large-scale purifications of fullerenes 

are difficult due to their insolubility [12] in 
organic solvents. 

In this study, about 7 mg of a 8:2 C60/C70 
mixture in 2 ml of toluene solution can be 
successfully separated, per 20 111 injection, on 
the preparative CeO2 column, as shown in Fig. 
3. Further, it was found that some higher 
fullerenes could be separated in less than 
40 min. Separations of fullerene solutions of 
concentration 1 and 0.1 mg ml- ~ are also illus- 
trated in Fig. 4. Fig. 3 shows that the CeO2 
column is superior to the silica gel or ODS 
columns for the resolution of a high concentra- 
tion of fullerenes. This discrepancy is likely to 
be associated with many adsorption sites on 
the surface of a CeO2 particle; this allows a 
strong interaction between the fullerenes and 
the Ce(IV) atoms. Consequently we infer that 
the loading capacity for this material is much 
greater than that of ODS or silica gel. The 
loading capacity and column efficiency are very 
important for both analytical and preparative- 
scale chromatography, since it is desirable to 
have a large capacity and a good separation. 

The economics of this large-scale chromato- 
graphic process for the purification of fullere- 
nes are worth noting. The enhancement of the 
productivity of fullerenes will be dramatically 
improved by using a column with a large inner 
diameter and a longer length. The CeO2 
column was found to be quite stable under the 
conditions used in this study. The reproducibil- 
ities of the peak areas were tested by repeated 
injections (20 replicate injections) of the 
fullerene standard solution (C6o, 40 lag ml-~; 
C7o, 10 lag ml-~). The relative standard devia- 
tions were 1.4% and 7.7% for the C6o and the 
C70, respectively. However, the CeO2 column 
possesses weakness, in the lack of peak reten- 
tion reproducibility. 

In conclusion, a CeO2 column with high 
separation efficiency has been developed. The 
fullerenes (C6o and C7o) could be satisfactorily 
separated in less than 20 min. The separation 
of large amounts of C6o and C7o fullerenes 
using the CeO2 column was more efficient than 
with silica gel or ODS columns. The best sepa- 
ration was obtained when CHCI3 or CC6 was 
passed through the column prior to use. The 
retention is probably related to the interaction 
between the CeO2 and the n-electrons of the 
fullerene. The main potential use of the CeO2 
column is for the separation of fullerenes in 
large-scale purification. If a large column had 
been used for the separation, a large amount of 
fullerenes would be obtained. 
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Fig. 3. Separation of fullerenes on a CeO 2 column. Chromatographic conditions: sample, 7 mg fullerene in 2 ml toluene 
(about 80% C6o, 20% C7o and a trace amount of higher fullerenes); column, (A) Finepak S1L (4.6 mmx 250 mm), (B) 
Chemcosob 5-ODS-UH (4.6 mm x 150 mm), (C) cerium oxide (4.6 mm x 125 mm); attenuation, 5. The other experimental 
conditions are as in Fig. 2. 

C~ 
(A) 

C~ 
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Fig. 4. Separation of C6o and C7o fulterenes on a cer- 
ium oxide column. (A) 0.1 mg ml- t  solution of fullerenes 
(C6o, 0.08mgml-I ;  C7o, 0.02mgml -I)  in toluene. (B) 
1.0 mg ml - t  solution of fullerenes (Ct, o, 0.8 mg ml-~; C7o, 
0.2 mg ml - t )  in toluene; attenuation, 5. The other experi- 
mental conditions are as in Fig. 2. 
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Abstract 

A new method has been developed for the rapid determination of traces of Ba, Cs, Ga, Hf, In, Mo, Nb, 
Pb, Rb, Sn, Sr, Ta and TI in silicate rocks and lake, stream and river sediments. The method involved 
dissolution of samples in a microwave oven by heating in a pressure decomposition Teflon vessel with a 
mixture of HF + HNO3 + HCI + H3BO3 + EDTA followed by direct multielement determination using 
inductively coupled plasma-mass spectrometry (ICP/MS). The method is faster than conventional dissolu- 
tion of samples by open vessel acid digestion and fusion and determination by instrumental methods. The 
accuracy and precision of the developed method were tested by replicate analyses of a number of 
international geochemical reference samples of established trace element contents. Satisfactory correlation 
with the "recommended" or "consensus" values was found and recoveries were in most cases 95-100%. 
New values for Ga, In, Nb and TI in several international geochemical reference materials are first reported 
in this paper. 

Keywords: Geological materials; ICP-MS; Microwave decomposition; Multielement determination 

1. Introduction 

The determination of  trace and ultratrace 
elements in the Analytical Chemistry Section of  
the Geological Survey of  Canada (GSC) is part  
o f  an ongoing task to establish compositions of  
various geological materials collected by GSC 
scientists for their petrological, geochemical 
and mineralogical studies. In the past, this task 
was performed by colorimetry [1,2], titrimetry, 

Government of Canada copyright reserved. Geological 
Survey of Canada contribution number, 61994. 

* Corresponding author. Present address: 6074 Meadow- 
glen Drive, Gloucester, Ontario, KIC 5R6, Canada. 

fluorimetry, atomic absorption spectrometry 
and optical emission spectrometry [2,3]. With 
the necessity of  producing more data on a 
significantly large number  of  samples at lower 
levels, it became increasingly important  to 
switch to modern instrumental techniques such 
as inductively coupled plasma-atomic emission 
spectrometry (ICP-AES) and ICP-MS. How- 
ever, since the detection limits o f  ICP-MS are 
much superior to those of  ICP-AES, the former 
technique gained preference in the GSC for the 
determination of  trace and ultratrace elements 
in geological and environmental materials. 

Details of  the application of  ICP-MS to 
geoanalysis are found in the reviews by Riddle 
et al. [4], Hall [5] and Falkner et al. [6]. Prior to 
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the ICP-MS determination of trace elements in 
geological materials, sample solution prepara- 
tion involved techniques such as (1) open vessel 
acid attack [7,8]; (2) fusion with sodium perox- 
ide [9] or lithium metaborate [10,11]; (3) de- 
composition in a screw-top Teflon bomb with 
HF + HNO 3 + HCIO4 followed by evaporation 
of  the excess HF with HNO3 or HCIO4 [12,13]. 
These procedures are generally slow for modern 
ICP-MS automated instruments which can ana- 
lyze samples much faster than the time needed 
to prepare sample solutions. There is, therefore, 
a need to decrease the solution preparation time 
in order to increase productivity. 

In recent years, the microwave digestion 
technique for the dissolution of solid samples 
has gained increasing attention, as was empha- 
sized in a review by Matusiewicz and Sturgeon 
[14]. Applications are also found in dissolving 
rocks [15] and catalysts [16]. 

In part I of  this series, the authors [17] 
described a method for the direct determina- 
tion of  traces of  Th, U and the lanthanides in 
geological materials by ICP-MS after the disso- 
lution of  samples by microwave digestion in a 
Teflon vessel using a mixture of  HF + HNO3 + 
HCI + H3BO3 + EDTA. The purpose of  this 
paper is to demonstrate the effectiveness of  
the sample preparation procedure followed by 
direct ICP-MS determination for other trace 
elements also, such as Ba, Cs, Ga, In, Mo, 
Nb, Pb, Rb, Sn, Sr, Ta and Ti in rocks and 
sediments. 

The accuracy and precision of  the developed 
method was tested by five replicate analyses of 
international geochemical reference samples 
SY-2, MRG-I ,  BCR-1 and MAG-1. Several 
other international geochemical reference rocks 
and sediments were also analyzed, in triplicate 
or duplicate, to ascertain the accuracy. Excel- 
lent agreement with the "recommended" values 
was found for the majority of  these samples. 
The developed method is fast for routine analy- 
sis, economical since it involves less chemicals 
and equipment for sample decomposition, and 
environmentally friendly because no evapora- 
tion of  acids is required. 

2. Experimental 

2. I. Apparatus 

A Perkin-Elmer/Sciex Elan model 5000 ICP- 
mass spectrometer equipped with an IBM PS/2 

computer (model 70) and an AS-91 autosam- 
pier was used for mass spectral analysis. A 
Milestone microwave oven (model MLS 1200 
MEGA) equipped with six 100-ml Teflon pres- 
sure decomposition vessels, a microwave diges- 
tion rotor (model HPR 10016) and a remote 
control panel was used for the decomposition 
of the samples. 

2.2. Reagents and standard solutions 

Synthetic standard solutions of elemental 
concentrations ranging from 20 to 100 ng ml - t  
were prepared by diluting 10p.gml -~ mixed 
high purity ICP-MS standard solutions from 
Delta Scientific Laboratory Products Ltd. 
(Mississauga, Ontario) with 3% (v/v) nitric 
acid. Each standard solution also contained 
50 ng ml-~ each of  ruthenium and rhenium in 
the final volume (these acted as internal stan- 
dards for ICP-MS drift control) and two drops 
of concentrated hydrofluoric acid (to stabilize 
the tantalum in solution). 

A mixed solution of  0.165% ethylenedi- 
aminetetraacetic acid (EDTA) and 2% boric 
acid was prepared by dissolving 1.65g of  
EDTA in dilute ammonia solution followed by 
the addition of  22 g of  boric acid, heating to 
dissolve, mixing and diluting to 1 1 with water. 
Deionized water prepared by reverse osmosis 
and ACS grade reagents were used throughout, 
and all solutions were stored in stoppered nal- 
gene bottles. 

2.3. Procedure 

The sample decomposition procedure was 
described in detail elsewhere [17,18]. Briefly, it 

Table I 
Instrumental operating conditions and data acquisition 
parameters 

Condition/parameter Value etc. 

ICP mass spectrometer 
R,f. power (kW) 1.0 
Plasma argon gas flow rate (I min-~) 15 
Auxiliary argon gas flow rate (I min -I) 0.9 
Nebulizer argon gas flow rate (1 min-I) 0.9 
Sampler skimmer Nickel 

Data acquisition 
Dwell time (ms) 100 
Scan mode Peak hopping 
Points across peak 1 
Sweeps reading, reciprocal of ~ 10 
Number of replicates 2 
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Table 2 
List of isotopes of trace elements together with ruthenium 
and rhenium employed in this work 

Group 1 Group 2 

7tGa 
SSRb 
SSSr 
9-aNb 
97Mo 
HSln 
J i SSn 
,3 3Cs 
~-+aBa 
IOtRub 

~TSHf 
~S~Ta 
205Ti 
207pb 
IS5Rea 

a Used as an internal standard to correct for instrumen- 
tal drift and matrix effects on Group 2 elements. 

b Used as an internal standard to correct for instrumen- 
tal drift and matrix effects on Group 1 elements. 

mic rowave  oven for an addi t ional  8 rain (power  

ranged f rom 250 -1000  W). The  contents  o f  the 

vessel were then t ransferred to a po lypropylene  

tube by rinsing with 2% (v/v) nitric acid, and 

the vo lume  was made  up to 50 ml. F o r  I C P - M S  

de te rmina t ion  o f  the specified elements,  an 

a l iquot  was di luted 10 times with 3% (v/v) nitric 

acid conta in ing  ru then ium and rhenium inter- 

nal standards.  The  final concent ra t ions  o f  

rutheniun and rhenium were 20 ng m l -  ~ each in 

the diluted sample solution;  these two elements 
corrected for matr ix  effects and control led  in- 
s t rumenta l  drifts dur ing the I C P - M S  measure-  

ments.  A reagent blank was taken th rough  the 
procedure.  However ,  mult iple  blank values for 

the analytes were found  to be negligible. 

2.4. Multielement I C P - M S  determination 

involved  heat ing a g roup  o f  six samples in 

pressurized Teflon vessels, each conta in ing  0.5 g 

o f  up to 200 mesh sample and a mixture  o f  

2 . 5 m l  o f  27 M H F ,  3 ml o f  16 M HNO3 and 

3 ml o f  12 M HC1, in a mic rowave  oven for  a 

total  per iod o f  16 min  (the power  ranged f rom 

250 -1000  W). Af te r  cool ing to r o o m  tempera-  

ture in a water  bath,  each solut ion was mixed 

with 30 ml o f  the boric  acid and E D T A  mixture,  

and the assembled vessels were heated in the 

Using  the ins t rumenta l  opera t ing  parameters  

o f  Table  1 and isotopic masses o f  Table  2, 

cal ibrat ion curves were ob ta ined  with a blank 

and three synthetic mixed s tandard  solutions o f  

concent ra t ions  20, 50 and I00 ng m l -  ' o f  each 

element.  The  20 ng m l -  1 synthetic s tandard so- 

lution, six unknow n  sample solut ions (each 

having a 1 mg m l - I  sample concent ra t ion  and 
ru then ium and rhenium internal  s tandards)  

were then run through the autosampler .  This 

Table 3 
Comparison of microwave digestion ICP-MS (MD-ICP-MS) results (in lag g-~) for trace elements in CCRMP reference 
rocks SY-2 and MRG-I and USGS reference rocks BCR-I and MAG-I with the literature values a 

Element SY-2 MRG-I BCR-I MAG-I 

MD-ICP-MS, Literature MD-ICP-MS, Literature MD-ICP-MS, Literature MD-ICP-MS. Literature 
this work values b this work values b this work values ¢ this work values d 

Ba 464 4- 58 460 -+ 50 54 -+ 9 61 _+ 23 
Cs 2.7_+0.1 2.4_+0.3 0.6+0.2 0.57-+0.16 
Ga 28+1 29_+3 17+1 17+4 
Hf 8.6+0.16 7.7-+ 1.0 3.4+0.3 3.76+0.22 
In 0.07 + 0.004 <0.5 0.09 + 0.01 <0.5 
Mo 0.3+0.1 1.8+1.6? 0.84+0.15 0.87+0.18 
Nb 32+1 29-+6 21+1 20+4 
Pb 634-5 854-8 104-4 10-+4 
Rb 2104-12 2174-15 74-2 8.54-2.4 
Sn 5.6 -+ I 5.7 3.4 4- 0.4 3.6 
Sr 2804- 12 271 4- 14 272 -+ 16 2664- 13 
Ta 2.0+0.1 2.0-+0.2 0.844-0.04 0.80_+0.05 
TI 1.75 4- 0.08 1.5 4- 0.3 0.06 _+ 0.02 0.06 4- 0.02 

740 678+16 498+52 490+35 
0.94+0.04 0.97+0.13 8.5+0.2 8.3+0.5 

21 +0 22+2 23.0+ 1.2 21.4__+0.4 
4.8+0.11 4.9+0.3 3.6+0.7 3.6_+0.7 

0.09_+0.01 0.09_+0.01 0.10+0 0.18 ~ 
1.2+0.16 1.5 r 1.2-+0.2 1.6~ 
13+1 14_+3 18+1 12~ 

14.4-+0.6 13.6 28-+2 25-+4 
4.6_+1.5 47_+0.6 124+6 152_+3 

<2 2.1 _+0.6 4.6_+0.6 5.0 
360 330_+5 167_+12  156_+19 

0.64 _+ 0.04 0.79 _+ 0.03 1.2 + 0.2 1.0 + 0.2 
0.31 -+ 0.02 0.30 + 0.03 0.77-+ 0.03 0.79 

"Values  given represent the mean and standard deviation of five replicate determinations unless otherwise indicated. 
b "Recommended values" quoted from a compilation of data by Gladney and Roelandts [22l. 
"Consensus values" quoted from a compilation of data by Gladney et al. [19]. 

a Quoted from a compilation of data by Gladney and Goode [23] unless otherwise indicated. 
"Quoted from a compilation of data by Potts et al. [24]. 
t,,Usable value" quoted from a compilation of data by Abbey [25]. 
' "Working value" quoted from a compilation of data by Govindaraju [20]. 
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Table 4 
Direct determination of trace elements (lag g-~) in international reference samples of rocks and sediments by ICP-MS 
after dissolution by microwave oven digestion 

Source Sample Ba Cs Ga Hf 

This Other This Other This Other This Other 
work values work values work values work values 

USGS AGV-1 1400 1221+16 a 1.30+0.2 1.26+0.12 ~ 20.74- 1.2 2 0 + 3 "  5.1+0.1 5.1 +0.4  ~ 
USGS BHVO-I - 0.06 0.086 b 21 22 4- 3 b 4.4 4.2 4-0.2 b 

0.06 21 4.5 
USGS BIR-1 7 7.7 + 2.2 c <0.02 0.06 c 14 16 4- 2 c 0.51 0.58 4- 0.06 c 

10 <0.02 13 0.51 
USGS DNC-I  120 120 4- 15 a 0.3 0.4 (1) a 14 7 (1)" 1.0 1.02 + 0.07" 
USGS DTS-i 2 2.35" <0.02 0.058 d 1.0 1? b 0.02 0.015 d 

3 0.13 1.2 0.03 
USGS Go2 2200 1880 4- 20 ~ 1.3 4- 0 1.33 + 0.14" 22.7 4- 0.6 22 + 2 ~ 2 7.9 4- 0.7 ~ 
USOS W-2 190 200__+ 40 ~ 0.90 1.0 (2) a 18 8.3 (1) ~ 2.4 2.58 +0.11 a 
CCRMP LKSD-1 440 430 4- 40 ~ 1.0 1.5 _ 1.2 ~ 8.8 - 2.0 3.6 + 0.5 ~ 

470 1.0 8.4 2.0 
CCRMP LKSD-2 840 780 _+ 75 ~ 2.8 3.0 4- 0.6 ~ 15 - 5 7 + 1 ~ 

2.7 14 4 
CCRMP LKSD-3 740 680 4- 55 e 2.3 2.3 4- 0.3 E 15 - 4 4.8 + 0.7 ~ 

730 2.2 14 3 
CCRMP LKSD-4 320 330 4- 55" 1.3 1.7 4- 0.6 e 7.1 - 2 2.8 4- 0.5 ~ 

340 1.4 7.1 2 

a "Consensus value" quoted from a compilation of data by Gladney et al. [19]. 
b Quoted from a compilation of  data by Gladney and Goode [23], 
c Quoted from a compilation of data by Gladney and Roelandts [28]. 
d "Working value" quoted from a compilation of data by Govindaraju [20]. 
• "Provisional value" quoted from a compilation of data by Lynch [27]. 

Table 5 
Direct determination of trace elements (lag g - ' )  in international reference samples of  rocks and sediments by ICP-MS after 
dissolution by microwave oven digestion 

Source Sample Ba Cs Ga Hf 

This Other This Other This Other This Other 
work values work values work values work values 

CCRMP STSD-I 660 630 _+. 51 a 1.7 1.8 _+ 3 a l I - 3 6.1 4- 0.9" 
690 1.6 11 3 

CCRMP STSD-2 590 540 _+ 43" 11 12 + 1.4" 21 - 2 5 4- 0.8 ~ 
560 11 20 2 

CCRMP STSD-3 1600 1490 4- 12(P 5.5 5.2 _+ 0.8 a 15 - 3.1 5.1 4- 1.2 a 
1600 5.0 14 2.4 

CCRMP STSD-4 2000 2000 4- 222" 1.5 1.9 4- 0.6 a 14 - 2 5.5 4- 1.0 a 
2100 1.6 13 2 

NIM NIM-G 97 120 b 0.9 + 0.1 I b 29 _+ 2.9 27 b 12.5 _+ 1.3 12 b 
120 

IWG BEoN 1000 1025 b 0.7 + 0.I 0.8 b 17 + 1.7 17 b 5.45 4- 0.62 5.4 b 
1000 

IGGE GSD-! 930 950 5.0 5.1 c 17 23 9.9 9.3 ~ 
940 4.8 17 

IGGE GSD-5 530 440 b 9.2 9.4 b 20 20.3 b 4 6.5 ¢ 
490 9.0 19 4 

IGGE GSD-6 350 330 b 9.0 9.1 b 15 16.7 b 3 4.7 ~ 
360 9.0 15 3 

NBS 1645 390 374 b 2.4 2.8 b - - 1. I 1.4 ~ 
2.4 1.1 

""Provisional value" quoted from a compilation of data by Lynch [27]. 
b "Working value" quoted from a compilation of data by Govindaraju [20]. 
c Quoted from a compilation of clara by Potts et al. [24]. 
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In Mo Nb Pb 

This other 
work values 

This other This other This 
work values work values work 

other 
values 

0.05 0.04 + 0.01" 
0.08 <4.6 b 
0.08 
0.06 
0.05 
0.04 

<0.02 0.0024* 
<0.02 

0.03 0.03* 
0.05 
0.54 
0.46 
0 . 0 8  

0.07 
0.05 

0.06 

0.05 

0.06 

2 3 + 1  a 

0.14 _+ 0.09 a 

< 0.2 0.05 a 

<0.2 

<0.2 

<0.2 

<0.2 

<0.2 1.0 ± 0.6 a 

0.48 0.42 (I) a 
12 12 ± 2 e 
13 
1.0 2 _+ 0.7 e 

1.2 2 _+ 0.9 ~ 
i.0 
1.9 2 ± 0.6 e 

1.3 

15_+0 1 5 ± 3  a 37_+1.7 36+5*  
19 19 _+ 2 2.7 4 4- 2 b 

19 2.6 
1 2.0 ± 0.05 c 3.3 3.2 ± 0.8 ~ 
1 3.3 
2 2.2 (2)* 7.6 6.3 ± I c 
0.10 0.14 ± 0.0¢P 9 1 2 ± 3 "  
0.11 9 
13±0 13±4" 32+I 31±4" 

7.8 8 (2)" 9.7 9 .3±3.1 ~ 
4.3 7 + 8" 94 82 ± 5 ® 

4.2 81 
10 8 ±  I e 52 4 4 _ + 4 "  

I0 52 
9.5 8 _+ 1 e 37 29 ± 3 c 

9.2 35 
4.5 9 ± 7 c 92 91 ± 6 e 

4.4 98 

In Mo Nb Pb 

This Other This Other 
work values work values 

This Other This Other 
work values work values 

0.06 - 1.3 2 ± 0.5* 

0.06 1.0 
0.13 - 14.0 13 _+ 2" 
0.12 12.0 
0.08 - 7.2 6 __. 2" 
0.07 5.8 
O.II - 1.5 <5 a 

0.I0 I.O 
0.05 - 3.0 3 b 

0.04 3.2 
0.078 ± 0.004 - 2.9 2.5 b 

3.0 
0.06 - 1.0 0.74 b 
0,07 1.9 
0. ! 1 0.13 b 1.0 1.2 b 

0.10 1.0 
0.14 0.14 b 7.8 7.7 b 
0.15 7.9 
0.24 - 14 34 b 
0.20 15 

5.8 5 ± 3* 41 
6.8 43 

20 20 ± 3" 79 
20 79 

13 1 2 + 4 "  52 
12 50 
7.4 9 ± 5" 20 
7.3 22 

56 ± 2 53 b 37 ± 1 

1 1 0 ± 0  100 b 4 .4±0 .3  

18 35 c - 

19 
19 19 b 130 
18 130 
10 12 b 31 
11 32 
3.3 - 670 
3.0 680 

35 + 3" 

6 6 + 4  a 

4 0 ± 3 "  

16± 3 ° 

40 b 

4 b 

112 b 

27 b 

714 b 

TAL 42:12-1( 
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was followed by a repeat determination of a 
20 ng ml- i  synthetic standard solution and the 
determination of the concentrations of trace 
elements for three geochemical reference mate- 
rials (AGV-1, BCR-I and BHVO-1), the solu- 
tions of which were prepared identically to the 
unknown sample solutions. 

The instrument software automatically per- 
formed blank subtraction, calibration, drift 
control and calculation of the concentrations 
of the elements in the standard (20ngml-' ) ,  
unknown sample solutions and the reference 
materials used as a control, and printed out the 
data. From the print-out of the data sheet, the 
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Fig. 1 (continued). Correlation plots for microwave digestion ICP-MS versus the literature values for Ba, Cs, Ga, HI', In, 
Mo, Nb, Pb, Rb, St, Ta and Tl in some international reference samples of rocks and sediments (concentrations are given 
in units of micrograms per gram). 

recovery of  the 20 ng m l - ]  synthetic standard 
was checked, and if required, a correction fac- 
tor (about 1 + 0.03) was applied to the results 
for the unknown and reference materials. The 
results for the reference materials were first 
checked for their accuracy with reference to the 
"consensus" or " recommended"  statistical 

ranges of  literature values [19,20]. I f  the values 
for the reference materials fell within accept- 
able ranges, the results for the unknown sam- 
ples were presumed correct for reporting pur- 
poses. In actual practice, this procedure 
worked well for the reference materials as well 
as for the unknown samples. 
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3. Results and discussion 

The ICP-MS determination limits (micro- 
grams per gram in the original rock) of this 
work for 13 trace elements were as follows: Cs, 
Hf, In, Rb, Tl (0.02); Ga, Nb, (0.10); Mo, Pb, 
Ta (0.20); Ba (0.5); Sn, Sr (2). 

Except for strontium, ICP-MS determination 
limits of this work for the other elements are 
superior to those of ICP-AES [7,21]. Isotopic 
masses of the trace elements analyzed in this 
work were chosen in such a manner as to 
possess minimum isobaric interferences. In the 
case of 115In, the isobaric contribution of l lSSn 
was automatically corrected by the instrument. 

Table 3 shows the accuracy and precision of 
the results for five replicate analyses of Cana- 
dian Certified Reference Materials Project 
(CCRMP) reference rocks SY-2 (syenite) and 
MRG-1 (gabbro), and USGS reference materi- 
als BCR-I (basalt) and MAG-1 (marine mud), 
and a comparison with the literature recom- 
mended values [19,20,22-25]. For SY-2 and 
MRG-1 (except for somewhat lower values for 
lead in SY-2), agreement of the results for the 
other elements with the recommended values is 
of the order of 96-100%. However, a large 
standard deviation in the literature values for 
Mo in Sy-2 makes them uncertain compared to 
microwave digestion-ICP-MS (MD-ICP-MS) 
data. For BCR-1, there is excellent agreement 
of MD-ICP-MS values with the literature val- 
ues [19]. For MAG-1, the MD-ICP-MS data 
compare well with the recommended values in 
the majority of cases except for niobium, where 
a significantly higher value was obtained in this 
work (compare Table 3). In Tables 4-7,  MD- 
ICP-MS results for the specified elements 
for some international reference materials are 
given and compared with the literature values 
[19,20,24,26-28]. These are the USGS refer- 
ence rocks andesite (AGV-I), basalt (BIR-I), 
diabase (DNC-I and W-2), dunite (DTS-1), 
granite (G-2) and granodiorite (GSP-1), 
CCRMP lake sediments (LKSD-1 to 4) and 
stream sediments (STSD-1 to 4), National In- 
stitute of Metallurgy (South Africa) granite 
(NIM-G), International Working Group 
(France) basalt (BE-N), Institute of Geophysi- 
cal and Geochemical Exploration (China) 
stream sediments (GSD-1, GSD-5 and GSD-6) 
and National Bureau of Standards river sedi- 
ment (NBS 1645). 

MD-ICP-MS results for AGV-1, G-2, NIM- 
G and BE-N represent mean and standard 

deviations of three or more determinations. 
Good agreement between MD-ICP-MS values 
and the literature values is found in the major- 
ity of cases (see Tables 4-7). 

New values for gallium in LKSD-1 to 4 and 
STSD-1 to 4, for indium in BIR-I, DNC-1, 
W-2, LKSD-1 to 4, STSD-1 to 4, NIM-G, 
BE-N, GSD-I and NBS 1645, for niobium in 
NBS 1645, and for thallium in W-2, LKSD-1 
to 4 and STSD-1 to 4 are given in Tables 4-7.  
It should be pointed out that the literature 
values for CCRMP lake and stream sediment 
samples (LKSD-1 to 4 and STSD-1 to 4) are 
only "provisional", not certified. Therefore, 
more other values in these samples are needed 
to make a valid comparison with the results 
obtained in this work by MD-ICP-MS. 

Where possible, the results of this work are 
also compared graphically with other recom- 
mended values (without the standard devia- 
tions) in Fig. 1. Most points fall on or near the 
45 ° line supporting the accuracy of the pro- 
posed method. 

From the data of Tables 4 -7  and the above 
discussion, it can be concluded that for most 
common types of silicate rocks such as syen- 
ites, gabbro, granites, basalts, diabase, etc. and 
various water sediment samples, the MD-ICP- 
MS procedure would give results equally as 
good as those of the open vessel digestion 
ICP-MS method. But the advantage of the 
microwave digestion method lies not only in 
the rapidity of the sample dissolution proce- 
dure but also in the economy of reagents and 
equipment and the smaller amount of environ- 
mental pollution since no evaporation of excess 
acids is required. Approximately 30 sample 
solutions can be prepared by one operator in 
one working day by the microwave digestion 
method. 

Acknowldgements 

The authors are indebted to J.L. Bouvier for 
decomposing some samples, and to K.N. De- 
Silva for critical reading of the manuscript. 

References 

[1] E.B. Sandell, Colorimetric Determination of Traces of 
Metals, 3rd edn., lnterscience Publishers, New York, 
1959, pp. 1-1032. 

[2] J.A. Maxwell, Rock and Mineral Analysis, Inter- 
science Publishers, New York, 1968, pp. 1-584. 



J.G. Sen Gupta, N.B. Bertrand/Talanta 42 (1995) 1947-1957 1957 

[3] W.M. Johnson and J.A. Maxwell, Rock and Mineral 
Analysis, John Wiley, New York, 1981, pp, 1-489. 

[4] C. Riddle, A. Vander Voet and W. Doherty, Geostds. 
Newsl., 12 (1988) 203. 

[5] G.E.M. Hall, J. Geochem. Explor., 44 (1992) 201. 
[6] K.K. Falkner, G.P. Klinkhammer, C.A. Ungerer and 

D,M. Christie, Annu. Rev. Earth Sci., 23 (1995) 409. 
[7] A.R. Date and A.L. Gray, Speetrochim. Acta, Part B, 

40 (1985) 115. 
[8] F. Poitrasson, C. Pin, P. Telouk and J.L. lmbert, 

Geostds. Newsl., 17 (1993) 209. 
[9] S.E. Jackson, Chem. Geol., 83 (1990) 105. 

[10] G.E.M. Hall and J.C. Pelchat, J. Anal. At. Spectrom., 
5 (1990) 339. 

[! 1] Y,Q. Tang, K.E. Jarvis and J.G. Williams, Geostds. 
Newsl., 16 (1992) 61. 

[12] G.A. Jenner, H.P. Longerich, S.E. Jackson and B.J. 
Fryer, Chem. Geol., 83 (1990)133. 

[13] A.R. Date and D. Hutchison, Spectrochim. Acta, Part 
B, 41 (1986) 175. 

[14] H. Matusiewicz and R.E. Sturgeon, Prog. Anal. Spec- 
trosc., 12 (1989) 21. 

[15] T. Suzuki and M. Sensui, Anal. Chim. Acta, 245 
(1991) 43. 

[16] O. Platteau and D. Casabiell, Analyst, 119 (1994) 
1705. 

[17] J.G. Sen Gupta and N.B. Bertrand, Talanta, 42 0995) 
1595. 

[18] J.G. Sen Gupta and J.L. Bouvier, Talanta, 42 (1995) 
269. 

[19] E.S. Gladney, C.E. Burns and I. Roelandts, Geostds. 
Newsl., 7 (1983) 3. 

[20] K. Govindaraju, Geostds. Newsl., 18 (1994) 1. 
[21] C.J. Pickford and R.M. Brown, Spectrochim. Acta, 

Part B, 41 (1986) 183. 
[22] E.S. Gladney and I. Roelandts, Geostds. Newsl., 14 

(1990) 373. 
[23] E.S. Gladney and W.E. Goode, Geostds. Newsl., 5 

(1981) 31, 
[24] P.J. Potts, A.G. Tindle and P.C. Webb, in Geo- 

chemical reference material compositions, Whittles 
Publishing, CRC Press, Boca Raton, FL, 1992, pp. 1- 
313. 

[25] S. Abbey, Geol. Surv. Can., Pap. 83-15 (1983). 
[26] E.S. Gladney and I. Roelandts, Geostds. Newsl., 12 

(1988) 63. 
[27] J.J. Lynch, Geostds. Newsi., 14 (1990) 153. 
[28] K. Govindaraju, Geostds. Newsl., 4 (1980) 49. 



E L S E V I E R  Talanta 42 (1995) 1959-1963 

Talanta 

Determination of impurities in highly pure platinum by 
inductively coupled plasma-atomic emission spectrometry 

Xinhua Zhang*, Huifen Li, Yufang Yang 
Institute of Precious Metals, Kunming, 650221, People's Republic of China 

Received 7 November 1995; revised 9 June 1995; accepted 19 June 1995 

Abstract 

In this work, a cyclone spray chamber system is used in conjunction with an inductively coupled 
plasma-atomic emission spectrometer instead of the conventional Scott-type chamber system to reduce the 
lower limit of detection achieved by the instrument, and an internal standard element (Y) is introduced to 
eliminate the effects caused by the drift in the plasma background level. An ICP-AES method for the 
determination of 13 impurity elements in a highly pure platinum sample has been developed. In this method, 
it is not necessary either to add a platinum matrix to the calibration standard or to separate and concentrate 
the elements to be determined in the samples. The effect of the platinum matrix on the elements to be 
analyzed is corrected for by a background equivalent concentration subtraction method. The determination 
ranges of the method are as follows: 0.00010-0.0050% for Mg, Mn, Cu, Ag, Fe and Zn; 0.00030-0.015% 
for Au, Ir, Ni and Pb; 0.00050-0.025% for Rh and A1; and 0.00080-0.040% for Pd. The method is simple, 
rapid and accurate, and can be applied to the analysis of 99.9-99.995% pure platinum. 

Keywords: Cyclone spray chamber; ICP-AES; Impurity elements; Multielement analysis; Platinum 

1. Introduction 

In a previous paper  [l], we reported the 
determination of 13 impurities in 99.99% pure 
platinum with the ICPQ-1015 direct spectrome- 
ter. When there is a demand for the analysis of  
samples of  this metal having a higher purity, 
the instrument cannot  meet the required lower 
limit of  detection of  impurity elements. As 
Browner and Boom [2] pointed out, the sample 
introduction system does not always share the 
excellent properties of  the optical and elec- 
tronic components  found in most modern 
atomic spectrometers. For  this reason we intro- 

* Corresponding author. 

duced a cyclone spray chamber system (CSCS) 
[3] into the original instrument, and compared 
the analytical characteristics of  the CSCS with 
those of  the conventional Scott-type chamber 
system (STCS). Under  the same operating con- 
ditions, the detection limits of  the elements to 
be determined were reduced two- to threefold 
when the CSCS was used. This means that the 
lower limit of  detection and the amount  of  
sample used can be reduced by use of  the 
CSCS technique. An internal standard element 
(Y) was introduced to eliminate the effects 
caused by the drift in the plasma background 
level [4]. Efforts were made to develop a 
method for the determination of  13 impurities 
in 99.9-99.995% pure platinum. 

SSDI 0039-9140(95)01675-9 
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Fig. 1. Diagram of the CSCS. 

2. Experimental  

2.1. Apparatus 

The determinations were carried out with an 
ICPQ-1015 direct spectrometer, a CTM-50 
monochromator ,  and an automatic back- 
ground correction unit. A diagram of the 
CSCS is shown in Fig. 1. The working condi- 
tions given in Table 1 were used throughout 
the investigation. 

2.2. Reagents 

Hydrochloric acid and nitric acid (suprapure 
grade), platinum metal (purity, 99.99938%), 
Y203 (purity, 99.99%), impurity elements (pu- 
rity more than 99.9%), and doubly distilled 
water were used. 

Talanta 42 (1995) 1959-1963 

Table 2 
Wavelength of analytical lines 

Element Wavelength (nm) Element Wavelength (rim) 

Pd 363.469 Cu 324.754 
Rh 343.489 AI 396.152 
Ir 224.268 Mg 279.553 
Au 267.594 Mn 257.610 
Ag 328.068 Zn 202.548 
Fe 259.940 Pb 220.353 
Ni 231.604 Y 371.030 

2.3. Preparation o f  solutions 

Calibration standard solutions 
According to the determination ranges, a set 

of  at least three calibration standard solutions 
were prepared. These solutions contained 10% 
(v/v) hydrochloric acid, 2 lag m l -  i of  the inter- 
nal standard element (Y), and different concen- 
trations of  the impurity elements to be 
determined, but they did not contain a plat- 
inum matrix. 

Matrix  solution 
A matrix solution containing 20 mg ml-~ of  

platinum was prepared; the solution also con- 
tained the same amount of  hydrochloric acid 
and internal standard element as the calibra- 
tion standard solutions. 

Sample solutions 
The platinum sample was dissolved in aqua 

regia and was converted to its chloro complex 
by repeated evaporation with hydrochloric 
acid. The residue was dissolved in 2 ml of  1:1 
hydrochloric acid and the solution was diluted 
to 10 ml. 

Table 1 
Working conditions 

Component/parameter Description/value 

Torch 
Nebulizer 
Forward r.f. power (kW) 
Reflected power (W) 
Argon coolant flow rate (I rain-i) 
Argon plasma flow rate (I rain -I) 
Argon cartier gas flow rate (I rain-~) 
Height of observation above load coil (ram) 
Integration time (s) 

A set of three concentric quartz tubes 
Concentric 
1.0 
<5 
12 
1.0 
0.85 
15 
20 
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Table 3 
Comparison of the characteristics of the two systems 

1961 

Element STCS CSCS 

lb la BEC DL Ib la BEC DL 
(~gml - I  ) (~tg ml - I  ) (~gml -I  ) (~gml - t  ) 

Pt 0.97 5.68 2.01 0.051 0.72 
Pd 3.22 15.20 2.70 0.064 1.94 
Rh 4.78 25.44 2.39 0.056 3.50 
Ir 4.72 74.80 0.63 0.019 1.53 
Ag 1.49 66.04 0.23 0.0068 0.48 
Au 0.69 16.54 0.43 0.012 0.51 
Cu 1.14 56.34 0.22 0.0061 0.39 
Ni 2.23 51.78 0.45 0.013 1.15 
Zn 1.36 96.73 0.14 0.0042 0.43 
Pb 5.41 27.97 2.40 0.058 4.36 
Fe 0.90 72.21 0.13 0.0037 0.32 
Y 0.26 61.33 0.043 0.0013 0.084 

10.75 0.72 0.020 
29.19 0.71 0.020 
51.63 0.73 0.020 
59.54 0.26 0.0077 
66.52 0.077 0.0022 
35.94 0.14 0.0042 
60.14 0.066 0.0019 
60.83 0.19 0.0057 
54.39 0.079 0.0024 
45.01 1.07 0.029 
59.89 0.054 0.0016 
60.44 0.014 0.00042 

2.4. Analytical procedures 

The wavelengths of the analytical lines used 
are shown in Table 2. 

Firstly, the optical system of the instrument 
was calibrated by using a solution of any single 
element of a suitable concentration, and the 
gain (voltage) of the spectrometer photomulti- 
pliers were adjusted by using a standard solu- 
tion of high concentration. Secondly, the 
spectral intensities of the analytes in the cali- 
bration standards were determined. Calibration 
curves were prepared from the spectral intensi- 
ties of these analytes, and the concentrations of 
analytes in the sample were determined. Fi- 
nally, the background equivalent concentration 
(BEC) at the wavelength of the analytical line 
for the analytes were determined with the plat- 
inum matrix solution. The above operations 
were controlled by a computer program, and 
printed results were provided automatically. 

3. Results and discussion 

3.1. Main characteristics of CSCS 

The analytical characteristics of the CSCS 
and the STCS were determined and compared 
by using a solution containing 19~tgml -I of 
each analyte and a blank solution, under the 
same conditions. The results are summarized in 
Table 3. In this table, I~ represents the intensity 
of the analytical line for analyte A in a solution 
with concentration Ca, Ib represents the inten- 
sity of the blank at the same wavelength as for 

analyte A, BEC (equal to K/b), and DL (equal 
to O.03C,/Ia/Ib) is the detection limit of the 
analyte A. 

The ICPQ-1015 direct spectrometer is 
equipped with photomultipliers the gain 
(voltage) of which can be adjusted automati- 
cally. When the concentrations of the analyte 
and the operating conditions are kept constant, 
the gain with the CSCS is reduced by 80- 100 V 
relative to that with the conventional STCS. 
This means that the CSCS works better in the 
target ranges of the instrument than the STCS. 
In other words, there are wider dynamic ranges 
with the CSCS than with the STCS. More 
aerosols, and smaller and more evenly dis- 
tributed droplets are introduced from the cen- 
tral tube at the bottom of the chamber into the 
torch after the solutions are aspirated into the 
chamber and moved along a spiral path, which 
provides more opportunities for collision with 
the wall of the chamber, as shown in Fig. 1. 
Thus, the noise which originates from the fluc- 
tuation of the aerosols is also reduced, and a 
more stable signal is obtained. From the results 
obtained in Table 3, it is obvious that, when 
the CSCS is used, Ia for a specified element is 
increased while the corresponding lb and BEC 
are decreased, and hence I Jib is also increased. 
The detection limits obtained with the CSCS 
are reduced two-to-threefold compared with 
those obtained with the STCS. In other words, 
the sensitivity obtained with the CSCS is in- 
creased two-to-threefold compared with those 
obtained with the STCS. This means that the 
lower limits of detection of the instrument and 
the amount of sample used can be reduced by 
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Table 4 
Influence o f  plat inum matrix on the intensity of  analytical lines 

Element Platinum concentration (mg m l -  ~) 

0 10 15 20 

I,, Zno /~n lno I.° 1.o l,° l.o 

Mg 66.2 100 68.2 103 69.1 104 71.1 107 
Mn 69.5 100 72.0 1 04 73.2 105 75.7 109 
Cu 39.7 100 40.6 102 41.0 103 41.8 105 
Ag 44.0 100 44.6 101 45.0 102 45.8 104 
Fe 24.6 100 28.6 116 30.7 125 33.0 134 
Ni 17.8 100 19.2 108 20.0 112 21 .I 118 
AI 32.2 100 31.7 99 31.8 99 32.2 100 
Zn 57.5 ! 00 72.2 126 79.4 138 88.6 154 
Pd 29.8 100 30.1 101 30.3 102 30.9 104 
Rh 37.4 100 37.9 101 38.1 102 38.8 104 
lr 34.8 100 40.2 116 43.0 124 46.4 133 
Pb 22.2 100 24.3 110 25.3 114 26.8 121 
Au 8.1 100 71.5 879 101 1243 _b _ 
Au ~ 2.5 100 2.6 104 2.7 108 2.8 112 

len, Intensity measured; /no ,  intensity normalized to 100%. 
a Determined by use o f  the CTM-50 monochromator .  
b The intensity measured is beyond the range of  determination. 

use of the CSCS technique. On the basis of  the 
results obtained, a method has been developed 
for the determination of  13 impurities in 99.9- 
99.9955% pure platinum with the use of  
20 mg ml -  ~ sample solutions. 

3.2. Effect of platinum matrix and correction 
of spectral interferences 

Spectral interference is one of the most im- 
portant interferences in ICP-AES. The back- 
ground caused by the intense emission of the 
platinum matrix is the main source of interfer- 
ence and must be corrected for before any 
element can be determined. 

The influence of the platinum matrix on the 
intensity of the analytical lines is shown in 
Table 4. The investigation was carried out with 
a solution containing 1 lag ml-~ of each of the 
analytes, and 0, 10, 15, or 2 0 m g m l  -~ of plat- 
inum. The interference of the matrix platinum 
on the analyte determination was also observed 
by using the automatic background correction 
unit, with solutions containing 10 lag ml -~ of 
analyte and a solution containing 20 mg ml -  
of platinum. 

From the experimental results, no spectral 
interferences are found among the platinum 
group elements. This is in agreement with the 
results obtained by Kibright and Tinsley 

[5]. Because the analytical line from the gold 
channel, Au 242.795 nm, suffers serious inter- 
ference due to the platinum spectral line (Pt 
242.804 nm), gold was determined with use of  
another line, Au 267.595 nm, by using the 
CTM-50 Monchromator. The analytical line, Ir 
224.268 nm, suffers a slight interference from 
the spectral line of copper (Cu 224.261 nm), 
but can be neglected in the present work. The 
analytical lines of Zn, Fe, Pb and Ni suffer 
slight interferences from the spectral wings of 
the platinum lines. Because the values of these 
spectral wings are small and constant at a fixed 
concentration of platinum, they are also 
treated as a background. Almost no spectral 
lines of other analytes are influenced by the 
platinum matrix. It was found previously [6] 
that the Pb 220.350 nm spectral line suffers 
interference from the Pd 220.349 nm spectral 
line when a large amount of palladium is 
present, but no such interference was found 
with a trace amount of palladium. The analyti- 
cal line, Pd 363.470 nm, suffers interference 
from the Ar 363.446 nm spectral line, and thus 
the sensitivity of palladium is reduced. 

The effect of platinum on the analytes was 
corrected for by a BEC subtraction method. It 
can be formulated briefly as follows: 
Ctr = C a p  - -  C e q  , where C,p, V~q, and Ctr are the 
apparent concentration, background equivalent 
concentration and true concentrations of the 
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Table 5 
Results of the synthetic samples 

Element CAL.-A 

Ceq 
(lag ml -I)  

Cap C~d a Ctr Recovery 
(lag ml - t )  (lag ml - I )  (lag ml - I )  (%) 

CAL.-B 

RSD C,p C,d a Ctr Recovery RSD 
(%) (lag ml -I)  (lag ml - j )  (lag ml - t )  (%) (%) 

Mg 0.034 
Mn 0.014 
Cu 0.029 
Ag 0.034 
Fe 0.514 
Zn 0.513 
Au 0.539 
Ir 0.659 
Ni 0.188 
Pb 0.702 
Rh 0.177 
AI 0.104 
Pd 0.0 

0.148 0.10 0.11 110 
0.114 0.10 0.10 100 
0.127 0.10 0.10 100 
0.128 0.10 0.09 90 
0.611 0.10 0.10 100 
0.611 0.10 0.10 100 
0.924 0.40 0.38 95 
1.502 0.40 0.39 92 
0.575 0.40 0.39 98 
1.088 0.40 0.39 98 
0.774 0.60 0.60 100 
0.715 0.60 0.61 102 
0.947 1.0 0.95 95 

0.2 0.436 0.40 0.40 100 0.8 
1.6 0.433 0.40 0.42 105 0.6 
0.2 0.419 0.40 0.39 98 0.7 
0.2 0.414 0.40 0.38 95 0.5 
0.9 0.909 0.40 0.40 100 2.3 
0.6 0.899 0.40 0.39 98 1.8 
2.1 2.093 1.60 i .55 97 1.4 
1.2 2.218 1.60 1.56 98 4.4 
0.7 1.737 1.60 1.55 97 3.0 
1.4 2.240 1.60 1.54 96 3.0 
0.7 2.594 2.40 2.42 96 2.9 
3.1 2.531 2.40 2.43 101 0.6 
1.9 3.909 4.00 3.91 98 5.2 

a Cad, concentration added. 

analyte ,  respectively.  Here,  C ~  prac t ica l ly  in- 
c ludes the b a c k g r o u n d ,  the spectra l  wing and  
even the very weak  spect ra l  line o f  the p l a t i num 
matr ix .  The  pur i ty  o f  the  p l a t i n u m  mat r ix ,  f rom 
which the BEC values  o f  the ana ly te  are  deter-  
mined,  is d i rect ly  re la ted  to  the re l iabi l i ty  o f  the 
correc t ion .  The  p l a t i n u m  mat r ix  used in ou r  
research is a special  p roduc t  o f  o u r  Inst i tute ,  
the pur i ty  o f  which is 99.99938%. The  BEC o f  
the ma t r i x  is a lmos t  cons tan t ;  it is no t  necessary 
to de te rmine  the BEC value  each t ime o f  ana ly-  
sis wi th  the  same ba tch  o f  ma t r ix  i f  the  ana ly t -  
ical cond i t ions  are  con t ro l l ed  strictly.  

( relat ive s t a n d a r d  devia t ion)  values  for  each 
sample  were o b t a i n e d  s ta t is t ical ly  f rom 12 repli-  
ca te  de t e rmina t ions  in four  exper iments  dur ing  
a pe r iod  o f  2 months .  
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Abstract 

Flame atomic absorption spectrometry has been used for the estimation of the alkali metal content (as 
Na20 and K20) in 95 reference materials with diverse matrices (including recently introduced Polish and 
Chinese standard samples awaiting certification through collaborative studies) using 1000)~gml -~ of 
lanthanum and 2000 )~g ml-  1 of rubidium as matrix buffers for sodium and potassium, respectively. The + t 
(Student's values for the samples with known recommended values (degree of freedom n - 1 = 9), at the 95% 
and 99% confidence levels) indicate that within the confidence levels 95-99% there is no statistical difference 
between the data presented and the reference data for most of the samples. The agreement between the 
reported data and the results obtained are generally good. 

Keywords: Alkali metals; Flame atomic absorption spectrometry; Geochemicals; Potassium oxide; Sodium 
oxide 

1. Introduction 

Silicate rocks and minerals contain both 
sodium and potassium in amounts  varying 
from less than 100l~gg - I  in some ultrabasic 
rocks such as dunite and peridotite, to as much 
as 10% K 2 0  or 15% N a 2 0  in feldspar minerals. 
Both elements occur as major  constituents of  
many rock-forming minerals, particularly the 
alkali feldspar group, and are always deter- 
mined when a complete chemical analysis o f  a 
silicate rock or mineral is required. Also, very 
accurate data for alkali metals are required for 
limestone and related materials before their end 
use in ferrous metallurgy. Calibration of  spec- 
trochemical methods, including emission and 
X-ray fluorescence (XRF)  spectrometry, re- 
quires the use of  reference materials (RMs) 
that are well characterized with respect to the 
analytes of  interest. The accuracy of  the mea- 
surements is directly related to the quality of  

the selected RM. The quality control of  prod- 
ucts has always been a great challenge for 
analytical chemists. Suitable certified RMs cov- 
eting a wide range of  concentrations must be 
simultaneously processed with the unknown 
samples to moni tor  the analytical accuracy and 
assure the quality of  the data. When the matrix 
of  the incoming sample is not known, then the 
X R F  method is never the preferred method. 
Flame atomic emission/absorption spectrome- 
try is the most preferred technique for the 
measurement of  the alkali metals [1-5]. One 
particular characteristic o f  metals is their low 
ionization potential. Indeed, the thermal energy 
of  the flame is sufficient to cause a significant 
degree of  ionization of  alkali metals. In conse- 
quence, a reduction in the atomic absorption 
signal is observed, since ions exhibit a quite 
different spectrum from atoms. Caesium has 
been considered to be the favoured ionization 
suppressant for the determination of  Na  and K 
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[6]. Other alkali metals such as lithium and 
rubidium, are also used for a similar purpose. 
Hitherto, it was not known which of the alkali 
metals should be used, and to what extent (in 
terms of concentration) for the accurate esti- 
mation of alkali flame atomic absorption spec- 
trometry metals (FAAS). Comparative studies 
on probable suppressants revealed that lan- 
thanum and rubidium are the most effective 
matrix buffers for sodium and potassium re- 
spectively, in their FAAS determination [7]. 
The present author has shown recently that the 
alkali metals themselves (i.e., potassium for 
Na20 determination and sodium for K20 de- 
termination) are also very effective ionization 
buffers for alkali metal determinations in some 
Japanese reference materials [5]. The objective 
of this investigation, therefore, is to develop a 
standard method for the accurate determina- 
tion of alkali metals in cases when reference 
materials have to be analyzed for certification 
purposes, and simultaneously, to identify a 
method that could offer increased reliability 
and wider applicability as far as the accurate 
estimation of the Na20 and K20 content in 
different geological reference samples with di- 
verse matrices is concerned. A further aim is to 
contribute data on some samples which are at 
present either candidates for certification 
through a collaborative study or have "infor- 
mation values" only. Alkalis are better deter- 
mined by flame rather than by plasma atomic 
emission spectrometry (AES) due to reduced 
sensitivities and stabilities in the much hotter 
plasma souce. 

2. Analytical methods 

2. I. Apparatus and reagents 

A Varian Techtron (AA 1475) atomic ab- 
sorption spectrophotometer with a deuterium 
arc background correction system coupled with 
an Epson LX-800 printer and a Varian DS-15 
data station were used for the absorbance mea- 
surements. Most sensitive resonance lines for 
sodium (589nm) and potassium (767.5) were 
chosen and an air-acetylene flame was used. 
Other instrumental parameters, e.g. slit width, 
lamp current, integration time, and burner 
height were as specified in the manufacturer's 
instructions. 

To prepare a stock sodium solution of con- 
centration 1000 lag ml -~, dissolve 2.542 g of 

NaC1 (GR grade; E-Merck) in water and dil- 
ute to 1 1 with 1% HCI (v/v) solution. To 
prepare a potassium solution of concentration 
1000lagml -~, dissolve 1.907g of KCI (GR 
grade; E-Merck) in 1% HC! solution. A lan- 
thanum (1%) solution was prepared by dissolv- 
ing 58.7 g of lanthanum oxide (Fluka) in HCI 
(100, 6.8 M), and making up the volume to 
500 ml with distilled water. The resulting solu- 
tion was diluted ten times with water only. A 
rubidium solution was prepared by dissolving 
RbCI (99.7%; Aldrich, USA) in 1% HCI solu- 
tion. 

2.2. Reference samples 

Information relating to the standard refer- 
ence materials (USGS; Geological Survey Suri- 
name; Analytisk Sporelement Komite (ASK), 
Norway; University of Liege, Belgium; and 
Zentrale Geologisches Institute (ZGI), Ger- 
many) is available elsewhere [8]. For CAN- 
MET, Geological Survey of Japan (GSJ), 
British Geological Survey, Chinese and Polish 
samples, information is available in Refs. [9], 
[5,10], and [12], [13], [14] and [15], respectively. 

2.3. Procedure 

Weigh accurately 0.1-2.00g samples in a 
platinum crucible. Moisten with about 5 ml of 
distilled water. Add 5-10ml  of HCIO 4 (70%) 
drop wise and cover the crucible with a lid. 
After some time, rinse the lid into the crucible 
with distilled water. Evaporate the crucible 
contents to complete dryness on a hot plate. 
Cool, add 10 ml of HCI (11 M) of HF (48%) 
and 5ml of H2SO4 (1:1). Heat the solution 
slowly on a hot plate and reduce in volume to 
approximately 5 ml. Add another 5 ml portion 
of HF (48%) and HC1 (I1 M). Evaporate the 
solution to complete dryness, until no more 
fumes of SO3 are visible. Finally, heat the 
crucible strongly with a full flame until all 
fuming ceases. Cool, and add about 10 ml of 
HC1 (11 M) and an equal volume of water. 
Evaporate to dryness on a low heat. Add 5 ml 
each of HCI (11 M) and H2SO4 (1:1) and 25 ml 
of water. Digest on a hot plate for about 15 
min. Filter into a 100 ml volumetric flask (plas- 
tic; Torson, India) using Whatman no. 40 filter 
paper. Wash the residue with hot water (five 
times will suffice). Dilution, if any, should be 
performed using dilute acid solution (5 ml HCI 
(11 M) + 5 ml H2SO 4 (1:1) + 90 ml distilled 
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Table 1 
Sodium and potassium values (Na20 and K20) in 95 reference samples 

1967 

Sample %Na20 %K20 

s.d. %RSD %Dev. Literature ~ s.d. %RSD °A,Dev. Literature 
value value 

US Geological Survey" 
Basalt BCR-I 3.28 0.07 2.13 0.30 3.27 b 1.70 0.05 2.94 0.59 1.69 b 
Andesite AGV-1 4.31 0.04 0.93 1.17 4.26 b 2.93 0.04 1.36 0.69 2.91 b 
Dunite DTS-I 157.0 ~ 5.34 3.40 4.67 0.015 b 13.0 a 1.97 15.15 3.00 0.001 b 
Granite G2 4.09 0.30 0.73 0.24 4.08 b 4.44 0.06 1.35 0.22 4.45 b 

4.05 0.08 1.97 0.73 4.46 0.06 1.34 0.22 

Granodiroite, GSP-I 2.78 0.06 2.16 0.71 2.8 5.56 0.06 1.08 0.91 5.51 b 
Peridotite POC-I 286.0 ~ 7.68 2.68 5.92 0.027 72.0 ¢ 3.0 4.17 2.86 0.007 b 
Basalt BHVO-I 2.28 0.02 0.88 0.88 2.26 b 0.521 0.01 1.73 0.19 0.52 b 

2.28 0.06 2.63 0.88 0.53 0.03 5.66 1.92 
Marinemud MAG-I  3.90 0.04 1.02 1.83 3.83 b 3.60 0.03 0.83 1.41 3.55 b 
Quartz latite QLO-I 4.11 0.05 1.22 2.14 4.20 b 3.74 0.07 1.87 3.89 3.60 b 
Rhyolite RGM-I 4.18 0.06 1.43 2.70 4.07 b 4.34 0.02 0.46 0.93 4.30 b 
Cody Shale SCO-i 0.89 0.02 2.25 1.11 0.90 b 2.77 0.03 1.08 0.00 2.77 b 
Micaschist SDC-1 2.07 0.03 1.45 0.97 2.05 b 3.33 0.04 1.20 1.52 3.28 b 
Shale SGR-I 2.98 0.05 1.68 0.33 2.99 b 1.63 0.04 2.45 1.81 1.66 b 
Syenite STM-! 8.84 0.05 0.56 1.12 8.94 b 4.33 0.05 1.15 1.17 4.28 b 
Basalt BIR-I 1.72 0.02 1.16 1.71 1.75 b 287.0 ~ 3.83 1.33 6.30 0.027 

1.73 0.03 1.73 1.14 274.0 ~ 9.49 3.46 1.48 
Diabase DNC-I 1.83 0.02 1.09 2.13 1.87 b 0.229 0.01 0.52 0.00 0.229 b 
Diabase W-2 2.12 0.06 2.83 0.93 2.14 b 0.629 0.01 0.17 0.32 0.627 b 
Ohio Shale SDO-I 0.384 0.001 0.26 1.05 0.38 b 3.41 0.07 2.05 1.79 3.35 b 
Mn-Nodule NOD-I  1.06 0.05 4.72 1.92 1.04 6106.0 ~ 50.32 0.82 1.77 0.6 
Mn-Nodule-P-1 2.24 0.08 3.57 1.36 2.21 1.26 0.04 3.17 4.13 1.21 
Jasperoid GXR-1 750.0 ¢ 31.88 4.25 7.14 0.07 631.5 c 19.44 3.08 5.16 0.06 
Soil GXR-2 7591.0 ¢ 49.54 0.65 1.21 0.75 1.56 0.05 3.20 5.45 1,65 
Deposit GXR-3 1.07 0.03 2.80 5.31 1.13 0.89 55.0 0.62 1.06 0.88 
Cu mill head GXR-4 0.773 62.40 0.81 i.64 0.76 4.72 0.08 1.69 2.27 4.83 
Soil GXR-5 1.04 0.04 3.85 0.95 1.05 1.10 0.05 4.54 3.77 1.06 
Soil GXR-6 0.16 0.072 4.58 11 .71  0.14 2.36 0.07 2.97 4.89 2.25 

Geological Survey of Japan c 
Granite JG2 3.59 0.03 0.83 1.13 3.55 4.72 0.03 0.63 0.00 4.72 

3.50 0.08 2.28 1.41 4.65 0.09 1.93 1.47 
Granodiorite JG3 4.04 0.03 0.74 0.25 4.03 2.64 0.03 1.14 0.38 2.63 

3.98 0.06 1.51 1.24 2.58 0.06 2.32 1.88 
Granodiorite JG la  3.45 0.02 0.58 1.17 3.41 4.08 0.02 0.50 1.73 4.01 

3.36 0.04 0. |9  1.47 3.96 0.09 2.27 1.24 
Rhyolite JR-l 4.17 0.04 0.96 1.71 4.1 4.57 0.03 0.66 3.60 4.41 

4.03 0.04 0.99 1.70 4.51 0.11 2.44 2.25 
Rhyolite JR-2 4.13 0.02 0.48 2.48 4.03 4.60 0.04 0.87 3.34 4.45 

3.97 0.08 2.01 1.49 4.51 0.08 1.77 1.34 
Basalt JBla 2.77 0.02 0.72 1.09 2.74 1.48 2 1.35 4.19 1.42 

2.65 0.05 1.89 3.28 1.43 0.06 4.19 0.70 
Basalt JB2 2.09 0.02 0.96 2.95 2.03 0.441 0.01 1.66 4.89 0.42 

1.98 0.05 2.52 2.46 0.43 0.03 5.66 2.36 
Basalt JB3 2.87 0.05 !.74 1.77 2.82 0.81 0.004 0.49 3.81 0.78 

2.66 0.04 1.50 5.67 0.79 0.05 6.33 1.27 
Gabbro JGb-I 1.22 0.02 1.64 0.81 1.23 0.248 0.004 1.69 3.22 0.24 

1.22 0.03 2.46 0.81 0.23 0.01 4.35 4.13 
Andesite JA-I 3.89 0.02 0.51 0.77 3.86 0.79 0.01 8.86 1.27 0.78 

3.75 0.06 1.60 2.85 0.80 0.06 7.50 2.54 
Andesite JA-2 3.11 0.02 0.64 0.97 3.08 1.91 0.01 0.52 6.06 1.8 

3.01 0.05 1.66 2.25 1.87 0.06 3.21 3.85 
Andesite JA-3 3.20 0.01 0.31 0.94 3.17 1.43 0.02 1.40 1.41 1.41 

3.14 0.06 1.91 0.94 1.46 0.05 3.42 3.51 
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Table I (contd.) 

Sample %Na ,O  % K 2 0  

s.d. %RSD %Dev. Literature ~ s.d. %RSD %Dev. Literature 
value value 

Feldspar JF-I 3.50 0.06 1.71 1.12 3.54 10.15 0.04 0.40 0.79 10.07 
Feldspar JF-2 2.39 0.04 1.67 2.82 2.46 13.36 0.15 1.12 1.89 13.11 

Peridotite JP-1 225.0 ¢ 8.82 3.92 7.14 0.021 39.7 ¢ 0.43 8.64 20.14 0.0033 
Chert JCh-1 328.0 ¢ 9.77 2.98 5.80 0.031 b 2269.0` 18.38 0.81 1.28 0.2240 b 
Dolomite JDo-1 111.8 ¢ 2.74 2.45 - 90.0" 87.75 c 2.29 2.61 - 20.0 ¢ 
Lake Sediment JLk-1 1.19 0.08 6.78 13.22 1.05 b 2.89 0.10 3.46 4.30 2.77 b 
Stream Sediment JSd-I 2.81 0.06 2.13 2.91 2.73 b 2.32 0.09 3.88 5.88 2.19 b 
Stream Sediment JSd-2 2.59 0.06 2.07 4.40 2.48 b 1.23 0.05 4.06 6.90 1.15 b 
Stream Sediment JSD-3 0.45 0.02 0.49 1.42 0.44 b 2.11 0.06 2.84 4.93 2.01 b 
Limestone JLS-I 25.5 ¢ 1.25 4.90 - 0.002 34.35 ¢ 1.60 4.66 - 0.003 
Slate JSI-1 2.36 0.11 4.66 7.21 2.20 b 3.00 0.09 3.00 5.26 2.85 b 
Slate JSI-2 1.52 0.07 4.60 9.35 1.39 b 3.02 0.07 2.32 3.07 2.93 b 

Analytisk Sporelement Komite ( A S K )  a 

Larvikite ASK-I 6.43 0.12 1.87 1.07 6.5 d 4.40 0.13 2.95 4.76 4.2 a 
Schist ASK-2 0.81 0.09 I1.11 1.24 0.8 a 5.12 0.I0 1.95 3.37 5.3 a 
Sulphide ore ASK-3 139.3 c 5.10 3.66 7.15 0.013 b 726.0" 13.29 1.83 3.68 0.07 b 

Zentrale Geologisches Institut (ZGI) 
Anhydrite AN 323.5 ¢ 3.63 1.12 1.08 0.032 b 130.2 ¢ 3.76 2.89 0.00 0.013 b 
Basalt BM 4.57 0.09 1.97 1.71 4.65 b 2055.0" 33.87 1.65 2.75 0.20 b 
Granite  GM 3.82 0.09 2.36 1.05 3.78 b 4.78 0.07 1.46 0.42 4.76 b 
Greisen Gn A 809.5 ¢ 15.17 1.87 1.18 0.08 b 2.62 0.07 2.67 0.38 2.63 b 
Limestone KH 0.104 0.01 0.59 - - 0.411 0.01 0.26 0.14 0.41 b 
Limestone KH-2 1112.0` 31.20 2.80 1.08 0.11 b 4397.0" 56.28 1.28 0.07 0.44 b 
Limestone KH-3 1003.0` 8.88 0.88 0.30 0.10 b 4302.5 ¢ 7.91 0.18 0.06 0.43 b 
Feldspathicsand FK 2496.5 ¢ 30.28 1.21 0.16 0.25 b 4.18 0.08 1.91 1.18 4.23 b 
Serpentinite SW 135.4 c 8.10 5.98 4.15 0.013 b 102.0 ¢ 5.60 5.49 - - 
Black shale TS 786.5 ¢ 15.46 1.96 0.83 0.078 b 4.83 0.07 1.45 0.61 4.86 b 

University of Liege, Belguim a 
Shale AWl-!  7794.0" 92.76 1.19 5.28 0.74 b 3.02 0.03 0.99 1.30 3.06 b 
Schist SBO-I 6510.0` 134.25 2.06 1.35 0.66 b 3.53 0.03 0.85 0.56 3.55 b 
Psammite PRI-1 1.71 0.03 1.75 0.00 1.71 b 3.76 0.04 1.06 0.79 3.79 b 
Limestone CCH-I  497.3 c 11.52 2.32 3.57 0.048 ~ 789.9 ¢ 6.85 0.87 3.67 0.082 b 
Dolomite DWA-I 404.5 c 25.32 6.26 3.66 0.042 b 105.2 ¢ 4.76 4.52 5.16 0.01 b 

Canmet r 
Lake Sediment (LKSD-I)  2.16 0.09 4.17 8.00 2.0 ~ 1.29 0.04 3.10 13.15 1.14 b 
Lake Sediment (LKSD-2) 1.89 0.03 1.59 2.07 1.93 b 2.49 0.04 1.61 5.68 2.64 b 
Lake Sediment (LKSF-2) 2.46 0.04 1.63 6.03 2.32 b 2.15 0.04 1.86 3.15 2.22 b 
Lake Sediment (LKSD-4) 0.80 0.01 1.25 9.59 0.73 0.84 0.01 1.19 2.44 0.82 b 
Stream Sediment (STSD-I) 1.96 0.03 1.53 11.90 1.75 b 1.31 0.02 1.53 4.76 1.25 b 
Stream Sediment (STSD-2) 1.92 0.03 1.56 9.63 1.75 b 2.26 0.03 1.33 6.55 2.12 b 
Stream Sediment (STSD-3) 1.63 0.02 1.23 6.48 1.53 b 1.95 0.03 1.54 8.33 1.80 b 
Stream Sediment (STSD-4) 2.96 0.05 1.69 9.55 2.7 b 1.63 0.02 1.23 1.86 1.60 b 
Soil (Till 1) 2.50 0.04 1.60 3.81 2.6 2.36 0.05 2.12 2.59 2.3 
Soil (Till 2) 2.06 0.04 1.96 1.89 2.1 3.23 0.08 2.48 4.19 3.1 
Soil (Till 3) 2.74 0.05 1.82 5.34 2.6 2.53 0.02 0.73 5.41 2.4 
Soil (Till 4) 2.54 0.05 1.97 5.78 2.4 3.44 0.05 1.45 4.32 3.3 

British Geological Survey 
Bastansite Ore (IGS-40) h 1201.0` 36.12 3.01 0.08 0.12 1.27 0.02 !.57 0.79 1.28 

Geologcal Survey Suriname ~ 
Tropical Soil (K-3) 993.0 46.0 4.63 0.69 0.1 330.0` 16.0 4.85 10.0 0.03 
Tropical Soil (CS-1) 1095.0` 28.0 2.56 9.50 0.1 5155.0` 107.0 ¢ 2.07 3.15 0.5 
Tropical Soil (SAu-I) 434.0` 23.0 5.30 8.50 0.04 545.0` 29.0 5.23 9.16 0.05 
Tropical Soil (SUR-1) 103.0` 9.0 8.74 3.05 0.01 1170.0` 39.0 3.33 6.48 0.11 
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Table 1 (contd.) 

Sample %Na20 %K20 

s.d. %RSD %Dev. Literature • s.d. %RSD %Dev. Literature 
value value 

Lateritic Bauxite (BAX-1) 1046.0 ~ 28.0 2.68 

Chinese Academy of Geological Sciences ~ 
Marine Sediment 
(GSMS-2) 3.75 0.14 3.73 
Marine Sediment 
(GSMS-3) 4.20 0.10 2.38 
Mn-Nodule (GSPN-2) 2.44 0.08 3.28 
Mn-Nodule {GSPN-3) 2.82 0.10 3.55 

Glowny Urzard Miar, Poland J 
Loess (PL-1) 1.19 0.05 4.20 
Sandy Loam SoiI(BPGM-I) 0.96 0.02 2.08 
Soil Control Sample 
(RAM) 1.65 0.04 2.42 
Soil Control Sample (RMB) 1.52 0.04 2.63 
Soil Control Sample (RMC) 1.65 0.03 1.82 

4.68 0.01 201.0 ¢ 9.00 4.48 0.50 0.02 

6.25 4.00 2.11 0.11 5.21 8.26 2.30 

5.00 4.00 1.70 0.07 4.12 6.25 1.60 
6.15 2.60 1.06 0.03 2.83 6.00 1.00 
2.08 2.88 0.96 0.01 1.04 4.00 1.00 

0.81 1.66 0.05 3.01 - !.80 
0.54 1.50 0.03 2.00 - 1.56 

1.88 1.62 2.03 0.04 1.97 15.41 2.40 
2.70 1.48 2.45 0.05 2.04 2.08 2.40 

11.49 1.48 2.47 0.03 1.21 17.98 3.00 

See Ref. [8]. 
b Recommended value. 
c Results are expressed in micrograms per gram (ppm). 
d Information value. 

See Refs. [10-12]. 
f ASK-3 was ingnited at 700°C for 1 h before acid treatment. 

See ReL [9]. 
h See Ref. [13]. 
i See ReL [9]. 
J See ReL [14]. 

The values given are proposed values unless indicated otherwise. Where two values are given, the first (upper) value was 
obtained by the recommended procedure and the second (lower) value is taken from ReL [5]. 

water) .  The  so lu t ion  for  final a sp i ra t ion  to  the 
a i r -acetylene  f lame should  con ta in  1000lag 
La  m l -  1 and 2000 lag R b  m l -  t for  sod ium and 
po tass ium,  respectively.  

3. Results and discussion 

Table  1 shows the mean  ($)  o f  ten repl icate  
analyses  wi th  the dev ia t ions  (s), per  cent  rela- 
tive s t anda rd  dev ia t ions  ( % R S D )  and  the per  
cent average  dev ia t ions  (%Dev.)  using mean  
and  t rue  values  avai lab le  in the l i terature.  The  
N a 2 0  and  K 2 0  values for  l imestone  K H  and  
serpent ini te ,  respectively,  are  no t  ava i lab le  in 
the l i te ra ture  [8], and  hence could  not  be com-  
pared .  The  po ta s s ium value  for  JDO-1 was 
consis tent ly  h igher  than  the r epor ted  value  [12]. 
Provis iona l  values  for  the C A N M E T ,  Pol ish 
and  Chinese  samples  are  also qui te  good.  In-  
deed,  there  are  dev ia t ions  for  those samples  
a long  with some cases where  only  the " in for -  
m a t i o n  va lues"  are avai lab le  ind ica t ing  tha t  

more  da t a  are  still requi red  in o rde r  to upg ra de  
the s ta tus  o f  some samples  f rom the provi -  
s iona l / cond i t iona l  level to  the certified level. 
F o r  Japanese  samples  (JG2,  JG3,  J G l a ,  J R - l ,  
JR-2,  J B - l a ,  JB-2, JB-3, JGb-1 ,  J A - I ,  JA-2  and  
JA-3)  and  U S G S  samples  (G2,  B I R - I  and  
B H V O - I )  da t a  f rom the present  s tudy a long  
with recent ly pub l i shed  da t a  [5] are  presented  
for  compar i son .  The  r e c o m m e n d e d  p rocedure  
is equal ly  effective in bo th  n o r m a l  rock  samples  
and in highly ca lc ium-r ich  mater ia l s ,  in which 
as the prev ious  p rocedu re  a lways  yields high 
values o f  a lkal i  meta ls  in l imes tone  and  re la ted  
mater ia ls ,  it hence canno t  be a d a p t e d  for  cer- 
t i f icat ion purposes .  

3.1. Test on reliability o f  statistical data 

In o rde r  to test whether  one  set o f  d a t a  (with 
a mean  £ )  be longs  to ano the r  p o p u l a t i o n  (with 
a mean  p )  to within a specified conf idence 
l imit ,  the value o f  S tuden t ' s  t has  been calcu-  
la ted f rom the equa t ion  _ t = ( , ~ - / t )  x/n /s .  
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Table 2 

The + t  values and population mean (/~) at the 95% confidence level for well-characterized samples 

Sample Na20  K20  

+ t /z Lit. ("/,,Na20) 4- t /~ Lit. (%K20) 

BCR-I 0.45 3.28 _ 0.05 3.27 

AGV-I 3.95 4.31 + 0.03 4.26 
DTS-1 4.14 157.0 _+ 3.82 150 ~ 

G2 1.04 4.09 + 0.02 4.08 

1.18 4.05 4- 0.06 - 

GSP- 1 - - - 

PCC- 1 . . . .  
BHVO-I 3.16 2.81 + 0.01 2.26 

1.05 2.28 + 0.004 - 

MAG-I  5.53 3.90 _ 0.03 3.83 
QLO-I 5.69 4.11 + 0.03 4.20 

RGM-I  5.80 4.18 + 0.04 4.07 

SCO-I 1.58 0.89 + 0.01 0.90 

SDC-1 2.11 2.07 _+ 0.02 2.05 

SGR-I 0.63 2.98 + 0.03 2.99 

STM-I 6.32 8.84 _ 0.03 8.84 

BIR-1 4.74 1.72 4- 0.01 1.75 

2. I 1 1.73 4- 0.02 

DNC-I  6.32 1.83 4- 0.01 1.87 

W2 1.05 2.12 4- 0.04 2.14 

SDO-1 1.49 0.384 4- 0.001 0.380 

ASK-3 5.77 139.3 4- 3.65 a 0.013 

AN 3.05 323.0 4- 2.60 ~ 0.032 

BM 2.81 4.57 + 0.06 4.65 

GM 1.40 3.82 __+ 0.06 3.78 

GnA 1.98 809.5 + 10.86 ~ 0.08 

KH - - - 
KH-2 1.22 112.0 4- 22.33 ~ 0.11 

KH-3 1.07 1003.0 __+ 4.36 ~ 0.01 
FK 0.36 2496.5 + 21.65 ~ 0.25 

SW 2.11 135.4 + 5.60 a 0.013 

TS 1.33 786.5 _ 11.07 ~ 0.078 

IGS-40 0.14 1201 4- 25.85 a 0.12 

JLk-1 5.53 1.19 + 0.06 1.05 

JSd-1 4.22 2.81 4-_ 0.04 2.73 

JSd-2 5.80 2.59 4- 0.04 2.48 

JSd-3 9.05 4463.0 4- 15.75 ~ 0.44 

JCh-I 5.83 328.0 4- 6.99 ~ 0.031 
JSI-I  4.60 2.38 4- 0.08 2.20 

JSI-2 5.87 1.52 4- 0.05 1.39 
AW-1 13.43 7794 + 66 ~ 0.74 

SBO-1 0.90 6510 4- 96 a 0.66 

PRI-1 0 1.71 4- 0.02 1.71 

CCH-I 4.75 497.3 + 8.25 a 0.048 

DWA-I 1.93 404.5 + 18.12 ~ 0.042 

LKSD-1 5.62 2.16 4- 0.06 2.0 

LKSD-2 4.22 1.89 + 0.02 1.93 
LKSD-3 11.07 2.46 + 0.03 2.32 

LKSD-4 22.13 0.804-0.01 0.73 
STSD- 1 22.13 1.96 4- 0.02 1.75 
STSD-2 17.92 1.92 4- 0.02 1.75 

STSD-3 15.81 1.63 4- 0.02 1.53 

STSD-4 16.44 2.96 4- 0.03 2.70 

0.63 1.70 + 0.03 1.69 
1.58 2.93 + 0.03 2.91 

4.81 13.0 _+ 1.41 a 10 a 

0.53 4.44 + 0.04 4.45 

0.53 4.46 + 0.04 

2.63 5.56 + 0.04 5.51 
2.11 72.0 + 2.15 ~ 0.007 

0.35 0.521 + 0.001 0.52 

1.05 0.531 + 0.02 
5.27 3.60 + 0.002 3.55 

6.32 3.74 + 0.05 3.60 

6.32 4.34 + 0.01 4.34 

0.00 2.77 + 0.02 2.77 

3.95 3.33 + 0.03 3.28 

2.37 1.63 + 0.03 1.66 

3.16 4.33 + 0.03 4.28 

0.00 0.229 + 0.01 0.229 

5.79 0.629 + 0.01 0.627 

2.71 3.41 __+ 0.05 3.35 

6.19 726.0 + 9.51 ~ 0.07 

0.17 130.0 + 2.69 ~ 0.13 

5.13 2055.0 + 24.24 a 0.02 

0.09 4.78 + 0.05 4.76 

0.45 2.62 + 0.05 2.63 

1.90 4106.5 4- 7.74 ~ 0.41 

0.17 4397.0 _ 40.29 a 0.44 

0.80 4302.0 + 5.66 a 0.43 

1.98 4.18 4- 0.06 4.23 

1.35 4.83 4- 0.05 4.86 

1.58 1.27 + 0.01 1.28 

3.79 2.89 + 0.07 2.77 

4.57 2.32 + 0.06 2.19 

5.06 1.23 _+ 0.03 1.15 
4.74 2.11 _+0.04 2.01 

4.99 2269.0 + 13.15 0.224 

5.27 3.00 + 0.06 2.85 

4.06 3.02 + 0.05 2.93 

4.22 3.02 + 0.02 3.06 

2.11 3.53 + 0.02 3.55 

2.37 3.76 + 0.03 3.79 

4.66 789.9 + 4.9(P 0.082 

3.45 105.2 + 3.41" 0.01 

11.86 1.29 + 0.03 1.14 

11.86 2.49 + 0.03 2.64 
5.53 2.15 + 0.03 2.22 
6.32 0.85 + 0.01 0.82 
9.49 1.31 4- 0.01 1.25 

14.75 2.26 _+ 0.02 2.12 
11.59 1.95 4- 0.02 1.80 

4.74 1.63 + 0.01 1.60 

Value is expressed in micrograms per gram. 

Where two values are given, the first (upper) value was obtained from 

obtained from previous work [5]. 

the present work, and the second (lower) value was 
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For  a population, whose mean has a value of  
~?, to have a high probability of  belonging to 
the population with a mean value of p, the 
t-value calculated according to the above equa- 
tion must be smaller than the appropriate value 
listed in the Student's t-distribution table [16]. 
The _+ t values for Na20  and K20  of  well-char- 
acterized samples [8] are shown in Table 2. 
When the _+t value of less than 2.262 and 
3.250 (at a degree of  freedom of  9) at a confi- 
dence level of  95% or 99%, respectively, there is 
no statistical difference between the current 
result (.~) and the reference material data mean 
(~). 

On rearrangement, the previous equation is 
expressed as  f l = x + t s n  I/2. The population 
means at a 95% confidence level (although of  
course, the t-test is not restricted to 95% or any 
other confidence limits; the 95% limits are most 
commonly used) for a degree of  freedom of  9 
are calculated from this equation and are 
shown in Table 2 for comparison with the true 
values. This is done just to calculate the error 
limits about a data set mean (~) within which 
the population mean (p) must lie for a given 
confidence level. 

The present set of  data on reference samples 
(which are useful because they provide a mech- 
anism for assessing the accuracy of  a technique 
and for reaching the goal of  better analyses of  
real samples) of  varied composition involving 
two-step decomposition and a matrix buffer 
can be applied successfully to the accurate esti- 
mation of  alkali metals for certification pur- 
pose and in quality control assessment. 
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Abstract 

In the present paper, a new procedure using Pyrocatechol Violet (PCV) for the determination of tin in 
copper-based alloys is proposed. The use of HEDTA as masking agent allowed tin to be determined in the 
presence of large amounts of copper, without any separation procedure. The method is more selective than 
previous methods. Cetyltrimethylammonium bromide (CTAB) and Tween-20 are used to increase the 
stability of the system. 

The method can be applied directly to an acidic solution of Sn(IV) in the range 2.0-60.0 lag with a final 
volume of 50 ml. The pH is adjusted to 2.0 + 0.2 with glycine buffer and, after 30 min, the absorbance is 
measured at 660 nm. AI(III), Cd(II), Co(II), Mg(II), Ca(II), Mn(II), Ni(II) and Pb(II) do not interfere at the 
500 mg level; 20 000 ~tg of Cu(II) and 400 lag of NaC1 can be present. The interference at 100 lag of Fe(III) 
can be masked with ascorbic acid. Bi(III), Sb(V), Ti(IV), Mo(VI), EDTA, tartrate, citrate and iodide 
interfere. The proposed method was used for tin determination in several copper-based alloys and a 
comparison of the analytical results with certified values indicates that the procedure provides accurate and 
precise results. 

Keywords: Copper-based alloys; Pyrocatechol Violet; Spectrophotometric analysis; Tin determination 

1. Introduction 

Tin is an element frequently present in cop- 
per-based alloys. However, the speetrophoto- 
metric determination of  this element in these 
matrices is problematic because many of  the 
reagents used also react with the copper and 
other elements present. Numerous  procedures 
have been published for this determination, 
and normally these methods are not simple and 
usually require extensive and laborious steps 
for the separation of  tin from the matrices, 
using procedures that involve operations such 
as extraction [1,2], ionic exchange [3,4], precipi- 

* Corresponding author. 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights 
SSD! 0039-9140(95)01677-5 

tation of  tin as metastannic acid [5], coprecipi- 
tation of  tin using copper sulfide [6], man- 
ganese dioxide [7], or beryllium hydroxide [8] 
and until distillation [9], the tin being separated 
as stannic bromide. Table 1 describes the appli- 
cation of  some of  the reagents during tin deter- 
mination in copper matrices. 

Pyrocatechol Violet (PCV) [10] is one of  the 
main reagents used in the spectrophotometric 
determination of  tin. Some procedures [11] 
were proposed that used gelatin to stabilize the 
color; however, the addition of  gelatin causes 
the absorption band of  the Pyrocatechol Vio- 
le t- t in(IV) complex to become broadened and 
to extend to longer wavelengths. Therefore, the 
absorbance measurements must be made at 
619 rim, and a loss of  sensitivity is observed. 

reserved 
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Table 1 
Reagents used for tin determination in copper and its matrices 

Reagent Method of separation of tin Applications Reference 

8-Hydroxyquinoline Extraction Copper and zinc-based alloys [1] 
Propylfluorone Extraction Bronzes [2] 
PCV Ion exchange Bronze [3] 
Phenylfluorone Ion exchange Copper-based alloys [4] 
Rhodamine 6Zh Tin precipitation as metastannic acid Brass [5] 
Gallein Tin coprecipitation with copper sulfide Copper metal and brasses [6] 
Hematein Tin coprecipitation with manganese dioxide Copper-based alloys [7] 
Gallein Tin coprecipitation with berylium hydroxide Copper [8] 
Silicomolybdotungstate Distillation Brass [9] 
Quercetin a - Brass and bronze [8] 
PCV b - Brasses and bronzes This work 

a With copper masking with use of thiourea. 
b With masking using HEDTA. 
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50.00 ~g per 50 mi; PCV amount, I ml; PCV solution, 0.1%. Fig. 1. Effect of the pH on the Sn(IV)-PCV system. [Sn(IV)], 

Dagnal l  et al. [12], studied the effect o f  sev- 
eral surfactants in relation to an increase in 
stability o f  the Pyrocatechol  Viole t - t in( IV)  
system and found that  cetyltr imethylam- 
mon ium bromide (CTAB) is the most  satisfac- 
tory. However ,  the use o f  this surfactant  is not  
possible in the extraction step, because tetra- 
a lky lammonium iodide was precipitated. Pyro-  
catechol Violet was proposed  for tin deter- 
minat ion in bronze  by K a r n a u k h o v a  [3], the 
procedure  is based on tin separation on an 
anionic resin in the chloride form. 

In the present paper,  we propose  a procedure  
that  uses PCV for  tin determinat ion in brasses 
and bronzes, using H E D T A  as masking agent 
for  several ions, allowing tin determinat ion 

without  separation. The proposed  method  is 
simple, highly selective and reproducible.  A 
mixture o f  two surfactants,  cetyltr imethylam- 
mon ium bromide and Tween-20, increases the 
system stability. 

2. Experimental 

2.1. Reagen t s  

All reagents were analytical grade unless oth-  
erwise stated. The tin solution (100.0 lag ml -~) 
was prepared by dissolving 0.1 g o f  granulated 
tin metal (Baker) in 20 ml o f  concentra ted sul- 
furic acid with heating, and dilution to l l with 
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60 ml of  concentrated sulfuric acid and dem- 
ineralized water. The PCV solution (0.1%) was 
prepared by dissolving 0.1 g in demineralized 
water to 100 ml. Tween-20 (1%) was prepared 
by dissolving 1.0 g in demineralized water to 
100 ml. Glycine buffer solution (pH 2.0) was 
prepared with glycine solution (1.0 M) and the 
pH was adjusted to 2.0 with hydrochloric acid 
and/or  sodium hydroxide solution. HEDTA 
solution (0.10%) was prepared by dissolving 
0.10g of  N-(carboxymethyl)-N'-(2-hydroxy- 
ethyl)-N,N'-ethylenediglycine in demineralized 
water to 100 ml. 

2.2. Apparatus 

Table 2 
Effect of the amount of  glycine buffer solution 

(M) Concentration Absorbance 

0.04 0.787 
0. ! 4 0.786 
0.20 0.795 
0.30 0.796 
0.40 0.796 
0.50 0.797 

3. Results and discussion 

3. I. Characteristics of the reagent and the 
complex 

The absorption spectra were recorded and 
measured with a Varian DMS-80 spectropho- 
tometer and an Intralab recorder using 1.0 cm 
cells. A 300 Analyser pH meter was used to 
measure the pH values. 

2.3. General procedure 

The reaction of  PCV with the tin(IV) cation 
in the presence of  CTAB and Tween-20 results 
in a green complex with an absorption maxi- 
mum at 660nm. The PCV reagent has an 
absorption maximum at 441 rim. The complex 
without surfactants is red, with a maximum 
absorption at 555 nm. 

Spectrophotometric determination of tin 
Transfer to a 50 ml volumetric flask 1.0 ml of  

the PCV solution, 2.0 ml of  the Tween-20 solu- 
tion and 2.0 ml of  the CTAB solution. Mix and 
add a portion of  tin(IV) solution containing 
10-60 lag of  tin, 10.0 ml of  glycine buffer and 
5.0 ml of  H E D T A  solution. Mix, and after 
30 min, dilute to the mark with water and 
measure the absorbance at 660 nm in a 1 cm 
cell, using water as a blank. 

3.2. Effect of the pH 

The effect of  pH on the t in(IV)-PCV system 
was studied and the results demonstrated that 
the absorbance signal is at a maximum and 
constant in the pH range 1.60-2.7 as can be 
seen in Fig. 1. 

In the described procedure the use of  glycine 
buffer at pH 2 is recommended because at this 
pH, the selectivity is higher. A glycine buffer 

Table 3 
Effect of  the order of addition of reagents 

Order of addition Absorbance 

PCV + Tween-20 + CTAB + Sn(1V) + buffer + HEDTA 
PCV + CTAB + Tween-20 + Sn(IV) + buffer + HEDTA 
PCV + Tween-20 + CTAB + Sn(IV) + HEDTA + buffer 
PCV + Tween-20 + CTAB + buffer + Sn(IV) + HEDTA 
PCV + Tween-20 + CTAB + HEDTA + Sn(1V) + buffer 
Tween-20 + CTAB + PCV + Sn(IV) + buffer + HEDTA 
Tween-20 + CTAB + Sn(IV) + PCV + buffer + HEDTA 
Buffer + HEDTA + PCV + Tween-20 + CTAB + Sn(IV) 
Sn(IV) + Tween-20 + CTAB + PCV + buffer + HEDTA 
Sn(IV) + PCV + Tween-20 + CTAB + HEDTA + buffer 
Sn(IV) + buffer + PCV + Tween-20 + CTAB + HEDTA 
Sn(IV) + HEDTA + buffer + Tween-20 + CTAB + PCV 
Sn(IV) + PCV + HEDTA + Tween-20 + CTAB + buffer 
Sn(IV) + PCV + HEDTA + buffer + Tween-20 + CTAB 
Sn(IV) + HEDTA + PCV + Tween-20 + CTAB + buffer 

0.802 
0.796 
0.790 
0.720 
0.021 
0.803 
0.789 
0.082 
0.640 
0.606 
0.376 
0.019 
0.015 
0.011 
0.011 
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Table 4 
Effect of the amount of HEDTA on the tin(IV)-PCV 
system 

( I 0 -4 M) Concentration Absorbance 

3.6 0.805 
7.2 0.801 

10.8 0.799 
14.4 0.795 

Table 5 
Analytical characteristics of the procedures 

Characteristic Value 

imenta l  section 2.3, using water as the 
blank.  

Beer's law was obeyed in the concen t ra t ion  
range 0 - 1 . 2 0  lag m l -  ~ of  tin and the curve does 
no t  pass through the origin. The molar  absorp-  
tivity was 1.03 x 1051mol -~ cm -~ at 660rim. 

The analyt ical  sensitivity [13], the cal ibrat ion 
sensitivity [13], the limit of  detection and  the 
limit of  quan t i t a t ion  [14] as well as other  ana-  
lytical characteristics are summarized in Table  
5. 

3.6. Effect of  interfering ions 

Molar absorptivity (I mol-t cm-t) 1.03 x 105 
Calibration sensitivity (ml lag-~) 0.867 
Analytical sensitivity (mi Ixg- t) 86.73 
Limit of detection, CL; 3a (ng ml-t) 7 
Limit of quantitation, CQ; 10a (ng ml-t) 25 
Linear dynamic range (lag ml-i) 0.02-1.20 
Coefficient of variation (%) 1.25 

concent ra t ion  in the range 0 .04-0 .50  M does 
no t  affect the absorbance  signal of  the 
t i n ( I V ) - P C V  system (Table 2). 

Solut ions con ta in ing  50.00 lag of  t in(IV) and  
various propor t ions  of  several cat ions and  an-  
ions were prepared,  and  the general procedure 
was followed. 

Table  6 shows interference levels dur ing  t in 
de te rmina t ion  in the absence and  presence of  
H E D T A .  The ma in  interferences are vanadi -  
um(V), molybdenum(VI) ,  t i tan ium(IV)  a nd  
i ron(I l l ) .  

I ron( I l l )  interference can be el iminated by 
reduct ion to i ron(II)  with ascorbic acid; 50 mg 

3.3. Effect of  the order of  addition of the 
reagents on complex formation 

The order  of  reagent addi t ion  was studied. 
This is a critical stage in the reaction. The 
results demons t ra ted  that  the order strongly 
affects the complex format ion ,  as can be seen 
in Table  3. The reagent and  surfactants  must  
be added before the t in(IV) or sample solut ion,  
and only after this can the pH be adjusted. 

3.4. Effect of  the HEDTA amount on the 
t in( IV)-PCV complex 

PCV is not  a selective reagent for tin deter- 
mina t ion .  However,  the use of  H E D T A  as 
masking  agent solves this problem. The effect 
of  the H E D T A  a m o u n t  on  t i n ( I V ) - P C V  com- 
plex format ion  was studied, and  the results 
show that  it does not  affect the complex forma- 
t ion when present at the least in the range 
3.6 x 10 -4 -14 .4  x 10 -4  M (Table 4). The 

H E D T A  must  be added after the fo rmat ion  of  
the complex. 

3.5. Analytical characteristics of  the method 

A cal ibra t ion curve was prepared according 
to the general procedure  described in the exper- 

Table 6 
Tin determination with PCV in the presence and absence 
of HEDTA 

Cation Amount Interference level 
C~g) 

Without HEDTA With HEDTA 

Ag(1) 500 + 7.03 -0.38% 
Ca(lI) 500 - 1.35% - 
Mg(ll) 500 -0.90% -0.62% 
Ba(ll) 500 -0.54% - 
Sr(ll) 500 - 1.35% - 
Th(1V) 500 - 1.50% - 
AI(Ill) 500 +5.75% -0.87 
Mn(ll) 500 +21.43% - 1.12% 
Bi(lll) 500 - 13.15% -4.17% 
Cd(II) 500 + 1.99% -0.13% 
Pb(ll) 500 +0.57°/,, +0.63% 
Sb(V) 500 + 7.03% - 1.77% 
Zn(ll) 500 +2.00% - 1.62% 
Ni(II) 500 +23.43% - 1.37% 
Ti(IV) 500 +209.32% +9.11% 
Hg(ll) 500 + 5.41% + 2.02% 
Co(li) 500 +4.86% -0.25% 
Fe(Ill) 500 - 60.54% - 73.28% 
Mo(VI) 500 + 319.2% + 63.72% 
V(V) 500 --48.51Y¼, -- 32.49% 
Cu(ll) 20000 - + 2.92% 
Cu(ll) 5000 - + 2.54% 
Cu(ll) 500 + 3.93% + 0.12% 

Conditions: [Sn(IV)], 50.00lag per 50ml; [HEDTA], 
7 x 10 -4 M, pH 2.00. 
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Table 7 
Tin determination in copper-based alloys (standards) 

Standard Certified value Value found ~ 
(%) (%) 

Brass NIST 62d 0.38 0.38 + 0.01 (5) 
Brass NIST 164 0.63 0.64 + 0.01 (5) 
Brass CEPED 486 2.81 2.82 + 0.03 (5) 
Brass NIST 52c 7.85 7.82 _ 0.02 (5) 

a At the 95% confidence level. 

The results shown in Table 7 demonstrate that 
there is no significant difference between the 
certified value and the value obtained with 
PCV at the 95% confidence level for four differ- 
ent alloys. 

Application of the paired t test [15] in the 
results obtained by the PCV procedure and the 
ICP method (Table 8) showed that there is no 
significant difference between the two methods 
at the 95% confidence level. 

Table 8 
Tin determination in copper-based alloys (samples) 

Sample 1CP method PCV method a 
(%) (%) 

Brass 40 0.14 0.13 +0.01 (5) 
Brass 37 0.90 0.91 + 0.02 (5) 
Brass 10 4.36 4.38 + 0.02 (5) 
Brass 1 5.50 5.50 + 0.02 (5) 

a At the 95% confidence level. 

of ascorbic acid are sufficient for masking 
1000 lag of iron(III) during the determination 
of 50.0 lag of tin(IV). 

The effect of the ionic strength on the system 
is negligible up to a sodium chloride 
concentration of 0.1 M. 

3. 7. Application 

4. Conclusions 

The spectrophotometric determination of tin 
using Pyrocatechol Violet can be improved 
with the use of HEDTA as masking agent, and 
Tween-20 and cetyltrimethylammonium bro- 
mide as sensitizing and stabilizing agents. 

This new proposed method can be used for 
the spectrophotometric determination of tin in 
copper-based alloys without carrying out a sep- 
aration procedure. 
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Tin determination in copper-based alloys 
The proposed procedure was applied to tin 

determinations in several standards and sam- 
ples of copper-based alloys. 

The sample solutions were prepared using 
nitric and hydrochloric acids. The results are 
described in Tables 7 and 8, and the matrix 
compositions are shown in Table 9. 
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Abstract 

A spectrofluorimetric method for the determination of total selenium in biological samples has been 
developed. After oxidative destruction, the sample is reacted with a mixture of bromide and 2,3-diamino-1,4- 
dibromonaphthalene (Br2-DAN) without pH adjustment. Selenium(VI) is rapidly reduced by bromide to 
Se(IV) which then forms 4,7-dibromo-5,6-benzopiazselenol (Br2-DAN-Se). The conversion of Se(VI) to 
Br2-DAN-Se is completed in 6min at 100°C. The piazselenol is extracted to cyclohexane and the 
fluorescence measured at 577 nm with excitation at 518 am. The procedure has been validated by determina- 
tions on reference materials with selenium concentrations ranging from 4 to 1460 ng g-  i. The advantages of 
the method are the fast reduction of Se(VI) by hydrobromic acid and the properties of Br2-DAN, which 
permit the piazselenol formation to be carried out in a strongly acidic medium and at high temperature. The 
limit of detection is 0.6 ng g-  I as estimated by three times the standard deviation of the blank determination 
(n = 7). 

The rate of reduction of Se(VI) to Se(IV) in hydrobromic acid was investigated as a function of 
concentration and temperature. The new kinetic data together with previous kinetic and equilibrium data for 
the piazselenol formation were used to model and optimize the simultaneous reduction-derivatization 
procedure. 

Keywords: Selenium; Spectrofluorimetry; Biological material 

1. Introduction 

Several methods for the determination of  
selenium are available and those most com- 
monly used are molecular fluorescence spec- 
trometry (MFS) [1-6], gas chromatography 
with electron capture detection (GC-ECD) [7-  
10], atomic absorption spectrometry after hy- 
dride generation (HG-AAS) [ll,12] and 
electro-thermal atomic absorption spectrome- 
try (ETAAS) [13]. These methods, except 
ETAAS, respond only to selenium in the te- 
travalent state. Thus, all other forms of  sele- 

* Corresponding author. 

oo39.914o/95/$o9.5o © 1995 Elsevier Science B.V. All rights 
SSDI 0039-9140(95)01678-3 

nium have to be converted into Se(IV). 
In the determination of  total selenium in 

biological samples destruction of  the organic 
material has to be accomplished in most cases. 
This is usually performed by treatment of  the 
sample with strong oxidizing acids. Most com- 
monly employed is a mixture of  nitric, perchlo- 
ric and sulfuric acids. Another  digestion 
method, which avoids the hazards connected 
with the use of  perchloric acid, is the combined 
wet-dry ashing procedure described by 
Hansson et al. [14]. After the digestion, Se(VI) 
is reduced to Se(IV), normally with 4 - 6  M 
hydrochloric acid [15]. I f  HG-AAS is used, the 
sample is ready for analysis. With G C - E C D  or 

reserved 
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MFS, Se(IV) is reacted with an aromatic o-di- 
amine in excess to form a piazselenol that is 
extracted to an organic solvent before the in- 
strumental finish. The extraction step can 
provide an enrichment of the analyte by up to 
500 times [16]. 

In MFS the most commonly used reagent is 
2,3-diaminonaphthalene (DAN) introduced by 
Parker and Harvey in 1962 [1]. However, the 
properties of this reagent make the analysis 
somewhat complicated [17]. The piazselenol 
formation occurs in a reaction between sele- 
nous acid and monoprotonated o-diamine and 
the reaction conditions must therefore be se- 
lected so that these species predominate in 
order to arrive at reasonable derivatization 
times [4,18]. For a biological sample, which has 
been digested and then reduced by hydrochlo- 
ric acid, this implies that considerable pH ad- 
justment is necessary when the DAN reagent is 
employed. Recently, the use of 2,3-diamino- 
1,4-dibromonaphthalene (Br2-DAN) as a new 
spectrofluorimetric reagent was reported [19]. 
The values of acidity constants of Br2-DAN 
make this reagent compatible with a strongly 
acidic medium and hence the pH adjustment is 
obviated. However, when the piazselenol for- 
mation is performed in a medium of hy- 
drochloric acid, an exchange may occur of 
bromine with chlorine in the reagent and the 
piazselenol. The chlorinated piazselenol, 4,7- 
dichloro-5,6-benzopiazselenol (C12-DAN-Se), 
has a lower fluorescence intensity than the cor- 
responding brominated piazselenol, 4,7- 
dibromo-5,6-benzopiazselenoi (Br:-DAN-Se). 
Therefore, irreproducible results will be ob- 
tained when the temperature and concentration 
of hydrochloric acid are high, conditions that 
speed up the rates of the reduction and deriva- 
tization reactions to expedient values. 

Hydrobromic acid has been found to be a 
suitable alternative to hydrochloric acid, both 
as a reaction medium for the derivatization 
with Br2-DAN and as a reducing agent [19]. 
Few articles have reported on the use of hydro- 
bromic acid for the reduction of Se(VI) [20,21]. 
This paper delineates the influence of concen- 
tration and temperature on the rate of reduc- 
tion of Se(VI) with hydrobromic acid. The 
rapid reduction which can be achieved and the 
thermal stability of Br2-DAN and Br2-DAN-Se 
suggested that the usual two-step reduction- 
derivatization sequence could be replaced by a 
combined reduction-derivatization step. This 
simplification of the fluorimetric selenium de- 

termination has been studied and resulted in a 
procedure in which Se(VI) is converted to Br2- 
DAN-Se in about 6 min. 

2. Experimental 

2. I. Apparatus and reagents 

All fluorescence recordings were made on an 
Aminco SPF-500 Corrected Spectra Fluorome- 
ter as described earlier [19]. Most experiments 
were performed in 8ml Pyrex glass tubes 
equipped with PTFE-faced screw-caps in a lab- 
oratory-built aluminum block (150 x 150 mm 2) 
with a capacity of 25 samples and placed on a 
2000 W hot-plate. The temperature was regu- 
lated by an Eurotherm 904 temperature reg- 
ulator (Eurotherm International, Str~ingn/is, 
Sweden). 

All chemicals were of analytical grade from 
Merck unless otherwise stated. Milli-Q-filtrated 
(MQ) water (Millipore TM) was used through- 
out. All glassware was cleaned in 7 M nitric 
acid and rinsed with MQ water. The standard 
solutions of Se(IV) and Se(VI) were prepared 
and analysed as described before [10,14]. The 
three acid mixture was composed of 65% nitric 
acid, 70-72% perchloric acid and 95-97% sul- 
furic acid in the proportions 20:5:2. Br2-DAN 
was synthesized as described before [19]. A 
2.05 mM working solution of Br2-DAN was 
prepared by dissolving 16.2 mg of the chemical 
in 25 ml of methanol. The solution was stored 
at room temperature in the dark. It was stable 
for at least one week. 

The reference materials were MA-B-3/TM 
fish tissue (IAEA, Monaco), SRM 1567 wheat 
flour, SRM 1577a bovine liver, RM 8433 corn 
bran, RM 8412 corn stalk, RM 8413 corn 
kernel (NIST, Gaithersburg, MD) and Sero- 
norm 105 human serum (Nycomed AS, Oslo, 
Norway). 

2.2. Kinetic experiments 

Reduction of Se(VI) by hydrobromic acid 
A solution of 1.5, 2.0 or 2.5 M hydrobromic 

acid (200 ml) was heated in a glass beaker on a 
hot plate with magnetic stirring facilities and 
the temperature was regulated by a sensor 
placed in the solution (Heidolph, Kelheim, 
Germany). When the desired temperature had 
been reached and stabilized, a small volume of 
a standard solution of Se(VI) was added. The 
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reaction was followed by measurement of the 
Se(IV) concentration. Part of the reaction mix- 
ture was continuously withdrawn from the 
beaker through Teflon tubing (0.7 mm i.d.) by 
pumping. The sample stream was immediately 
cooled and then passed through the sample 
loop of an injection valve before going to 
waste. The value was activated at regular inter- 
vals by a timer and injected the sample into a 
HG-AAS instrument [22] for determination of 
Se(IV). Concentrations were evaluated from a 
calibration curve determined with matrix- 
matched standards. 

Simultaneous reduction of  Se(VI) and 
piazselenol formation 

To a set of 12 Pyrex test tubes a 0.95ml 
portion of a solution containing 1.6, 2.1 or 
2.6 M hydrobromic acid and 53 or 105 laM 
Br2-DAN was added. The tubes were closed 
and placed in a thermostatted aluminum block. 
When the desired temperature had been 
reached, 50 ~tl of 200 ng 1- ~ of Se(VI) was 
added. At predetermined times, a tube was 
withdrawn from the heating block and the 
reaction stopped by changing the pH to 5 by 
addition of a concentrated sodium phosphate 
solution. The tube was then stored in an ice 
bath. The extraction of the piazselenol was 
performed at room temperature with 3 ml of 
cyclohexane. 

2.3. Analytical procedures 

Digestion with the three acid mixture 
Weigh 0.5-1 g of sample into a 100 ml Kjel- 

dahl flask. Add 20 ml of the three acid mixture 
and a few boiling stones and place the flask in 
the heating stand. Boil the mixture until the 
sulfuric acid begins to distil. After cooling add 
10ml of 5 M sodium bromide and dilute to 
25 ml with water. Transfer 2 ml of this solution 
to a 8 ml test tube and add 100 ~tl of 2.05 mM 
Br2-DAN. Close the tube and place it in the 
aluminum block for 6 min at 100°C. Cool to 
room temperature and extract with 3 ml of 
cyclohexane. Rapid phase separation is ob- 
tained by spinning the test tubes. 

Measure the fluorescence of the piazselenol 
extract at an excitation wavelength of 518 nm 
and emission wavelength of 577 nm. 

Digestion with magnesium nitrate-nitric acid 
Weigh about 0.1 g of dry homogeneous sam- 

ple into a 8 ml Pyrex test tube. Add 0.3 g of 

magnesium nitrate hexahydrate, 1 ml of 14 M 
nitric acid and 50 lal of 12 M hydrochloric acid. 
Place the tube in the aluminum block and 
apply the following temperature programme: 
[(°C)/ramp time (min)/dwell time (rain): 50/20/ 
60, 85/20/100, 105/20/100, 125/20/100, 175/120/ 
30, 225/40/30, 500/180/120]. Include an end 
step that allows the temperature to decrease to 
100*C. Withdraw the tube from the block and 
add 1 ml of a solution containing 3 M perchlo- 
ric acid and 0.05 M sulfamic acid. When the 
digestion residue has dissolved, add 1 ml of a 
solution containing 4 M hydrobromic acid and 
2 mM hydroxylammonium sulfate and finally 
100 I11 of 2.05 mM Br2-DAN. Close the tube 
and place it in the aluminum block at 100°C 
for 6 min. The extraction and fluorimetric mea- 
surement are then performed as described 
above. 

3. Results and discussion 

3.1. Reduction of  Se(VI) in hydrobromic acid 

The aim here was to find conditions for 
rapid reduction of Se(VI) to Se(IV) and only 
restricted ranges of temperature and hydro- 
bromic acid concentration were therefore stud- 
ied. For acid concentrations below about 1.5 M 
the reaction becomes unattractively slow even 
at high temperature. Concentrations (M) here 
and elsewhere refer to the value at room tem- 
perature for practical reasons and pH will be 
used freely to denote -log[H+]. The upper 
concentration limit was set by the proportion- 
ally large volume of hydrobromic acid (8.7 M) 
which had to be added. Furthermore, one of 
the batches of hydrobromic acid used con- 
tained an unidentified reducing agent, which 
lead to selenium losses at high temperatures 
and concentrations of the acid. Hence an upper 
limit of 2.5 M was chosen as a precaution 
against selenium losses, but a new batch of 
hydrobromic acid should always be tested for 
excessive reducing power before use. The re- 
ducing agent might have been iodide, which 
fairly rapidly reduces Se(VI) to Se(0) even at 
micromolar concentrations [23]. Losses of sele- 
nium can be avoided by the addition of small 
amounts of bromate. Since bromine interferes 
in the piazselenol reaction, free bromine must 
be removed after the reduction if a spec- 
trofluorimetric finish is used. 
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Fig. 1. Dependence of the rate of reduction of Se(VI) to 
Se(IV) on the concentration of hydrobromic acid at 75"C. 
The Se(IV) concentration is represented by the relative 
absorbance signal. A, 1.5; B, 2.0; and C, 2.5 M hydro- 
bromic acid. 

Representative formation curves of  Se(IV) 
generated by reduction of  Se(VI) with hydro- 
bromic acid are shown in Figs. 1 and 2. The 
rate constant, kr, was determined by fitting the 
function [I 5] 

y =  A -  B e -kr' (1) 

to the data (t, [Se(IV)]) by non-linear regres- 
sion. Experiments with different initial Se(VI) 
concentrations confirmed that the reaction was 
of  first order with respect to Se(VI). The values 
of  kr so obtained can be reproduced by 

k , =  2.01 x 1012[HBr]2"s7 e - t ' | l  × I°a/r (2) 

with kr in min-I .  Note the high power in [HBr] 
which leads to a rapid increase in the reduction 
rate with acid concentration. A strong rate 
dependence on concentration has been found 
for hydrochloric acid also [15]. 
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Fig. 2. Dependence of the rate of reduction of Se(VI) to 
Se(IV) on temperature in 2 M hydrobromic acid. The 
Se(IV) concentration is represented by the relative ab- 
sorbance signal. A, 65; B, 75; and C, 85"C. 

3.2. Simultaneous reduction of  Se(VI) and 
formation of  4, 7-dibromo- 5,6-benzopiazselenol 

The purpose of  a simultanec, us reduction of  
Se(VI) and derivatization of  the Se(IV) formed 
to a piazselenol is to simplify the analytical 
procedure and diminish the analysis time. 
Therefore, the conditions for fast reduction 
and derivatization must be considered at the 
same time and balanced. The rate of  the reduc- 
tion of  Se(VI) increases both with temperature 
and hydrobromic acid concentration as dis- 
cussed in the previous paragraph and results in 
a complete conversion to Se(IV). The optimal 
conditions for the piazselenol reaction will be 
discussed with reference to the kinetic and 
equilibrium studies made previously [19]. Data 
needed for the calculations made in the follow- 
ing paragraphs were taken from this reference. 

Equilibrium considerations 
The formation of  Br2-DAN-Se occurs in a 

reaction between undissociated selenous acid 
and monoprotonated Br2-DAN. The reaction 
can be represented by 

kf 
H2SeOs + Brz-DANH ÷ ~ Br2-DAN-Se + H ÷ 

kb 

where kr and kb are the rate constants of  the 
forward and reverse reactions respectively. It 
was found that the reaction moved towards an 
equilibrium with incomplete conversion to the 
piazselenol although the ligand was in great 
stoichiometric excess. For  biological samples 
the total selenium concentration seldom ex- 
ceeds 1 laM, whereas the normal ligand concen- 
tration is in the range 50-1001aM, thus in a 
hundred fold excess. The equilibrium constant 
of  the reaction, fl, is given by 

fl = [Br2-DAN-Se]~[H +]eq =--kf (3) 
[H2 SeO3]eq [Br2-DANH ÷]~q kb 

The numerical value of  fl is 3 x 105 at 70°C. The 
fl value previously reported was 3.4 x 105, but 
an extended analysis of  the data has resulted in 
the new value. The degree of  conversion to the 
piazselenol at equilibrium, defined as [Br2- 
DAN-Se],q/[Se]to,, can be found from Eq. (3). 

Fig. 3 shows the pH dependence of  the de- 
gree of conversion at two ligand concentra- 
tions. As seen directly from Eq. (3) the 
piazselenol concentration decreases with acidity 
in strongly acid medium, in which H2SeO3 and 
Br2-DANH ÷ constitute large fractions of  the 
total concentrations of  Se(IV) and Br2-DAN 
respectively. In less acid solution, Br2-DAN is 
the dominating ligand species and the degree of  
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Fig. 3. Distribution diagram for Se(1V) and Br2-DAN, and 
the calculated pH dependence of the degree of conversion 
of Se(IV) to the piazselenol at equilibrium for two ligand 
concentrations. A, fraction of the free ligand as Br 2- 
DANH ÷; B, fraction of Se(IV) as H_,SeO~; C and D, degree 
of conversion for 40 and 100 laM ligand respectively. 

conversion is almost independent of  pH until 
H2SeO3 starts to deprotonate. Then the equi- 
librium shifts to the left. Hence equilibrium 
considerations indicate that a reaction medium 
with a pH between 1 and 3 would be optimal. 
Note, however, that the decrease of  the equi- 
librium concentration of  the piazselenol with 
acidity can be counteracted by an increase of  
the ligand concentration. The drop in the de- 
gree of  conversion with acidity is moderate at a 
ligand concentration of  100 taM. 

Rate considerations 
When the piazselenol reaction is run at a 

constant pH and a large excess of  the ligand, 
the reaction rate follows 

d[Br2-DAN-Se ] 
r =  

dt 

= kf[H2 SeO3][Br2-DANH ÷ ] 

- kb[Br2-DAN-Se][H +] (4) 

with the solution 

[Br2-DAN-Se] = [Br2-DAN-Se]eq(1 - e-k')  (5) 

k is a conditional first order rate constant 
defined by 

kr[Br2-DAN],o, 
k = kb[H +] + (6) 

f , A  
f i  -1 denotes the fraction of  the ligand present as 
Br2-DANH + and f~-' the fraction of  Se(IV) 
present as H2SeO3. Fig. 4 shows the variation 
of the rate constant with pH at 70°C and a 
ligand concentration of  100 laM. Clearly, the 
reaction rate drops rapidly with increasing pH. 
Hence, rapid derivatization is favoured by an 
increase in acidity, which, however, decreases 
the degree of  conversion to the piazselenol. 

The temperature dependence of  k was det- 
ermined previously in 2 M hydrobromic acid 
and a ligand concentration of  50 laM. From 
these data the temperature dependence of  
kr(M - t  min - l )  can be calculated as 

4820 
In kf = 23.2 - - -  (7) 

T 

This equation indicates a rapid increase in re- 
action rate with temperature. Thus, in order to 
speed up the chemical reactions the tempera- 
ture should be as high as possible and a high 
concentration of  hydrobromic acid should be 
used. The influence of temperature on the equi- 
librium constant of  the piazselenol reaction has 
not been determined, but previous measure- 
ments indicate that equilibrium concentrations 
a reon ly  moderately affected by temperature, at 
least for high ligand concentrations. 

Computer simulations 
As guidance in the choice of  proper deriva- 

tization conditions, computer simulations were 
performed. The three simultaneous rate equa- 
tions for the reaction sequence 

( H B r )  ( B r 2 - D A N )  

Se v, k r  SetV Br2-DAN-Se 
(H + ) 

were solved subject to the condition of  con- 
stant acidity and a large excess of  ligand and 
used to study the progress of the reaction 
sequence for different combinations of temper- 
ature, hydrobromic acid and ligand concentra- 
tions. The pseudo first order rate constants 
were calculated from Eqs. (2), (3) and (6). No 
attempts were made to include temperature 
or medium corrections in the equilibrium 
constants. 

0.C 
0 1 2 

pH 

1.0 

0.5 

Fig. 4. The rate constant of the piazselenol formation, Eq. 
(6), as a function ofpH at a ligand concentration of 100 ~tM 
and 70°C. 
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Table 1 
Computer simulated reaction times for the conversion of Se(VI) to Br2-DAN-Se by simultaneous reduction and 
derivatization as a function of temperature and the concentrations of hydrobromic acid and Br2-DAN. Relative yield is 
the degree of conversion to the piazselenol at equilibrium and t is the time needed to reach 98% of the equilibrium 
concentration 

[HBr] Temp. 50~M Br2-DAN 100~M Br2-DAN 
(M) (*C) 

Relative yield t Relative yield t 
(%) (min) (%) (min) 

1.5 80 91 31 95 30 
90 14 13 

100 6.3 5.9 

2.0 80 88 16 94 15 
90 7.4 6.5 

100 3.9 3.1 

2.5 80 86 11 93 8.8 
90 5.4 4.1 

100 3.2 2.1 

The results o f  the simulations are presented 
in Table 1, which contains the reaction time 
needed to reach 98% of  the equilibrium con- 
centration of  Br2-DAN-Se and the degree of  
conversion at equilibrium. The figures in the 
Table demonstrate  the great influence of  tem- 
perature and the hydrobromic acid concentra- 
tion on the rate of  the piazselenol formation. It  
can also be noted that the ligand concentration 
has little effect on the rate of  formation of the 
piazselenol, which is largely governed by the 
rate of  reduction of  Se(VI). Fig. 5 shows an 
example of  the changes in the concentrations 
during the progress of  the reactions. Since the 
piazselenol formation cannot proceed faster 
than the reduction of  Se(VI), a high tempera- 
ture and concentration of  hydrobromic acid 
should be chosen. High acid concentrations 
will also increase the rate of  the piazselenol 

i0 
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0 
0 1 2 3 4 5 
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Fig. 5. Calculated concentrations during the formation of 
Br2-DAN-Se by simultaneous reduction and derivatization 
at 100*C. Initial S¢(VI) concentration l0 nM, ligand con- 
centration 100 laM and hydrobromic acid concentration 
2 M. A, Se(VI); B, Se(IV); C, Br2-DAN-Se. 

reaction but the equilibrium concentration of  
the piazselenol will decrease. However, the shift 
o f  the equilibrium position with the concentra- 
tion of  hydrobromic acid will not be pro- 
nounced at higher concentrations of  Br2-DAN. 
The degree of  conversion, however, is limited 
by the solubility of  the ligand, which is about  
100 ~tM. 

Exper imental  tests o f  the computer simulations 
The computer  simulations delineated appro- 

priate conditions for fast simultaneous reduc- 
tion and derivatization. These conditions were 
tested experimentally on standard solutions of  
Se(VI). Results from these tests are presented 
in Figs. 6 and 7 and the agreement is good 
between the simulated reaction times in Table 1 
and the experimental findings. There was some 
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Fig. 6. Simultaneous reduction of Se(Vi) and formation of 
Br2-DAN-S¢ at 95°C (aluminum block 100°C) for different 
concentration of hydrobromic acid. Experimental results. 
Ligand concentration 50 )aM. A, 1.5; and B, 2.5 M hydro- 
bromic acid. Drawn curves are calculated formation curves 
for Br2-DAN-Se. 
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Fig. 7. Temperature dependence of the simultaneous re- 
duction of Se(VI) and formation of Br2-DAN-Se in 2 M 
hydrobromic acid and 100 t~M Br2-DAN. Experimental 
results. A, 77.5; B, 85; and C, 95°C (aluminum block 80, 
90, 100°C), Drawn curves are calculated formation curves 
for Br2-DAN-Se. 

disagreement between the shape of  the experi- 
mental formation curve and the curve calcu- 
lated for the temperature of  the aluminum 
block. The differences are caused by difficulties 
with the timing in the initial part of  the experi- 
ments and the rather crude temperature con- 
trol. The actual temperature of the reaction 
mixture was lower than the set temperature by 
2.5-5°C. From the results of  the experiments 
and simulations it was decided to perform the 
combined reduction and derivatization in 2 M 
hydrobromic acid and 100 laM Br2-DAN at 
100°C in the applications to real samples. 

3.3. Determination of selenium in biological 
materials 

Destruction by a three acid mixture 
We have previously preferred the combined 

wet/dry ashing method described by Hansson 
et al. [24] since it does not involve the use of  
perchloric acid. When hydrobromic acid was 
added to samples digested with this method, 
the solutions became colored yellow by bro- 
mine which was most likely generated in a 
redox reaction between added bromide and 
nitrite formed during the digestion. Bromine 
is beneficial in the reduction step since the 
Br2/Br- redox couple stabilizes the tetravalent 
oxidation state of  selenium, but it severely in- 
terferes in the piazselenol formation step. To 
avoid bromine formation, the samples were 
instead digested with a three acid mixture of  
nitric, perchloric and sulfuric acids. With this 
destruction method, no appearance of  bromine 
was observed. 

The selenium is present in a matrix of  con- 
centrated sulfuric acid after destruction by the 

three acid mixture. A study of  the rate of  the 
simultaneous reduction and derivatization at 
different concentrations of  sulfuric acid and 
2 M bromide revealed that the piazselenol for- 
mation was completed within 6 min in 1 M 
sulfuric acid at 100°C. It was also observed 
that the fluorescence signal was somewhat 
lower in sulfuric acid than in hydrobromic acid 
of the same concentration. Hence, it was de- 
cided to dilute the digested sample to 25 ml, i.e. 
approximately to 1 M sulfuric acid. Sodium 
bromide was added to a concentration of 2 M. 
A 2 ml portion of the diluted sample was used 
for the spectrofluorimetric finish. The calibra- 
tion curve was established by addition of  
Se(VI) standards to a blank solution. 

The procedure was evaluated by determina- 
tions on the following reference materials; 
MA-B-3/TM fish tissue (1460 lag kg -~, 1350- 
1770 lag kg-  ~), SRM 1567 wheat flour 
(1100 _ 200 lag kg- t ) ,  SRM 1577a bovine liver 
(710_701agkg- l ) ,  Seronorm 105 human 
serum ( 9 0 _  6 lagl-X), RM 8433 corn bran 
(45 _-_+ 8 lag kg-~), RM 8412 corn stalk 
(16___8~tgkg -~) and RM 8413 corn kernel 
(4___2 lag kg-~). The results are presented in 
Table 2. The concentrations obtained fall 
within the specified concentration limits of  the 
reference materials except for SRM 1567 and 
RM 8413. Low and high results respectively, 
for these materials have been obtained earlier 
[14,19,24]. Therefore, it is believed that the 
results are not caused by the new derivatization 
method. 

Destruction by wet~dry ashing 
Since access to a digestion method which 

does not include perchloric acid was considered 
of  value, the previously discussed bromine 
problem associated with the wet/dry ashing 
procedure with magnesium nitrate-nitr ic acid 
was also addressed. The reaction of  nitrous 
acid with primary amines in acidic solution can 
be used for the removal of  nitrite. Sulfamic 
acid was used here, since it yields sulfuric acid 
and nitrogen as reaction products and no inter- 
ference in the fluorescence measurement was 
noted. Its performance in conjunction with the 
present conditions was tested as follows. The 
reagent was added together with the perchloric 
acid used for the dissolution of  the magnesium 
oxide and sample residues left after the dry 
ashing. Hydrobromic acid was then added and 
the sample was heated at 100°C for about 
10 min. The presence of  sulfamic acid substan- 
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Table 2 
Selenium concentrations (dry mass) found in seven reference materials. Method A, digestion of  0 .5-  1.0 g sample with the 
three acid mixture; method B, digestion of  0.1 g sample with the combined wet/dry ashing method 

Reference Method A Method B Specified concentration 
material (lag k s -  i~ 

Mean + s n Mean + s n 
(lag kg - I )  (mg kg - I  ) 

MA-B-3 f rM,  1410 4- 33 4 1393 + 28 5 1350 - 1700" 
fish tissue 
SRM 1567, 895 4- 15 4 889 4- 22 5 1100 + 200 
wheat flour 
SRM 1577a, 703 4- 15 4 650 4- 24 5 710 4- 70 
bovine liver 
Seronorm 105, 89 + I b 4 88 + I b 5 90 4- 6 b 
human  serum 
RM 8433, 43 4- I 4 45 + 2 12 45 + 8 
corn bran 
RM 8412, 174-1 2 1 6 + 1  5 1 6 + 8  
corn stalk 
RM 8413, 84- I 4 6 . 3 + 0 . 3  5 4 4 - 2  
corn kernel 

a 95% non-parametric  interval based on the median. 
b pgl-l. 

tially decreased the formation of  bromine. 
However, the bromine formation was not com- 
pletely suppressed and it was observed that the 
concentration of  bromine increased slowly with 
time. An increase of  the concentration of  sul- 
famic acid did not diminish the slow bromine 
formation. We believe that nitrite is removed 
by the addition of  sulfamic acid and that the 
observed slow bromine formation is due to 
trace amounts of  other, unidentified, species 
present in the digestion residue. It was also 
observed that the rate of  the slow bromine 
formation, measured by spectrophotometry, 
was greatly dependent on the volume after 
dissolution of  the sample. If the total volume 
was increased from 1 (normal volume) to 2 ml 
at a constant concentration of  hydrobromic 
acid and a constant amount of  sulfamic acid, 
the amount of  bromine formed was small 
enough to be completely removed by the addi- 
tion of  1 mM hydroxylammonium sulfate. This 
concentration causes insignificant reduction of  
Se(IV) to Se(0) at 100°C during l0 min. These 
findings have been exploited in the proposed 
analytical procedure, which was applied for the 
analysis of  the reference materials mentioned 
above. The results are presented in Table 2. 
The agreement between the results obtained 
with the two digestion methods is good. As 
usual [19], a low result was obtained for SRM 
1577a after digestion with the small scale ver- 
sion of  the wet/dry digestion method. 

The detection limit of  the spectrofluorimet- 
ric method for both digestion techniques is 
0.6 ng g-~, as estimated by three times the 
standard deviation of the blank determina- 
tions (n = 7). 

4. Conclusion 

The simultaneous reduction and deriva- 
tization of  Se(VI) using hydrobromic acid 
and 2,3-diamino-l,4-dibromonaphthalene as 
reagents simplifies the spectrofluorimetric 
method for the determination of  selenium in 
biological samples. It is suitable for samples 
digested with the three acid method or the 
magnesium nitrate-nitr ic acid wet/dry ash- 
ing method provided that the necessary pre- 
cautions against bromine formation are 
taken in the latter case. It is difficult to 
recommend one of  the procedures in favour 
of  the other as they both have their pros 
and cons. For  laboratories with facilities 
that allow work with perchloric acid, the 
three acid procedure is probably the best 
choice. A scaled-down version of  the present 
method would make it even more attractive. 
Finally, the short reaction times should 
make the combined reduction-derivatiza- 
tion approach well suited as part of  an 
automated system for selenium determina- 
tions. 
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Abstract 

The changes in the apparent acid-base equilibria of  5,7-dichloro-2-methyl-8-hydroxyquinoline (HQ), in 
solutions of ionic surfactants (sodium lauryl sulphate, SLS; and cetyltrimethylammonium bromide, CTAB) 
were studied spectrophotometrically in 0.1 M NaCi medium at 25°C. The partition model, in which the 
different species involved in the equilibria (H2Q +, HQ and Q - )  can distribute betweeen aqueous and 
micellar pseudophases, was applied to account for the shifts in the apparent acidity constants. A factor 
analysis procedure was applied to the spectrophotometric data in order to determine the number of  species 
in equilibrium. 

The distribution constants for the different species were calculated with the SPDIS program. The 
proposed models for SLS and CTAB solutions were applied to simulate the apparent pK, values in these 
media; the satisfactory agreement between experimental and calculated values indicates that this model 
provides a good description of  the effect of ionic surfactants on the acid-base equilibria of HQ. 

Keywords: Chlorquinaldol; Surfactants; Distribution constants; Acid-base equilibria 

1. Introduction 

The solute-micelle interactions and the dis- 
tribution of solutes between aqueous and 
micellar pseudophases have been studied exten- 
sively in order to explain the properties of 
aqueous micellar systems [1-5]. These media 
are used in different areas of analytical chem- 
istry, such as the development of fluorimetric 
methods in order to increase their sensitivity 
[6,7], or in separation methods, such as micellar 
liquid chromatography and micellar electroki- 
netic capillary chromatography [8,9]. More- 
over, there are separation methods based on 
the cloud-point of micellar solutions [10,11]. In 
most cases, the use of suffactant solutions is 
due to the ability of micelles to solubilize spe- 

* Corresponding author. 

cies, such as organic compounds and metal 
chelates, which are sparingly soluble in water. 

The interaction of solutes with micelles leads 
to apparent changes in their chemical proper- 
ties, such as shifts in their absorption spectra 
and in acid-base equilibria [12-15]. There are 
different models that explain these changes, 
such as the binding equilibria [5,16] between 
solute and micelle aggregates, the partition 
equilibria [4,16,17] of solutes between aqueous 
and micellar pseudophases, and the ion-ex- 
change equilibria [18-20]. However, these 
different models are applied depending on the 
kind of micelles: the ion-exchange model is 
applied to explain the behaviour of charged 
species in solutions of ionic suffactants, 
whereas the partition equilibria model is ap- 
plied mainly for non-ionic surfactants; the 
binding model can be applied for both types of 
surfactant. 

SSDI 0039-9140(95)01679-1 
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In a previous work [21], a program (SPDIS) 
for the determination of distribution constants 
according to the partition model was developed 
and successfully applied to non-ionic micellar 
solutions. In this paper, we show that the 
partition model can also be used in solutions of 
ionic surfactants, provided that the surfactant 
concentration is above its critical micelle con- 
centration, and that the concentration of back- 
ground electrolyte is much higher than those of 
the solutes. 

Here, the model was applied to the distribu- 
tion equilibria of 5,7-dichloro-2-methyl-8-hy- 
droxyquinoline (chlorquinaldol) in solutions of 
sodium lauryl sulphate (SLS, anionic surfac- 
tant) and cetyltrimethylammonium bromide 
(CTAB, cationic surfactant). The results ob- 
tained by the application of the partition model 
are in accordance with the observed shifts of 
the dissociation constants of chlorquinaldol in 
these media. Additionally, we determined the 
critical micelle concentration of CTAB in 
0.1 M NaCl medium, as there are some dis- 
crepancies between the values reported in the 
literature. 

Interest in chlorquinaldol is related to its 
chelating ability towards metal ions and to the 
analytical applications based on the micelle- 
enhanced fluorescence of its metal chelates 
[7,22,23]. Previous studies on the fluorescence 
properties of metal-chlorquinaldol complexes 
[24] showed that non-ionic and cationic mi- 
celles led to important enhancement in fluores- 
cence, relative to hydro-organic media, whereas 
the effect of anionic micelles depended on the 
nature of the metal ion. Studies on the parti- 
tion equilibria of ligand and metal chelates 
(now in progress) in different micellar media 
will provide useful information to understand 
the mechanism of the micellar fluorescence en- 
hancement. 

2. Experimental 

2.1. Apparatus 

The absorption spectra were recorded on a 
Beckman DU-7 single-beam spectrophotome- 
ter, using a 1.00 cm quartz cuvette. The spec- 
trophotometer was connected to an IBM-PC 
via a serial interface, and the absorbance data 
were acquired by using the DUMOD program 
[25]. 

The measurements of surface tension were 
carried out on a Kriiss K-12 tensiometer, 
equipped with a platinum-iridium plate. 

The pCH values were measured with a Ra- 
diometer PHM 84 pH meter, equipped with an 
Orion 81-02 combined glass electrode. Calibra- 
tion of the electrode was performed according 
to the Gran method [26]. 

All spectrophotometric, potentiometric and 
surface tension measurements were made at 
25°C (+ 0.2"C). 

2.2. Reagents 

5,7- Dichloro- 2 - methyl - 8 - hydroxyquinoline 
(chlorquinaldol, Supro, Troponwerke) was re- 
crystallized twice from ethanol solution. Fresh 
0.001 M solutions were prepared daily by dis- 
solving the reagent in 0.02 M hydrochloric 
acid. SLS and CTAB (both from Merck) were 
used without further purification, although in 
some experiments SLS was recrystallized from 
ethanol. All other chemicals were of analytical 
grade. Buffer solutions were prepared accord- 
ing to Perrin and Dempsey [27] from hy- 
drochloric acid, formic acid, acetic acid, boric 
acid, sodium dihydrogenphosphate, tris(hy- 
droxy-methyl)aminomethane and sodium hy- 
droxide. Double distilled water was used 
throughout. 

2.3. Procedures 

The apparent dissociation and distribution 
consistants of chlorquinaldol were obtained 
from spectrophotometric data. Aqueous solu- 
tions, containing chlorquinaldol (2 × 10 -~ M), 
surfactant and sodium chloride to adjust the 
ionic strength to 0.1 M were prepared. The 
pCH was varied by the addition of hydrochlo- 
ric acid, sodium hydroxide and/or small 
amounts (0.002 M) of buffer solutions. The 
solutions were thermostated in a waterbath at 
25°C; after this, the absorption spectra of the 
solutions were recorded over the spectral range 
from 220 to 450 nm, at 5 nm intervals, and the 
[H ÷] values were measured. 

The critical micelle concentration (cmc) of 
CTAB was determined from surface tension 
measurements, according to the Wilhelmy 
method [28]. Several solutions were prepared 
by adding variable amounts of CTAB to volu- 
metric flasks containing the buffer, ionic 
medium and chlorquinaldol (when necessary). 
The surface tension of the thermostated solu- 
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tions (25°C) was measured and the cmc ob- 
tained by plotting the surface tension versus 
the logarithm of CTAB concentrations. 

3. Solute-micel le  interactions 

The interaction between solutes and micelles 
can be explained by different models: partition 
equilibria of species between aqueous and mi- 
cellar phases, binding equilibria between so- 
lutes and micellar aggregates, or by the ion- 
exchange equilibria. 

The interaction between the neutral species 
HQ and the micellar aggregates (SLS and 
CTAB) can be described in terms of binding or 
partition equilibria. The binding equilibria is 
defined by 

HQ + C ~ HQC (1) 

where C means the concentration of surfactant 
in micellar form: C = CT -- cmc -- [HQC] (CT is 
the total concentration of surfactant and cmc 
its critical micelle concentration), and HQC 
indicates the chlorquinaldol bound to micelles. 
The binding constant Kb is equal to 

Kb = [HQC]/([HQ][C]) (2) 

where the concentrations of each species are 
referred to the total volume of the solution. 

Alternatively, the partition of the species HQ 
between aqueous phase and micellar pseu- 
dophase can be defined by 

HQ(w) ~ HQ(m) (3) 

KD is the partition constant: 

KD = [nQ](m)/[nQ](w) (4) 

Note that in this case the subscript (w) or (m) 
indicates the concentration of the species in 
aqueous or micellar phase. 

For a given system, the binding and partition 
constants are related to the partial molar vol- 
ume of the surfactant in micellar phase (V¢): 

Kb = K o  V, (if CT >> [HQC]) (5) 

The interaction between charged species (Q-  
and H2Q +) and ionic surfactants is explained 
in two different ways, depending on the charges 
of surfactant and solutes. For species with the 
same charge as the surfactant (Q-  in SLS, or 
H2Q + in CTAB), the equilibria can be de- 
scribed in a similar way to the distribution of 
neutral species, taking into account that the 
ionic species can be extracted as the neutral ion 

associates with counter ions (mainly from the 
background electrolyte): 

H2Q(+)  + CI(~) ~ H 2 Q  + " CI(~) 

(in CTAB solutions) (6) 

Q~) + Na(~) ~ Q -  • Na(+) 

(in SLS solutions) (7) 

In this case, we can define the extraction con- 
stant as 

K E X ( H , Q  +) = [ H 2 Q  + • C I - ] ( m ) / ( [ H : Q + ] ( w )  

• [C1-](w)) (8) 

KEX(Q--) = [Q- - Na+]~m)/([Q-]~w) " [Na+l(w)) 
(9) 

In the presence of a large excess of  back- 
ground electrolyte with respect to the solute 
(CNao = 0.1 M, and CHQ about 2 x 10 -5 M in 
our conditions), the free concentration of 
sodium and chloride ions can be considered as 
constants. By substituting [Q-](m) = [Q- • 
Na+]tm) and [H2Q+](m)=[H2Q + "Cl-](m) we 
can obtain the conditional partition constants 
for these species: 

K'D(H~Q +) = [H2Q+](m)/[H2Q+](w) 

= KEX(H2Q+)  • CNacl (10)  

K ' D ( Q - )  = [ Q - ] ( m ) / [ Q - ] ( w )  

= K E X ( Q - )  " CNa o ( l  1) 

For species with opposite charges to surfac- 
tant, the interaction cannot be explained by a 
single partition equilibria; in these cases, the 
systems are described by the ion-exchange 
model, taking into account the different ions 
involved in the equilibrium. To simplify, the 
interaction of buffer species with the surfac- 
tants will be omitted because their concentra- 
tions (about 0.002 M) are negligible compared 
with the background electrolyte. 

As an example, the ion-exchange equilibria 
of H2Q + in SLS solutions can be described as 

H2Q{+w) + Na(+m} ,--- H2Q(m ) + Na{,~} (12) 

The equilibrium constant is defined, in this 
case, as the selectivity coefficient: 

K H z Q + / N a  + = [H2Q+] tm)  • [Na+](wJ 

[H2Q+]~w) • [Na+]~m) (13) 

We must take into account the exchange of 
hydrogen ion into micellar phase as 

HSw, + + --" + Natm) -,-- H(+m) + Na(w) (14) 
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The concentrations of  Na ÷ in aqueous and 
micellar phases are obtained from the mass 
balance of  sodium ion. Let nN~ be the total 
number  of  moles of  Na  + in solution, V,,, and 
Vm the volumes of  aqueous and micellar 
phases, and V the total volume of  the solution 
( V =  Vw+ Vm)- The volume of  the micellar 
pseudophase is given by I'm = C "  V ' V ~ , .  In 
practice, it can be assumed that Vm '~ Vw, and 
V ~  Vw. Under these conditions, we can write: 

nNa = ( C  T --{- CNaCl  ) " V 

= [Na+]~w, • Vw + [Na+](m) • Vm 

= nNa.w + nNa.m (15)  

nNa.w = CNaCI  • V--~ . -~"  C "  V - I - c m c "  V 

+[H2Q+](m) " Vm + [H+](m) " Vm 
(16) 

?/Na.m = F/Na - -  l lNa.w 

= C -  V" (1 - ct) - [HzQ+](m) - Vm 

- - [ H + ] ( m ) "  Vm (17)  

where ~ is the ionization degree of  the micelles, 
which can be considered constant for surfac- 
tant concentrations well above the cmc (typical 
values range between 0.15 and 0.25). By defin- 
ing R as the ratio of  micellar volume to the 
total volume (R = V m • V-1  = C • V¢,), the c o n -  

c e n t r a t i o n  of sodium ion in aqueous and micel- 
lar phases is given by 

[Na+](w) = CNaCI + ~ " C +  cmc 

+ [H2Q+](m) . R + [n+] (m)  " R (18)  

[Na+](m) = (1 - ~)" C" R -1 

- [n2Q+](m)-  [H +](m) 

= (1 - ~)" V~ 1 - [H2Q+](m) - [H+](m) 

(19) 

Under our working conditions, C)~c~ >> (~t. 
C + c m c + [ H 2 Q + ] t m ) ' R + [ H + ] ( m )  "R), so we 
can consider that the concentration of  sodium 
ion in the aqueous phase is nearly constant, 
and equal to CN~a. Moreover,  in Eq. (19), the 
concentrations of  H2Q + and H ÷ in the micel- 
iar phase are negligible compared to 
( 1 -  ~)-V~,  ~, and we can consider that the 
concentration of sodium in micellar phase is 
also constant. In this case the selectivity co- 
efficient is given as 

K H : Q + / N a  + = [H2Q+]tm) . CNaCI " V/p~ 

{[H2Q+](w) • (1 - z)} (20) 

Taking into account that, under our experi- 
mental conditions, the concentration of  sodium 
chloride is constant, and that the V~ and ~t 
values corresponding to surfactant micelles can 
also be considered constant, we can define a 
conditional distribution constant for the H2Q ÷ 
species in this medium, which can be related to 
the selectivity coefficient as 

K'D(H2Q +) = [H2Q+](m)/ [H2Q+](w)  

= KH2Q+/Na + • (1 -- U)/{CNacl " V~ } 

(21) 

This treatment can also be applied to the 
exchange of  Q -  species in CTAB micellar solu- 
tions, which gives a similar definition for their 
conditional distribution constant. 

Eqs. (13-21)  show that by the simplification 
of  the ion-exchange model (in a large excess of  
background electrolyte at constant concentra- 
tion and surfactant concentrations above the 
cmc), the definitions of  the equilibrium con- 
stants are very similar to those obtained by the 
partition model. The advantage of  this model is 
that it can be applied to the different species in 
the SLS or CTAB micellar media, regardless of  
the kind of  solute/micelle interaction or the 
charge of  the individual species. Moreover,  the 
partition model is easier to define, and the 
results obtained for a given species in different 
surfactants can be readily compared. 

4. Data treatment 

As noted previously, the partition of  one or 
more species in the micelar phase leads to 
changes in the apparent  dissociation constants 
o f  chlorquinaldol. These constants were deter- 
mined by the application of  the STAR pro- 
gram [29] to the spectrophotometric data, at 
the different surfactant concentrations. 

For  the determination of  the partition equi- 
libria of  the different species we have applied a 
modified version of  the SPDIS program [21]. 
This is a non-linear least-squares program, in 
which the equilibrium constants are refined by 
using the G a u s s - N e w t o n  iterative algorithm, 
in order to minimize the sum of  squared resid- 
uals (U) in absorbance measurements, defined 
as  

nw 

U--" E (-4i,j.exp - Ai.j.calc )2 (22) 
i ~  I . /~  I 
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where ns and nw indicate the number of spec- 
tra and the number of wavelengths respec- 
tively. A/.j.,x p is the measured absorbance, and 
A~,j.~c the calculated absorbance, on the basis 
of the proposed model. The program also cal- 
culates the molar absorptivities of the guessed 
species at the working wavelengths. In the 
present version, this program can deal with up 
to 150 spectra, measured at 50 wavelengths. 

Fig. 1 shows the different possibilities for the 
partition equilibria between aqueous and micel- 
lar phases. According to this model, three spe- 
cies could be extracted in micellar media (the 
neutral form, HQ, and the charged species 
H2Q + and Q-). In order to ascertain the 
"real" number of extracted species, we deter- 
mined the number of species in solution by 
factor analysis of the absorbance data matrix, 
following the procedure described by Kankare 
[30]: by plotting the standard deviation of 
residuals (SktA)) versus the number of species 
(factors), and by comparing these values with 
the instrumental error, the number of species 
can be inferred. The results obtained using this 
procedure are compared with those obtained 
by the application of the SPDIS program, 
based on the partition model. 

5. Results and discussion 

5. I. Apparent pK, micellar media (pK*) 

To study the effect of SLS and CTAB in 
apparent acid-base equilibria of chlorquinal- 
dol, the absorption spectra of several series of 
aqueous miceUar solutions were recorded. In 
each series the surfactant concentration was 
kept constant, and the pCH was varied from 2 
to 11. The results obtained by the application 
of the STAR program are summarized in Ta- 
bles 1 and 2. These pK* values clearly show the 
different behaviour of chlorquinaldol in these 
different charge-type micellar systems. Thus, 
the apparent pKa2, which involves the un- - 

7.56 × 10 -3  
1.21 × 10 -4  

gL1 ~:~ 3.24 x 10 -4  
AqueOus p h m  5.22 x 10 -4  

H20* . ~ HO ~ o" 7 .24x  10 -4  

1l 1t 1t K'D"20÷ KD'HQ K'D'Q" 3.68 x 10 -3  

5.50 x 10 -'~ 
H2Q+ 140 Q" Mkxlllst p h m  9.22 x 10 --~ 

1.38 x 10 -2  
Fig. 1. Partition diagram for the different species o f  1.81 × 10 - z  
chlorquinaldol. 

Table I 
Apparent  dissociation constants  of  chlorquinaldol at differ- 
ent concentrations o f  sodium lauryl sulphate (in 0.1 M 
NaCI at 25"C) 

CSLs(M) pK~*I a PK*2 ~ S~A) b 

- 3.44(0.02) 7.84(0.01) 0.0047 
7.01 x 10 -4  3.42(0.01) 7.86(0.02) 0.0031 
1.10 x 10 -3  3.45(0.01) 7.88(0.02) 0.0026 
2.10 × 10 -3  3.78(0.01) 8.14(0.01) 0.0023 
4.10 x 10 -3  3.90(0.01) 8.55(0.01) 0.0019 
6.10 × 10 -3  3.94(0.01) 8.77(0.02) 0.0034 
8.10 x 10 -3  3.91(0.01) 8.89(0.01) 0.0022 
9.12 x l0 -3  3.94(0.01) 8.94(0.01) 0.0028 
1.00 x l0 -2  3.95(0.01) 8.95(0.01) 0.0021 
2.00 × 10 -2  3.94(0.01) 9.15(0.01) 0.0029 
3.00 x 10 -2  3.93(0.01) 9.28(0.01) 0.0022 

a The values given in parentheses correspond to three 
times the s tandard deviation o f  constants  (given by the 
STAR program). 

b Standard deviation o f  residuals, in absorbance units. 

charged acid HQ and the anionic base Q- ,  
decreases by the addition of CTAB from 7.84 
to 6.76, and increases to 9.28 when SLS is 
added. In contrast, the apparent pKa~, which 
involves the equilibrium between the cationic 
species H2Q + and the neutral form HQ, drasti- 
cally decreases by the addition of cationic sur- 
factant CTAB (from 3.44 to 1.32), but it 
increases slightly on addition of anionic surfac- 
tant SLS (to 3.93). 

The pK* values obtained are displayed in 
Figs. 2a and 2b, together with those previously 
reported in Brij-35 micellar media. For com- 
parative purposes, the pK* values are plotted 
against R (the ratio of micellar volume to the 
total volume) instead of the surfactant concen- 
tration. From these figures, it can be seen that 

Table 2 
Apparent  dissociation constants  of  chlorquinaldol at differ- 
ent concentrations of  cetyl t r imethylammonium bromide (in 
0.1 M NaCI, at 25"C) 

Co- taB(M)  p K *  I p K *  2 S(A) 

3.44(0.02) 7.84(0.01 ) 0.0047 
3.41 (0.02) 7.40(0.02) 0.0033 
3.29(0.01) 7.16(0.03) 0.0022 
2.98(0.01) 6.86(0.01) 0.0016 
2.82(0.01) 6.76(0.02) 0.0022 
2.69(0.01) 6.74(0.02) 0.0024 
2.29(0.01) 6.70(0.01) 0.0017 
1.99(0.01) 6.71(0.01) 0.0026 
1.82(0.01) 6.74(0.01) 0.0020 
1.61(0.01) 6.72(0.01) 0.0025 
1.42(0.01) 6.74(0.01) 0.0024 
1.32(0.02) 6.76(0.01) 0.0032 
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Fig. 2. Apparent dissociation constants of chlorquinaldol 
in micellar media. Solid lines indicate the pK* values 
calculated from the distribution constants. (Data for Brij 
solutions taken from Ref. [21].) 
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Fig, 3. Apparent absorption spectra of the neutral species 
HQ at different concentrations of CTAB. 

reported by different authors, the cmc of  
CTAB was determined. The value obtained 
(see next section) was far below those previ- 
ously reported, and in accordance with the 
observed effects on pKa* values and on ab- 
sorbance spectra. 

5.2. Determination of the cmc of CTAB 

The cmc of  CTAB was obtained from plots 
of  the surface tension of  aqueous solutions 
of  CTAB against the logarithm of  their bulk 
concentration in 0.1 M NaCI solutions. The 
results obtained show that the presence of  
NaCI drastically decreases the cmc value, from 
9.2 x 10 -4 M in pure water [6] to 7 x 10 -5 M 
(Fig. 4). 

the trends observed for pK*~ in CTAB solu- 
tions are similar to that observed in Brij-35 
solutions, while the pK,*2 variation in Brij-35 is 
like that observed in SLS. 

It should be noted that SLS or Brij-35 sur- 
factants, at concentrations below the cmc, have 
no significant effect on ehlorquinaldol solu- 
tions, whereas in CTAB there are marked 
changes in the absorption spectra and in pK* 
values, at surfactant concentrations below the 
cmc reported values [31] (in 0.1 M NaCI ionic 
medium, these values range from 2 x 10 -4 to 
7.5 x 10 -4 M). Fig. 3 shows the apparent ab- 
sorption spectra of  the uncharged species HQ 
in CTAB at low surfactant concentrations 
(from 0.76 x 10 -4 to about 7 x 10 -4 M). Be- 
cause of  these apparently anomalous results, 
and the poor agreement between the values 
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Fig. 4. Determination of the critical micelle concentration 
of CTAB in C), 0.1 M NaCI medium; A ,  0.1 M NaCI, with 
2 × l 0  - 5  M chlorquinaldol in alkaline medium• 
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Fig. 5. Determination of  the number of species in solution 
by factor analysis. 

Because the addition of  solutes can modify 
the cmc values, the effect of  chlorquinaldol on 
CTAB solutions was also studied. The results 
indicate that there is no significant difference in 
the cmc of  CTAB in acid and neutral solutions, 
whereas in alkaline medium it decreases to 
4 x 10 -5 M (see Fig. 4). However, this differ- 
ence has little relevance in the study of  parti- 
tion equilibria, as the data taken for the 
calculations correspond to CTAB concentra- 
tions well above the cmc. 

5.3. Part i t ion  equilibria 

For  the distribution equilibria in CTAB so- 
lutions, the calculations were carried out over 
140 spectra, at CTAB concentrations ranging 
from 3.2 x 10 -4 to 1.8 x l0 -2 M. In the case 
of SLS micellar media, the concentrations 
ranged between 6.1 x 10-3 and 3 x 10-2 M 
(100 spectra were taken). In both systems, the 
determination of  partition constants was car- 
fled out in the spectral range between 240 and 
295 nm, corresponding to the absorption max- 
ima of  the species involved. 

The determination of  the number of  species 
by factor analysis of  the absorbance data is 
displayed in Fig. 5. The comparison of  the 
standard deviation of  residuals (Sk(a)) with the 
instrumental error (about 0.0022 absorbance 
units in our experimental conditions) indicates 
that five and six species are needed, in CTAB 
and SLS solutions respectively, to obtain a 
standard deviation of  residuals lower than the 
instrumental error. Taking into account that 
there are three species of  chlorquinaldol in 
aqueous phase (H2Q +, HQ and Q- ) ,  we con- 

clude that there are two partition equilibria in 
CTAB solutions, and three in SLS solutions. 

The distribution equilibria of  chlorquinaldol 
in CTAB and SLS micellar media were studied 
by using the SPDIS program, according to the 
partition model. 

The first model proposed for both surfac- 
tants included, as known parameters, the disso- 
ciation constants in water, the absorption 
spectra of  the pure species H2Q +, HQ and Q - ,  
and the surfactant partial volume and its cmc 
[32,33] (0.2491mol - i  and 1.46 x 10 -3 M for 
SLS, and 0.361 I mol -~ and 7.0 x l0 -5 M for 
CTAB). The model also contained the partition 
constants for the three species of  chlorquinal- 
dol. This assumption should be valid in the 
case of  SLS solutions, as the results obtained 
by factor analysis suggested this model. In the 
case of  CTAB solutions, only two species 
should be extracted according to the factor 
analysis results; however, this method does not 
indicate which species are extracted. For  this 
reason, we included all the possibilities in the 
first model. 

The treatment of  data corresponding to SLS 
solutions by the program SPDIS indicates the 
extraction of  the three chlorquinaldol species, 
in accordance with the model proposed. By 
applying the same model to CTAB solutions, it 
was found that the partition constant corre- 
sponding to H2Q + species was ill-defined, giv- 
ing a calculated concentration for this species 
less than 5% of  the total chlorquinaldol in 
solution. Further, taking into account also the 
results obtained by factor analysis, this species, 
(H2Q(+)), was rejected from the equilibrium 
model. 

The final results obtained by SPDIS are 
given in Table 3, where the partition constants 
are also compared with those previously ob- 
tained in Brij-35 micellar solutions. These re- 
sults show that the solubilization of  the neutral 

Table 3 
Partition constants of chlorquinaldol in different surfac- 
tants (in 0.I M NaCI, at 25°C) 

Suffactant log K'DfH_,Q +) = Iog KI,tHQ) a log KI,tQ-')" 

Brij-35 b _ 3.64(0.01) 2.77(0.05) 
SLS 4.40(0.02) 3.89(0.02) 2.19(0.04) 
CTAB - 4.25(0.02) 5.39(0.01 ) 

"The values given in parentheses correspond to three 
times the standard deviation of the constants (given by the 
SPDIS program). 

b After Ref. [21]. 
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species HQ is similar for neutral and ionic 
surfactants (about 0.6 logarithm units as maxi- 
mum difference). Otherwise, as may be ex- 
pected, the extraction of ionic species is clearly 
favoured when a surfactant of opposite charge 
is used; thus, the maximum value for the parti- 
tion constant corresponds to the interaction 
between the species Q-  and CTAB micelles, 
followed by the H2Q÷-SLS interaction. 

The solubilization ability of SLS anionic mi- 
celles should be noted, as in this media the 
three species of chlorquinaldol can be ex- 
tracted, despite the charge of the species. 

With the set of partition constants given in 
Table 3, we calculated the theoretical appar- 
ent dissociation constants of chlorquinaldol 
against the volume ratio R, in order to evaluate 
the prediction ability of the partition model in 
the acid-base equilibria [21]. The results of this 
evaluation are shown in Figs. 2a and 2b (for the 
variation of pK*l and pK~ respectively), where 
the predicted apparent constants are indicated 
by the continuous line. The good fit obtained 
between the predicted and experimental values 
indicates that the application of the partition 
equilibria model provides a satisfactory descrip- 
tion for the acid-base equilibria in micellar 
solutions of ionic and non-ionic surfactants. 

The approaches described in this work 
provide several tools for the study of the mi- 
celle-solute interactions: first of all, they can 
be applied to ionic and non-ionic surfactants, 
regardless of the specific solute-micelle interac- 
tions. So the comparison of the equilibrium 
constants for a given system in different surfac- 
tant solutions yields a direct comparison in 
terms of the extent of "solute-micelle interac- 
tion" for the different species or the "ability 
of solubilization" of the surfactants studied. 
Moreover, the method is not restricted to 
acid-base equilibria, and it can be applied to 
other systems, such as the partition of single 
species, or metal-ligand complex formation 
and partition of the species formed. It should 
also be noted that the equilibrium constants 
are calculated directly from the experimental 
absorbance data (at different pCH and surfac- 
tant concentrations, in the full range of spec- 
tra); this feature is an important advantage 
over the previous methods established, in 
which the solute-micelle interactions are deter- 
mined from the variation in the apparent pKa 
of the solutes. In fact, in this work, this varia- 
tion is applied only for the model validation, 
and it is unnecessary for the calculation of the 
partition constants. 

Furthermore, this full-spectrum approach al- 
lows the determination of the number of sig- 
nificant species in solution by means of factor 
analysis procedures. This is a useful feature for 
the data interpretation, as it indicates the num- 
ber of equilibria to be considered in the chemi- 
cal model. 
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Abstract 

An atomic absorption spectrometry (AAS) method for the determination of total and combined sulphur 
in rubber and a catalytic method for the determination of free sulphur in rubber are described. The catalytic 
method is based on the iodine-azide reaction and is followed by an extraction of free sulphur with benzene, 
toluene or acetone. The catalytic determination, with the aid of gas chromatography, was performed in 
N,N-dimethylformamide after expelling the more volatile solvents used in the extraction. The calibration is 
linear over the range 2 x 10-6-3 x 10 - 4  M. Before the determination of total and combined sulphur, the 
rubber samples were decomposed by microwave assisted heating (5 min, 110 W) in a Teflon closed vessel. 
After microwave heating the solution was clear and homogenous and all sulphur compounds contained in 
the rubber were quantitatively oxidized to sulphate. The sulphates were then precipitated as BaSO4 and an 
excess of barium was determined by AAS. From the difference in the results of the determinations of total 
and free sulphur the amount of combined sulphur can be calculated, and from the difference in the 
determinations of total and combined sulphur the amount of free sulphur can be calculated. In the latter 
case the catalytic analysis is not needed. 

Keywords: Sulphur; Rubber; Microwave heating; Atomic absorption spectrometry 

1. Introduction 

Sulphur is one of  the most frequently used 
vulcanizing agents in natural rubber, synthetic 
rubber and mixed vulcanizates. Sulphur is used 
together with vulcanizing accelerators, usually 
containing sulphur, which, apart  f rom their 
basic function (accelerating vulcanization) vul- 
canize themselves. Thus cross-linkings in rub- 
ber are formed by elemental sulphur as well as 
by sulphur from accelerators. Chemical, me- 
chanical and elastic properties of  rubber and its 
ageing resistance depend on the number  of  
cross-linkings and on the amount  of  sulphur 
left after vulcanizat ion--so-cal led free sulphur. 

* Corresponding author. 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights 
SSDI 0039-9140(95)01680-5 

In a complicated system such as rubber (con- 
taining not only sulphur and accelerators but 
also extenders, softeners, antioxidizers, etc.), in 
addition to correct proportioning of its compo- 
nents, a quantitative control of  concentrations 
of  different forms of  sulphur in the final 
product is very important.  

Among direct methods for sulphur determi- 
nation only neutron activation and X-ray 
fluorescence spectrometry allow determinations 
at parts per billion concentration levels. Both 
of  these methods are very complicated and the 
instruments are expensive. Radiometric meth- 
ods, atomic and molecular emission spectrome- 
try and atomic absorption analysis allow direct 
determination of  sulphur and compounds of  
sulphur in different oxidation states but they 
are limited by difficulties with atomization of 

reserved 
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sulphur, are complicated and scarcely given 
reproducible results. For these reasons indirect 
methods for determination of sulphur and its 
compounds are the most frequently presented 
in the literature. 

Vulcanized rubber contains up to 3.5% of 
sulphur of  which free sulphur usually does not 
exceed 0.15°,/0. Total sulphur in rubber is deter- 
mined after burning the sample in a pipe fur- 
nace [1,2], after melting it with sodium 
peroxide [3], after wet mineralization [4,5], by 
the Sch6niger method after burning the sample 
in oxygen [6] or with the use of analyzers based 
on coulometric, potentiometric, conducto- 
metric or spectrophotometric techniques. Free 
sulphur in rubber is usually determined chro- 
matographically [7,8]. There are also methods 
based on thiosulphate [9] or thiocyanate [10] 
formation or iodine-azide catalysis [11]. 

In this paper microwave energy is used for 
rubber mineralization and an indirect AAS 
method is used for total sulphur and combined 
sulphur determination. Rubber samples are 
mineralized in Teflon vessels using a high 
efficiency microwave digestion unit. Sulphates 
formed during mineralization are precipitated 
(BaSO4) and the excess of barium is deter- 
mined by atomic absorption spectrometry 
(AAS). Free sulphur is extracted from rubber 
with benzene, toluene or acetone and, after 
cleavage of  S-S  bonds in the S8-ring using 
microwave energy, it is determined by a chro- 
matographic method based on iodine-azide 
catalysis (i-a). In both cases the use of mi- 
crowave energy allowed shortening and sim- 
plification of analysis and it is as a result of 
microwave heating that rubber mineralization 
(determination of total sulphur and combined 
sulphur) and S-S  bond cleavage in the Ss-ring 
(free sulphur determination) reach 100% yields. 
Quantitative bond cleavage was confirmed by 
UV spectra before and after microwaving. To 
check the accuracy of the proposed method the 
gravimetric method for the determination of 
combined and total sulphur in rubber follow- 
ing the combustion of the sample by the 
Sch6niger method [12] was used. 

2. Experimental 

2.1. Apparatus 

A Varian 3700 gas chromatograph, a Beck- 
man 1233 atomic absorption spectrophotome- 

ter, a Beckman DU 7500 single beam spec- 
trophotometer with 10 mm quartz cells, a high 
efficiency microwave digestion unit (Plazma- 
tronika Ltd, Wrodaw, Poland) and a Heraeus 
Mikro K Oxidizer were used. 

2.2. Reagents 

All chemicals used were of analytical-reagent 
grade and were used without further purifica- 
tion. Organic solvents were taken from the 
same batch. Standard solutions of sulphur, 
10 ~tgcm -3, in benzene, toluene and acetone 
were prepared. The precipitating solution (bar- 
ium, 500~tgcm -3) was made by dissolving 
0.8892 g of BaCI2"2H20 and 13.0 g of NaC1 in 
50cm 3 of  doubly distilled water, adding 
500 cm 3 of methanol, mixing well and diluting 
to volume in a 1 1 standard flask with water. 

3. Procedure 

3.1. Determination of free sulphur in rubber 

Finely cut rubber (50- I00 mg) was placed in 
a 100 cm 3 conical flask and 50 cm 3 of one of  
the solvents (benzene, toluene or acetone) was 
added. Flasks were protected from the light 
with aluminium foil and the solution was 
purged with nitrogen for 10 min directly before 
extraction to avoid oxidative or photolytic 
damage of  the network structure. Free sulphur 
was extracted at 20°C for 18 h (benzene), 
22 h (toluene) or 26 h (acetone). The solution 
was then decanted and the rubber was washed 
with two 10 cm 3 portions of the same solvent 
that was used for extraction. Combined solu- 
tions ( 5 0 c m 3 + 2 0 c m  3) were placed in a 
200 cm 3 round-bottomed flask. N,N-Dimethyl- 
formamide (DMF) (10cm 3) was added and, 
taking advantage of a big difference in the 
boiling points of D M F  (153.0°C) and the sol- 
vents (benzene, 80.1 °C; toluene, 110.6°C, ace- 
tone, 56.2°C), the solvent was stripped. NaN3 
(3 cm a, 0 .20mgcm -3) solution in DMF was 
added and after making up the solution to 
15 cm a with DMF the sample was microwaved 
in order to cleave the S-S  bonds of the Ss-ring. 
The cleavage of sulphur bonds took place in- 
side the sealed Teflon vessel of 30 cm 3 volume 
with the aid of  the high efficiency microwave 
digestion unit for 4 min at 110 W. The vessel 
was then cooled (about 15 min) in a water bath 
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and the solution (15 cm 3) was divided into 2 
portions: 5 cm 3 and 10 cm 3. The first one was 
diluted with 40 cm 3 ethanol and then a UV 
spectrum was recorded using DMF:ethanol 1:8 
(v/v) as the reference solution. The spectra give 
information about the extent of  the bond cleav- 
age (under optimum conditions 100% cleavage 
was reached) and semiquantitative information 
about the sulphur concentration. Cleaved diva- 
lent sulphur was determined in the second part 
of the sample (10 cm 3) by a method based on 
i - a  catalysis using gas chromatography- - the  
nitrogen producted in the catalyzed i - a  reac- 
tion was in an amount  directly proportional to 
the divalent sulphur catalyst concentration. An 
analytical column with molecular sieve 5/~ and 
thermal conductivity detector was used. For  
quantitative estimation of  nitrogen the peak 
height as well as the peak area were used [13]. 

3.2. Determination of  total sulphur in rubber 

Finely cut rubber (20-40 mg) was placed in 
a 30 cm 3 Teflon vessel and 5 crn 3 of  concen- 
trated HNO 3 and 0.5 cm 3 of  30% H202 were 
added. The closed vessel was placed in a stain- 
less-steel jacket [14] of  the apparatus for the 
pressure mineralization of  rubber with the use 
of  microwave energy. The exposure time was 
5 min (determined experimentally) and the mi- 
crowave heating power was 110 W. The vessel 
was then cooled (about 15 rain) in a water bath 
and after careful opening of  the vessel the 
sample was transferred into a 50 cm 3 beaker. 
Concentrated HCI (1 cm 3) was added and the 
beaker was heated slightly to expel the residue 
of  HNO3 left after mineralization. The sample 
was then transferred into a 250 cm 3 volumetric 
flask and made up to the mark with water. The 
solution after mineralization was homogenous, 
yellowish and completely clear. All forms of 
sulphur in the rubber were oxidized into sul- 
phates that were determined by the indirect 
AAS method. In order to precipitate sulphates 
3 cm ~ of  a precipitating solution of  BaC12 was 
added to the sample. After vigorous shaking 
the solution was allowed to stand for at least 
8 h (usually overnight). The excess of  barium 
was then determined, without filtration, by 
AAS with a nitrous oxide-acetylene flame. 
During aspiration of  the samples into the flame 
it is important not to shake the samples (which 
would disturb the precipitate, and vitiate the 
determination). Sodium chloride was added to 
the precipitating solution to suppress ioniza- 

tion of  barium in the nitrous oxide-acetylene 
flame. The measurements were carried out at 
2 = 553.6 nm, using band width 0.41 nm, lamp 
current 18mA and nitrous oxide pressure 
40 kPa, acetylene 150 kPa. 

3.3. Determination of  combined sulphur in 
rubber 

Rubber (20-40 mg) after extraction of  free 
sulphur was washed twice with acetone and 
dried in a stream of air for 90 min at 40°C. The 
sample was placed in a Teflon vessel and min- 
eralized using microwaves. Sulphates formed 
during mineralization were determined by the 
AAS method given in the procedure for total 
sulphur determination. 

3.4. Calculating the amount of  combined 
sulphur in rubber 

The amount of  combined sulphur forming 
cross-linkings was calculated from the differ- 
ence between the amounts of  total and free 
sulphur. 

3.5. Calculating the amount of free sulphur in 
rubber 

The amount of  free sulphur was calculated 
from the difference between the amounts of  
total and combined sulphur. In this case the 
catalytic analysis based on the i - a  reaction 
need not be performed at all. 

4. Results and discussion 

Almost 20 h of  extraction with benzene or 
toluene or an even longer extraction with ace- 
tone is the main drawback of  free sulphur 
determination in rubber. Such long times are 
necessary for rubber swelling, solvent penetra- 
tion and extraction of  free sulphur. All meth- 
ods of  free sulphur determination known from 
the literature contain this long extraction step. 

We tried to extract sulphur with several por- 
tions of  solvent and then to determine sulphur 
in combined solutions. This did not allow us to 
shorten the extraction time because extraction 
of  sulphur takes place after rubber swelling 
which is the longest step. In another attempt 
rubber was frozen in liquid nitrogen and then 
crushed. In this case we always extracted more 
free sulphur, probably as a result of  cleavage of  
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sulphur bridges. Our results of free sulphur 
determination after extraction at boiling points 
of solvents performed in a flask with reflux 
condenser or Soxhlet apparatus also did not 
reflect the actual free sulphur concentration in 
different samples of rubber. This was because 
the extraction at the boiling points of the 
solvents used caused further vulcanization of 
rubber. 

The completeness of the extraction of free 
sulphur (18, 22 and 26 h for benzene, toluene 
and acetone respectively) was checked by an 
extraction of the rubber sample with a new 
portion of the solvent. 

Free sulphur extracted from rubber remains 
in DMF (after solvent stripping) as elemental, 
crystalline sulphur, which forms very stable 
ring cyclo-octasulphur $8. An "opening" of the 
Ss-ring through the cleavage of the sulphur 
bonds makes the sulphur more reactive. Ele- 
mental sulphur, as a Lewis acid, reacts first of 
all as an electrophilic agent and becomes very 
flexible to nucleophilic attack via an S~2 mech- 
anism. Activation of sulphur by cleavage of the 
S-S bonds of the Ss-ring may be achieved only 
in polar solvents. 

In order to achieve bond cleavage in the 
Ss-ring several nucleophilic or reducing agents 
(nitrite [15], azide [16], sulphite [17], cyanide 
[18], borohydride [19,20], triphenylphosphine 
[21] and others) were applied. The methods 
cited above have some drawbacks, such as a 
yield lower than 100%, long reduction time and 
limitation on the choice of solvent. The appli- 
cation of microwave heating coupled with the 
nucleophilic action of N3 in DMF on the 
reduction of the S-S bonds in the Ss-ring 
significantly improves the cleavage procedure. 

Effectiveness of microwave heating is con- 
nected with absorption of microwave energy by 
the compound and depends strongly on the 
polarity of the compound and the solvent. For 
this reason non-polar solvents (benzene, 
toluene or acetone) used for sulphur extraction 
from rubber were stripped. DMF, having a 
dielectric constant of 36.7, is a good medium 
for S-S bond cleavage. Due to the application 
of microwave heating the time needed for 
cleavage was reduced from hours, in the papers 
cited [15-21], to a few minutes in the present 
method. Without a minimum amount of the 
azide ion in the solution however, the cleavage 
of the sulphur bonds in the Ss-ring did not take 
place at all, even at very long times and with 
the highest microwave heating power. The pro- 

cess did not take place either when azide ion in 
the DMF solution was substituted by any non- 
nucleophilic anion, e.g. CI-, SO 2-, NO~-, etc. 

It is very important to achieve quantitative 
bond cleavage because only solutions with 
quantitatively cleaved sulphur do not form sols 
when water is added. Sol formation during 
sulphur determination, which at low concentra- 
tions is practically invisible, always results in 
errors of determination. In order to control 
this process UV spectra of sulphur were 
recorded before and after microwaving. Solu- 
tions of sulphur in DMF were diluted with 
ethanol (DMF:ethanol 1:8, v/v) because DMF 
spectra cannot be analyzed in the range below 
250 nm due to very high solvent absorption. 

Fig. l(a) shows spectra of elemental sulphur 
at different concentrations (before micro- 
waving). Fig. l(b) shows spectra of "cleaved 
sulphur" at different concentrations (after mi- 
crowaving). The curves give information about 
the completeness of bond cleavage (i.e. whether 
microwaving parameters, exposure time and 
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Fig. I. (a) UV spectra of  sulphur in DMF:ethanol (1:8, 
v/v). Curves l, 2, 3 and 4 correspond to concentrations of  
sulphur of  4.0, 8.0, 12.0 and 20.0 ~g cm -3 respectively. (b) 
UV spectra of  sulphur in DMF:ethanol (!:8, v/v) after 
microwave assisted heating, concentrations of sulphur 
(curves 1, 2, 3 and 4) as in Fig. l(a). Sol o f  sulphur is 
formed up to 0.15 of  absorbance and at 2 > 300 nm, see 
zone of  sol. 
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power were chosen properly) and semiquantita- 10 
rive information about sulphur concentration. 
This latter information is useful when choosing 
optimum concentrations of components in the 
i - a  catalytic reaction. In Fig. l(b) curves 1, 2 _~ 
and 3 show quantitative (100%) bond cleavage. 
Curve 4 shows partial cleavage--it  passes 
through the "zone of sol". As these data allow 
us to predict whether sulphur sol will be 
formed in water or not it is possible to perform 
microwave heating again under modified con- 
ditions (increased exposure time, increased 
power or both) and to not destroy the sample. 
SN~- is the product of $8 cleavage during mi- 
crowaving with N£.  

The i - a  reaction is catalyzed by divalent 
sulphur compounds such as sulphides, thiosul- 
phates, thiocyanates and other R - S  and R - S -  
H compounds. The course of the i - a  reaction 
can be followed by a volumetric [22,23] or gas 
chromatographic [24,25] determination of  the 
liberated nitrogen, by the determination of the 
excess iodine using amperometric [26,27] or 
titrimetric methods [28,29] and by thermomet- 
ric [30] or enthalpimetric detection [31-34] (the 
i - a  reaction is exothermic). 

When a small amount of sulphur ( - II) cata- 
lyst is added to a solution containing iodine 
and azide ions, a definite amount of azide is 
converted into nitrogen and the catalyst is de- 
stroyed and removed from the catalytic cycle, 
being oxidized to a higher oxidation state of  
sulphur, usually ultimately to sulphate or sul- 
phonic acid: 

12 + 2N~- s2- 2I-  + 3N 2 

Catalytic properties of  sulphur ( - I I )  catalysts 
were determined by a catalytic coefficient ex- 
pressed by the equation: 

mass N2(mg) in i - a  reaction 
catalytic coeff. = 

mass S(mg) x 0.436 

The slope of the calibration curve is a measure 
of the catalytic activity of sulphur ( - I I )  com- 
pounds. The value 0.436 is the ratio of moles of 
nitrogen to sulphur. 

In order to determine the "cleaved sulphur" 
calibration must be performed. Fig. 2 illus- 
trates the calibration curve prepared according 
to the procedure within a range of 2 x 10 -6 -  IO 
3 x 10 -4 M. As was shown SN~- was the final 15 
product of the cleavage of S-S  bonds in the 2o 

25 
Ss-ring, ISNa was the catalyst of the i - a  reac- 50 
tion and sulphates are the final form of deacti- 
vated sulphur. As free sulphur extraction is 

8 

6 .  

4 

2 

5O tO0 150 2O0 25O 

s (~M/L) 

Fig. 2. Calibration graph for sulphur. I ,  Reagent blank. 

quantitative the precision of the catalytic 
method given in the Procedure section can be 
found for known concentrations of sulphur. 
Results are given in Table I. 

Sulphur was determined in rubber samples 
manufactured by STOMIL Poznafi. Character- 
istics of rubber samples are given in Table 2 
and results of the determinations of free sul- 
phur as given in Table 3. 

In the case of sample C, where only 0.4% of 
elemental sulphur was used for vulcanization, 
we expected that sulphur bridges would be 
formed quantitatively. The results do not 
confirm this prediction. Even in this sample 
small amounts of free sulphur were found. Our 
investigations confirm that solubility of  sulphur 
in rubber increases with increasing temperature 
and, probably, in this state there is no free 
sulphur-- the whole amount is combined. 
When cooling down the vulcanizate the solubil- 
ity of sulphur decreases and part of the sulphur 
may crystallize again in the bulk of the rubber 
as elemental sulphur. After heating the rubber 
again new sulphur bridges may be formed from 
this sulphur. There is a dynamic equilibrium 
between free and combined sulphur and tem- 
perature is the most important parameter for 
this equilibrium. 

Table 1 
Results of the determination of elemental sulphur of 
known amount by the catalytic method 

Taken Recovery Relative standard deviation 
(~g) (%) (%) 

98.9 1.8 
I01.4 1.7 
I01.9 1.9 
I02.3 2.1 
102.2 2.0 

All values are means of  six determinations. 
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Table 2 
Characteristics of rubbers 
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Designation Factory 
in analysis marking 

Elemental Rubber accelerator 
sulphur (%) 
(%) 

Application of rubber 

A GM20 1.5 CBS a 0.45 
MBT b 0.10 

B CB01 1.1 CBS 0.45 
C BGC08 0.4 CBS 1.9 

Coating of wire in 
tyre 
Tyre tread 
Tyre tread 

a N-cyclohexyl-2-benzothiazolilsulphenamide. 
b 2-Mercaptobenzothiazole. 

Table 3 
Result of the determination of free sulphur in rubber 
samples (A, B and C) by the catalytic method 

Rubber Sample taken Free sulphur found 
(rag) 

(rag) (%) 

A 49.85 0.048 0.096 
100.60 0.093 0.092 

B 49.91 0.032 0.064 
99.40 0.066 0.060 

C 50.30 0.005 0.011 
101.10 0.009 0.009 

Determination of  total sulphur in rubber is 
always preceded by mineralization of  rubber. 
Rubber is one of  the least mineralizable materi- 
als. All known methods of  mineralization (1-6)  
are technically difficult to reproduce, time-con- 
suming and require complex and expensive 
equipment. Judging by our experience we can 
say that application of  microwave energy al- 
lows fast and quantitative mineralization of  
different kinds of  rubber in a wide range of 
amounts (0.2-0.8 g). Although mineralization 
of  rubber can be performed in a domestic 
microwave oven the microwave digestion unit 

used by us proved to be especially effective. 
Therefore good efficiency of  mineralization of  
rubber using this apparatus is achieved due to 
a very high concentration of  microwave energy 
in the sample and application of  a self-focusing 
antenna arrangement which allows direct cou- 
pling of  microwave energy into the pressure 
vessel. 

Total sulphur in rubber samples A, B and C 
was determined by an indirect AAS method 
with a barium lamp and the results are given in 
Table 4. Earlier we used this technique to 
determine di-, tri- and tetrasulphides [35]. 

Combined sulphur in rubber, after free sul- 
phur extraction, was determined in the same 
way as total sulphur and the results for rubber 
samples A, B and C are given in Table 5. 

Because a "dynamic equilibrium" occurs in 
rubber between the amount of  various sulphur 
compounds and elemental sulphur the real cer- 
tified reference materials are not available. The 
results of  the determination of  total sulphur 
(Table 4) and combined sulphur (Table 5) ob- 
tained by the proposed AAS method are com- 
pared with a gravimetric method, which is a 
standard one for determining sulphate and is 
most frequently used to check the accuracy of  

Table 4 
Results of the determination of total sulphur in rubber samples (A, B and C) by gravimetry and AAS 

Rubber Sample taken Total sulphur found 

Gravimetry AAS Gravimetry AAS 
(rag) (rag) 

(mg) (%) (mg) (%) 

A 80.24 20.03 1.03 1.28 0.27 1.35 
160.05 39.64 1.98 1.24 0.52 1.31 

B 98.60 19.68 0.89 0.90 0.18 0.92 
201.92 43.36 1.68 0.83 0.37 0.87 

C 120.74 19.57 0.47 0.39 0.07 0.36 
237.65 40.28 1.02 0.43 0.16 0.39 
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Table 5 
Results of the determination of combined sulphur in rubber samples (A, B and C) by gravimetry and AAS 

2005 

Rubber Sample taken Combined sulphur found 

Gravimetry AAS Gravimetry AAS 
(rag) (mg) 

(mg) (%) (mg) (%) 

A 82.08 20.40 0.95 1. ! 6 0.24 1.18 
159.26 39.84 2.07 1.30 0.50 1.25 

B 101.80 19.92 0.90 0.88 0.16 0.83 
203.04 40.24 1.54 0.76 0.32 0.80 

C 120.87 20.08 0.45 0.37 0.07 0.34 
239.08 39.92 0.88 0.37 0.15 0.38 

the newly developed method. We used a gravi- 
metric method after combustion of rubber 
samples in oxygen by the well-known 
Sch6niger technique. 

The method proposed is simple and, as 
shown in Tables 4 and 5, the results are similar 
to those obtained by the gravimetric method. 
Its only drawback is the long time for BaSO4 
crystallization (up to 8 h), but it does not hin- 
der serial analysis. 

Results given in Tables 3-5 show that the 
calculated amounts of free and combined sul- 
phur do not differ from the results of determi- 
nations by more than 6%. Therefore in 
determination of free, combined and total sul- 
phur in rubber it is possible to perform only 
AAS determination of combined and total sul- 
phur. In the case when only the free sulphur in 
rubber is determined, the catalytic method is 
chosen in our laboratory because it is very 
simple, and as accurate as AAS but less time- 
consuming. 

5. Conclusions 

Concentrations of free, combined and total 
sulphur in rubber should be controlled because 
mechanical and chemical properties of rubber 
depend strongly on these concentrations and 
their proportions. Application of microwave 
energy for mineralization of rubber and cleav- 
age of sulphur bonds in the Ss-ring shortens 
these steps down to several minutes, simplifies 
the process and gives a yield of 100%. Analyti- 
cal methods for determination of free ( i-a  
catalysis with gas chromatography), total and 
combined sulphur (AAS) are simple, precise 
and inexpensive. The main drawback to this 
and all other free sulphur determination 

methods known from the literature is the long 
time necessary for extraction of sulphur from 
rubber. 

Acknowledgements 

Financial support by the State Committee 
for Scientific Research (KBN), Poland, Grant 
No. PB618/P3/92/02 "Application of Micro- 
wave Techniques to Analytical Chemistry", is 
gratefully acknowledged. 

References 

[1] B.B. Bauminger, Analyst, 81 (1956) 12. 
[2] K. Hummel and M.H. Bertram, Kautsch. Gummi, 

Kunstst., 13 (1960) 132. 
[3] S. Hirano, M. Kurobe and F. Ito, Jpn. Analyst, 4 

(1955) 565. 
[4] K.E. Kress, Anal. Chem., 26 (1954) 1602. 
[5] F. Fujita, H. Matsushita and H. Omori, J. So¢. Rub- 

ber Ind. (Japan), 32 (1959) 260. 
[6] K. Hozumi and K. Umemoto, Microchem. J., 12 

(1967) 46. 
[7] J.R. Davies and S.T. Thuraisinham, J. Chromatogr,, 

35 (1968) 515. 
[8] S. Banaszkiewicz and M. ~liwiok, Chem. Anal., 18 

(1973) 5. 
[9] V. Bolotnikov and V.I. Gurnova, J. Rubber Ind. 

(Russia), 10 (1933) 214. 
[10] J.K. Bartlett and D.A. Skoog, Anal. Chem., 26 (1954) 

152. 
[11] Z. Kurzawa and W. Puacz, Chem. Anal., 23 (1978) 

389. 
[12] W. Sch6niger, Mikrochim. Acta, (1956) 869. 
[13] W. Puacz, Fresenius Z. Anal. Chem., 329 (1987) 43. 
[14] H. Matusiewicz, Anal. Chem., 66 (1994) 751. 
[15] W. Puacz and J. Puacz, Zesz. Nauk. Polit. Pozn., 16 

(1978) 69. 
[16] Z. Kurzawa and W. Puacz, Chem. Anal., 22 (1977) 

833. 
[17] H. B6hme and H. Zinner, Ann. Chem., 585 (1954) 

150. 



2006 W. Puacz et al. / Talanta 42 (1995) 1999-2006 

[18] F. Fer6r and G. Winkhaus, Z. Anorg. Allg. Chem., 288 
(1956) 12. 

[19] W. Puacz, Mikrochim. Acta, Part I, (1982) 271. 
[20] W. Puacz and J. Puacz, Mikrochim. Acta, Part II, 

(1983) 271. 
[21] H. Brintzinger and M. Langheck, Chem. Ber., 86 

(1963) 557. 
[22] F. Feigl and E. Chargraff, Z. Anal. Chem., 74 (1928) 

376. 
[23] W. Puacz, Mikrochim. Acta, Part I1, (1981) 155. 
[24] L.P. Atkinson and J.G. Natoli, Anal. Chem., 46 (1974) 

1316. 
[25] W. Puacz, Chem. Anal., 34 (1989) 519. 
[26] H.L. Pardue and S. Shepard, Anal. Chem., 35 (1963) 

21. 

[27] J. Kurzawa and Z. Kurzawa, Chem. Anal., 31 (1986) 
45. 

[28] W. Puacz and Z. Kurzawa, Mikrochim. Acta, Part I1, 
(1978) 263. 

[29] N. Kiba and M. Furusava, Talanta, 28 (1981) 601. 
[30] H. Weisz, W. Meiners and G. Fritz, Anal. Chim. Acta, 

107 (1979) 301. 
[31] N. Kiba, M. Nishima and M. Furusava, Talanta, 27 

(1980) 1090. 
[32] N. Kiba, T. Suto and M. Furusava, Talanta, 28 (1981) 

115. 
[33] W. Puacz, Chem. Anal., 33 (1988) 557. 
[34] W. Puacz, Mikrochim. Acta, Part III, (1986) 141. 
[35] W. Puacz, Chem. Anal., 34 (1989) 79. 



E L S E V I E R  Talanta 42 (1995) 2007-2015 

Talanta 

Comparison of two infrared spectroscopic methods for 
cheese analysis 

D o u g l a s  H .  M c Q u e e n  a, . ,  R e g i n a l d  W i l s o n  b, A r v o  K i n n u n e n  c, 

E j n e r  P a a s k e  J e n s e n  d 

a Chalmers Innovation Center, Chalmers University of  Technology, 412 96 G~teborg, Sweden 
b Institute o f  Food Research, Norwich Laboratory, Colney Lane, Norwich NR4 7UA, UK 

c Technical Research Center (VTT), Food Research Laboratory, P.O. Box 203, 02151 Espoo, Finland 
d Biotechnological Institute, Agro-lndustrial Technology Section, P.O. Box 818, 6000 Kolding, Denmark 

Received 13 January 1995; revised 6 July 1995; accepted 11 July 1995 

Abstract 

Two infrared spectroscopic methods, optothermal near infrared (NIR) spectroscopy and Fourier trans- 
form mid-infrared-attenuated total reflection (FTIR-ATR) spectroscopy, were applied to 24 cheese samples 
in order to obtain protein, fat and moisture contents. Reference values of the protein, fat and moisture 
contents in weight percent were obtained using standard wet chemistry analysis. Prediction correlation 
coefficients between 0.93 and 0.96 and standard errors of prediction between 2% and 5% were obtained using 
optothermal spectroscopy while the corresponding values for FTIR-ATR were 0.81-0.92 and 4-9%. 
Inhomogeneities in the cheeses, primarily due to the fat droplets, are probably the main reason for the 
differences in the error sizes. The superior results for optothermal spectroscopy are the more attractive 
because the instrument is easier to use than the FTIR-ATR instrument, it provides results more quickly 
with simpler statistical analysis and it is more compact and robust. 

Keywords: NIR spectroscopy; Protein; Fat; Moisture; Dairy products; Cheese 

I. Introduction 

Near infrared spectroscopy has been used 
more and more in the agricultural and food 
industries in recent decades. An excellent sum- 
mary of  the field is given by Williams and 
Norris [1]. In recent years it has become in- 
creasingly clear that the application of spectro- 
scopic methods to food analysis can alleviate 
important problems in the processing and dis- 
tribution of  food and food products [2-4]. 
More recently the mid-infrared region has at- 
tracted considerable interest [5]. It is especially 
clear that quick, inexpensive, objective methods 
that do not require special skills on the part of  
the users are of  greatest interest. The ideal case 
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would be that small and medium-sized organi- 
zations could handle the spectroscopic instru- 
ments in direct connection with their food 
handling systems, obtaining measurement re- 
sults in seconds or minutes so that processes 
could be adjusted and decisions taken quickly. 
Such smaller production units are not expected 
to have easy access to highly trained laboratory 
personnel or to be able to afford expensive 
and/or sophisticated equipment. Alternatively, 
quick methods can be used to screen large 
numbers of  samples prior to more detailed 
analysis of  specific samples when and where 
necessary. The optothermal near infrared 
(NIR) spectroscopic technique described here 
can be an appropriate method in some cases 
while for other applications the repeatability of  
the measurement results must be improved. 

reserved 
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An example of an industry in which there is 
a large number of small medium-sized units 
processing food products is the cheese industry. 
There are several steps in the cheese-making 
process that can directly affect the amounts of 
fat, protein and moisture in the final products, 
for instance the step or steps in which the curds 
are separated from the whey. Further, it is 
known that because of its texture cheese is 
difficult to analyze spectroscopically using tra- 
ditional methods. Fourier transform mid-in- 
frared-attenuated total reflection FTIR-ATR 
and NIR optothermal analysis are two possible 
methods for determining fat, protein and mois- 
ture contents quickly and accurately as well as 
at reasonable expense to the cheese producer. 
Here these two methods are evaluated and the 
results discussed in terms of the morphology of 
the cheese samples. 

It is known that cheeses (and other similar 
products) are not spatially homogeneous. For 
instance, the fat content in one part of a large 
cheese can be of the order of one percent 
different from that in another part of the same 
cheese. On another level, the cheese is very 
inhomogeneous on a submillimeter scale be- 
cause of the relatively large fat globules. These 
conditions have to be taken into account in 
interpreting measurements of fat, protein and 
moisture contents of cheeses. 

Fat globules in milk have diameters of the 
order of several microns, with wide variations 
[6]. The casein micelles are much smaller, of the 
order of 100 nm, and globular proteins are 
even smaller. 

While there is a great deal of detailed infor- 
mation about the morphology of milk fat and 
other milk components, the situation is quite 
different concerning cheese, for which vanish- 
ingly little published data is available. How- 
ever, it is felt that during coagulation there is 
no reason to expect changes in the sizes of fat 
globules, even if there can be damage to and 
surface modifications of the fat globule mem- 
brane during pasteurization before the cheese- 
making process. The fat globule membrane can 
be altered due to the acidity of the cheese 
starter or due to physical processing such as 
centrifugation or membrane processing. None 
of these factors is expected to reduce the sizes 
of the fat globules significantly. During ripen- 
ing the activities of the lipases produced by the 
microorganisms of the starter modify the fat 
globule structure, increasingly changing the 
typical round shape of the globules. In some 

sufficiently aged cheeses the fat globules disap- 
pear to be replaced by aggregates of lipolized 
fat [7, 8]. Thus it appears that the extent of 
lypolysis is a prime determinant of the mor- 
phology of cheeses at the micron level. The 
morphologies of fresh cheeses are thus ex- 
pected to be quite similar to that of the milk 
from which they were produced, while the aged 
cheeses may be somewhat less inhomogeneous 
on the micron scale. 

2. The cheese samples 

Twenty-four cheese samples were studied. 
Six samples each were obtained from sources in 
Portugal, UK, Denmark and Finland. They 
included six fresh cheeses, nine soft cheeses and 
nine hard cheeses. The widest possible range of 
cheese types was sought in order that fat, 
protein and moisture contents show the widest 
variations possible and so that cheese charac- 
teristics affecting the measurement techniques, 
for instance rheological and mechanical char- 
acteristics as well as morphology, be as clearly 
expressed as possible. However, no separate 
rheological, mechanical or morphological stud- 
ies of the cheese samples were carried out. 

3. Methods 

3.1. Wet chemistry 

The wet chemistry analysis of the 24 cheese 
samples was carried out using standardized 
methods according to the Nordic Committee 
on Food Analysis. For each component and 
each cheese at least two samples were analyzed. 

The protein contents were determined using 
the Kjeldahl method in which "The sample is 
digested with concentrated sulphuric acid, with 
the addition of potassium sulphate and cop- 
per(II) sulphate. The ammonia formed is dis- 
tilled off with sodium hydroxide solution and 
collected in boric acid. The nitrogen content of 
the sample is then determined by titration with 
hydrochloric acid". 

The fat content was determined according to 
the Schmid-Bondzynski-Ratslaff method in 
which "The sample is treated with 8 M hy- 
drochloric acid and after addition of ethanol 
the liberated fat is extracted with a mixture of 
diethyl ether and petroleum ether. The solvent 
is then evaporated and the fat is weighed". 
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The moisture content was measured by dry- 
ing the sample at 102-105°C for 16-18 h. 

It is not possible to assess the accuracy and 
repeatability of  the wet chemistry measurement 
results in detail. However, for six of  the cheeses 
there are two independent evaluations of  the 
fat contents. In each of  the six cases the fat 
contents according to the two evaluations are 
different, for instance 31.4% fat and 32.5% fat 
for one cheese. The average absolute difference 
between six such pairs of samples is just over 
1%. This number can be taken as an estimate 
of  the probable repeatability of  the wet chem- 
istry measurements of  protein and moisture as 
well as of  fat. 

The amount  of  effort required to analyze 
all 24 samples for protein, fat and mois- 
ture contents in this way was about 2 man 
weeks including all overheads and incidental 
costs. 

3.2. Optothermal spectroscopy 

Optothermal spectroscopy is a variation of  
photoacoustic spectroscopy, which has been 
described in the literature many times (see for 
instance Ref. [9]). The optothermal method 
itself has been described in published reports 
several times [10-12]. In principle the heat 
generated when light is absorbed by a sample is 
measured as a temperature change. The inci- 
dent light, of  the desired wavelength, is 
chopped at an appropriate frequency (here at 
2Hz )  so that the measured temperature 
changes vary synchronously with the light in- 
tensity. This makes sensitive phase-locked de- 
tection possible. The wavelengths used are 
defined by broad bandpass filters, in this case 
at 1740nm (bandwidth 75nm), 1935nm 
(bandwidth l l 0nm)  and 2180nm (bandwidth 
100 nm). 

The sapphire surface on which the sample is 
placed is mounted on the top of  the small 
self-contained optothermal instrument (exter- 
nal dimensions 300 mm x 260 mm x 115 mm). 
After selection of  the appropriate filter the 
instrument is activated and the sample illumi- 
nated with 2 Hz chopped light for about 20 s. 
The average signal strength and phase are cal- 
culated for the last 15 s and the result is pre- 
sented on a digital display. It is important that 
good thermal contact is made between the 
cheese sample and the sapphire as the tempera- 
ture measurement is dependent on diffusion of  
the heat generated in the cheese sample to the 

thin sapphire disc. In practice sufficiently good 
contact is easily achieved. 

The present experiments were carried out as 
follows. On day one a small piece (about 
0.25 cm a) of  each cheese sample was applied to 
(pressed or smeared onto) the sapphire. Each 
piece was measured three times, first using the 
1740nm filter, then the 1935nm filter and 
finally the 2180 nm filter, 20 being taken to 
complete a single measurement. It took less 
than 10min to complete the measurements, 
change the filters and record the results on each 
piece of  cheese. Application of  a new piece of  
cheese took about 1 or 2 min. In all it took 
about 4 h to analyze the 24 cheese samples. 
The averages of  the three measurements at 
each wavelength were then calculated. In gen- 
eral the standard deviation of  the individual 
measurements was under 2% of  the measured 
value. The procedure was repeated on day 
three and day five using different small pieces 
from the cheese samples. In the end this pro- 
duced 3 x 72 data points for the 24 cheeses 
(one for each of  the three wavelengths and each 
of  the three days), each data point being the 
average of  three measurements. 

A separate experiment was carried out to 
assess the effect of  poorly applied samples, that 
is, what the result of  poor  thermal contact 
between the cheese sample and the sapphire 
surface might be. As expected, poor  thermal 
contact results in reduced signal strengths at 
each of  the three wavelengths used. Somewhat 
contrary to expectations, for this poor  thermal 
contact to become evident the cheese samples 
had to be very badly applied to the sapphire 
surface. This may be because of  the low chop- 
ping frequency used, 2 Hz, for which the ther- 
mal diffusion length is more than a tenth of a 
millimeter in water and in excess of a millime- 
ter in air. 

3.3. FTIR-A TR spectroscopy 

The 24 samples were also analyzed using 
F T I R - A T R  spectroscopy. All spectra were ac- 
quired on a Spectra-Tech MONITIR system 
equipped with a horizontal ATR accessory 
with 45* zinc selenide element. The wavenum- 
ber region used was 5000-400cm -~, corre- 
sponding to wavelengths between 2 lam and 
25 ~rn. To obtain the spectra 256 interfero- 
grams were added together before Fourier 
transformation, this process requiring about 
3 rain. Triangular apodization was used and 
the resolution was 8 cm -I .  
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The ATR method is an established technique 
and has been described in the literature many 
times (see for instance Ref. [9]). It depends on 
the fact that even when light is totally inter- 
nally reflected there is some non-radiative pen- 
etration of  the electromagnetic field into the 
low refractive index medium, that is, the sam- 
ple. Since the sample is optically absorbing the 
reflected light is correspondingly weaker. In the 
case of  zinc selenide and 45 ° incidence the 
penetration depth of the light is somewhat 
more then a tenth of a wavelength (as mea- 
sured in air) and only weakly dependent on the 
optical absorption. In the present case the pen- 
etration depth is between about 0.2 ktm and 
5 ~tm. A recent investigation of  this technique 
applied to dairy cream is given by Kemsley et 
al. [3]. 

In the experiments each cheese was carefully 
cut open and a sample taken from the center. 
The sample was applied to the ATR element 
and spread across the entire surface using a 
soft spatula. The cheese was worked gently 
with the spatula to ensure complete coverage, 
the hard cheeses requiring somewhat more 
physical pressure than the soft ones to insure 
good contact with the crystal. After spectral 
acquisition the ATR element was cleaned with 
tissue followed by water, 0.2% Triton X100 
and water before drying. A new single beam 
reference was collected before each sample was 
measured. The time required from completion 
of  a measurement on a given sample to com- 
pletion of  the corresponding measurement on 
the next samle was about 10-12 min. In total 
the measurements on all 24 samples required 
about 8 h work including start up time, instru- 
ment adjustments and cleaning. 

4. Results 

The measurement results were analyzed 
statistically using principal component analysis 
and multicomponent regression techniques. 
The work was carried out using Unscrambler 
software from Camo AS, Norway. Initially the 
wet chemistry results (protein, fat and moisture 
contents) were taken as the reference data. The 
spectroscopic data were regressed against the 
wet chemistry data and calibration formulae 
were developed. These calibration formulae 
were then applied to the original spectroscopic 
data to produce "calculated" protein, fat and 
moisture contents for the cheese samples. These 

calculated protein, fat and moisture contents 
were then plotted against the corresponding 
wet chemistry values. 

Cross validation was used to test the reliabil- 
ity of  the calibration formulae because on con- 
sidering the wide range of  properties and the 
variations in morphological structure 24 sam- 
ples is too small to be divided into calibration 
and prediction sets. During the cross validation 
procedure each sample in turn was deleted 
from the sample set and predicted using the 
calibration formula extracted from the rest of  
the sample set. 

4. I. Op to therma l  measuremen t s  

In the case of  the optothermal measurements 
there are three data points per sample per day, 
which should be enough to determine the fat, 
protein and moisture contents of  each cheese 
sample. In fact, as the sum of  the protein, fat 
and moisture contents must be near 95 wt.%, 
the system is slightly over-determined. 

Inspection of  the raw data revealed that data 
for one cheese sample, # 19, on day three were 
unusual and inconsistent with the measurement 
results for day one and day five. Therefore 
sample # 19 was deleted from the analysis. 

First, a straightforward multicomponent re- 
gression using the least-squares method of  opti- 
mization was applied to the data. This 
produced calibration formulae which were then 
used to calculate protein, fat and moisture 
contents for each cheese. The results were re- 
gressed against the wet chemistry data using 
simple linear regression formulae. As would be 
expected, the correlation coefficients, r, ob- 
tained in this way were rather low, around 
0.85. Our conclusion is that such a straight- 
forward least-squares approach is inappropri- 
ate in this case. 

Next, more sophisticated statistical methods 
using Unscrambler software (mainly partial 
least squares, PLSI) were applied to the data, 
and new calibration formulae were developed. 
These were used to produce new calculated 
protein, fat and moisture contents, which were 
again regressed against the wet chemistry data. 
The results are much better than those ob- 
tained using the simple least-squares criterion. 
When 24 data points (less the outlier # 19) are 
used correlation coefficients of 0.93-0.97 are 
obtained. 

For  protein the variable protein content 
ranged from 6% to almost 30%, as shown in 
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Fig. I. Protein content (weight percent) of  cheeses (sample 
19 excluded) according to the optothermal method versus 
wet chemistry. Correlation coefficient 0.94 and standard 
error o f  prediction 2.4. The typical repeatability of  the 
optothermal results is _ 1.5 units. 
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Fig. 3. Moisture content (weight percent) of  cheeses (sam- 
ple 19 excluded) according to the optothermal method 
versus wet chemistry. Correlation coefficient 0.96 and stan- 
dard error of  prediction 3.9. The typical repeatability of 
the optothermal results is +2.5 units. 

Fig. 1. Of course this is a much wider range of  
protein contents (and cheese types) than any 
ordinary producer of  cheese is likely to have to 
deal with in a single plant. The same is true for 
the fat contents plotted in Fig. 2, which ranged 
from zero to 41%, and for the moisture con- 
tents shown in Fig. 3 which varied from just 
over 30% to in excess of  80%. It is entirely 
possible that regressions limited to certain 
types of  cheese can produce results with less 
data scatter, but such sample sets were not 
available for this study. The repeatabilities 
given in the figure captions are based on com- 
parisons between regression results for day 
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Fig, 2. Fat content (weight percent) of  cheeses (sample 19 
excluded) according to the optothermal method versus wet 
chemistry. Correlation coefficient 0.93 and standard error 
o f  prediction 4.4. The typical repeatability of  the optother- 
mal results is -+-2.5 units. 

one, day three and day five and correspond to 
roughly one standard deviation. 

Table 1 summarizes the statistical analysis 
results (24 cheeses in all) for both the model 
and the predictions. Comparison of  the two 
indicates that the calibration formulae are 
quite stable. The reasons for the scatter in the 
data are several, of  course. Among them are 
the following. 

4. I.I. Limited instrument reproducibility 
This is mainly due to electrical noise in the 

signal that the instrument analyses. The ob- 
served reproducibility of  the instrument's re- 
sponse to a given constant input in this type of 
application is about 1.5% of  the signal strength 
as estimated from over 200 groups of three 
measurements each on these samples. A more 
modern version of  the instrument has better 
signal reproducibility. 

4.1.2. Sample application 
As noted above, variations in the thermal 

contact between the sample and the sapphire 
affect the signal strengths. For  a given sample a 
reduction of  signal strength due to a slight gap 
between the sample and the sapphire should 
affect all measurements proportionately. Typi- 
cally this variation from piece to piece of  the 
same cheese sample is about _+ 10% or less of 
the measured signal strength. The regression 
analysis minimizes this effect by mainly making 
use of  the relative strengths of  the signals at the 
different wavelengths. The effect is not corn- 
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Table 1 
Summary  of  statistical analysis results for optothermal data  on 24 cheeses 

Correlation Standard Correlation Standard 
of  the error of  of  the error of  
calibration calibration prediction prediction 

Outliers 
deleted 

Protein 0.96 2.1 0.94 2.4 # 19 
Fat  0.95 3.7 0.93 4.4 # 19 
Moisture 0.97 3.4 0.96 3.4 # 19 

pletely eliminated, however, and it is more 
evident with the hard cheeses than with the soft 
ones. 

4.1.3. Temperature variations 
The temperatures of the cheese samples on 

the sapphire can vary and affect the measure- 
ment results because the different absorption 
lines change differently with temperature. In 
the instrument used in this investigation this 
effect cannot be compensated for. 

4.1.4. Sample inhomogeneity 
Cheese samples are not perfectly homoge- 

neous on the scale of these measurements. For 
wet chemistry analysis a piece of cheese of the 
order of 1 g is used (about 5 g for moisture, 2 g 
for fat and 1 g for protein), while in the op- 
tothermal analysis the sample interrogated cor- 
responds to about 1 mg. Clearly, to obtain 
appropriate averages using the optothermal 
method several pieces from each cheese sample 
should be analyzed and the results averaged. 
The statistical data analysis above shows that 
this averaging procedure produces more repre- 
sentative values than do single measurements. 

4.1.5. Errors in wet chemistry values 
However carefully the wet chemistry mea- 

surements are carried out, there are residual 
errors in the results. These errors contribute to 
the reported data scatter when the optothermal 
results are plotted against the wet chemistry 
values. 

4.1.6. Nonlinearities 
Because of the relatively wide range of 

protein, fat and moisture values nonlinearities 
in the relationships between the optothermal 
measurement results and the wet chemistry 
data are to be expected. However, the calibra- 
tion and analysis procedures are based on lin- 
ear relationships only. This simplification is 
expected to lead to less than perfect fitting of 
the data. 

4.2. FTIR-  A TR 

Because the diameters of the fat globules are 
of the same order of magnitude as the penetra- 
tion depth of the light in ATR measurements 
relatively large variations in signal strengths 
from measurement are expected, the sample 
being inhomogeneous at this level and the total 
measurement volume being small. 

The data were analyzed in the wavelength 
interval 3760-1520cm -~ (corresponding to 
2.6-6.6 ~tm). First a multiplicative scatter cor- 
rection (Unscrambler software) was applied to 
the data. Thereafter ten point averages were 
formed to reduce noise and the complexity of 
the calculations. Thus each spectrum contained 
224 data points. 

Application of the Unscrambler software 
(PLS2) produced regression formulae and pre- 
dicted protein, fat and moisture contents corre- 
sponding to those for the optothermal results. 
For protein the result was a correlation co- 
efficient of 0.82 and a standard error of predic- 
tion of 3.7 using six principal components. The 
corresponding numbers for fat and moisture 
are 0.78 and 0.93 for the correlations and 6.6 
and 4.5 for the standard errors of prediction 
using eight and six principal components re- 
spectively. At this point the outliers (as "pro- 
posed" by the Unscrambler software) were 
deleted (for protein sample # 1, for fat samples 
# 1, #4, #9, #13, # 15, #16, #21 and #22 
and for moisture samples # 1 and # 17). The 
fresh cheeses are over-represented among the 
deleted outliers. Table 2 summarizes the statis- 
tical results where PLS2 was used for protein 
and moisture and PLSI was used for fat since 
the number of samples was only 16. Compari- 
son of the model and prediction results shows 
that the calibration formulae are unstable. 
Somewhat surprisingly, for this FTIR-ATR 
data elimination of the outliers produced some- 
what lower correlation coefficients and larger 
standard errors of prediction. In the case of the 
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Table 2 
Summary of statistical analysis results for FTIR-ATR data on 24 cheeses 

2013 

Correlation S t a n d a r d  Cor re l a t ion  Standard 
of the error of of the error of 
calibration ca l ibra t ion  p red i c t i on  prediction 

Principal 
components 

Outliers 
deleted 

Protein 0.97 1.9 0.81 4.4 6 I 
Fat 0.99 1.4 0.64 9.1 8 8 
Moisture 0.99 2.2 0.92 5.4 6 2 

fat content, where eight samples were deleted, 
this is because the deleted samples had either 
very low or very high fat contents. Thus the 
range of  fat contents was reduced by elimina- 
tion of  the outliers. 

In both the optothermal results and the 
F T I R - A T R  results the largest standard error 
of  prediction is for fat and the smallest is for 
protein. Furthermore, for all three components 
the standard errors of  prediction are much 
larger for the F T I R - A T I R  results than for the 
optothermal results. This supports the proposi- 
tion that the greatest inhomogeneities on the 
micron level are for the fat contents, rather 
than for the moisture contents or the protein 
contents. 

Another reason for scatter in the data could 
be the fact that fat can preferentially adsorb to 
the ZnSe ATR crystal. Depending on the na- 
ture of  the cheese sample this effect can be 
larger or smaller for different cheeses, thus 
introducing errors in the measurements. In 
contrast, there is no evidence for such preferen- 
tial adsorption onto sapphire. 

Other sources of  error can be limited instru- 
ment reproducibility, temperature variations 
and errors in wet chemistry values, as discussed 
above in connection with the wet chemistry 
results. 

5. Discussion and conclusions 

The above results and analysis indicate 
clearly that the optothermal method is superior 
to the F T I R - A T R  method for determining the 
fat, protein and moisture contents of  cheeses 
for several reasons. For  prediction the correla- 
tion coefficients are significantly higher and the 
standard errors much smaller for the optother- 
mal results than for the F T I R - A T R  results 
(before and after deletion of  the F T I R - A T R  
outliers). It is quite possible that even better 
prediction accuracy would have been achieved 

for optothermal data had the morphological 
structures of  the cheeses not varied so much. 
The measurements can be made more quickly 
on the optothermal instrument than on the 
F T I R - A T R  instrument and the data analysis 
is far less complicated, resulting in a simple 
regression formula for interpreting the mea- 
surement results. Finally, we showed that the 
quality of  sample application to the measure- 
ment surface is not as critical for the optother- 
mal method as it is for the F T I R - A T R  
method. Table 3 summarizes some of  the more 
important characteristics of  the three analysis 
methods used in this investigation. 

We found that in the statistical analysis of  
the optothermal data the Unscrambler soft- 
ware produced much more satisfactory results 
than did simple least-squares regressions using 
three variables. However, the limited number 
of  cheese samples precluded more detailed 
analysis of, for instance, soft cheeses as op- 
posed to hard cheeses or cheeses with low 
moisture contents as opposed to those with 
high moisture contents. Further, the limited 
repeatabilities of  the measurement methods 
make more sophisticated statistical analysis of  
the present data inappropriate. 

Sample homogeneity is already known to be 
critical for satisfactory performance of  both the 
F T I R - A T R  method and the optothermai 
method. To make progress in understanding 
the effects of  sample inhomogeneity on the 
measurement results one has to describe the 
scale of  the inhomogeneity in question. In the 
case of  cheese, inhomogeneities on a micron 
scale are expected primarily because of  the fat 
globules. This is the same scale as the penetra- 
tion depth of  the light into samples in the case 
of  F T I R - A T R ,  while it is one to two orders of  
magnitude smaller than the penetration depth 
in optothermal spectroscopy at a chopping fre- 
quency of  2 Hz. 

Sample inhomogeneity can also occur on 
large scales, of  course, and it is known that the 
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Table 3 
Summary of several important characteristics of the different analysis methods 

Characteristic FTIR-ATR Optothermal Wet chemistry 
method 

Total time to collect 8 h 4 h 60-80 h 
data on 24 cheese 
samples 

Time to complete 10-12 min 10 min ") One method per 

measurement on a t component with 
sample various calibrations 

Time to obtain a 3 min 3 x 20 s and references required 

spectrum 

Calibrations, references Clean element, Absolute calibration Various chemicals 
remount, collect against black required 
new reference stable over 

Wavelengths/numbers 5000 cm-  ~ to 400 
resolution cm-  ~ at 8 cm - 

resolution 

Data analysis Unscrambler 
method PLS2 

Data interpretation Regression formulae 
with six to eight 
principal components 

Size of instrument 60 x 45 x 25 cm 
ca. 30 kg 

long time 

3 wide band filters 
(ca. 100 nm) 
at 1740, 1935 and 
2180 nm 

Unscrambler 
PLSI 

Regression formulae 
with three components 

Component by component 
analysis 

30 x 26 x 12 cm Chemical laboratory 
ca. 5 kg required 

fat content of a large cheese can vary by sev- 
eral percent depending on where the sample is 
extracted from the cheese. The only way to 
form an appropriate average here is to take 
samples from different parts of the cheese and 
combine the results, perhaps using appropriate 
weighting factors. Since wet chemistry analysis 
typically makes use of samples weighing of the 
order of grams only, the large scale inhomo- 
geneity of cheeses has roughly the same effect 
on wet chemistry results as it does on the 
spectroscopy results. 

Since the optothermal technique is easy to 
handle and provides results so quickly it could 
be used to study the fat, protein and moisture 
contents of cheeses before and during their 
ripening in cheese factories, making it possible 
to steer the ripening process toward desired 
results. Alternatively, the optothermal method 
can be appropriately applied when reasonably 
fast screening of large numbers of samples is 
necessary before possible detailed analysis of 
suspect samples by wet chemistry, for instance. 
In either ease it is desirable that the repeatabil- 
ity of the measurement results be improved. 

Instrumental improvements have been made 
subsequent to the measurements reported here 
and improved repeatability is expected (al- 
though it has not yet been demonstrated). 

One could consider homogenizing cheese 
samples prior to analysis in F T I R - A T R  in- 
struments in order to get around the problem 
of the large fat globules, but this is not easily 
done for cheese and it would complicate the 
analysis procedure. In contrast, milk, cream 
and related products can be homogenized rela- 
tively easily and can thus be prepared for anal- 
ysis by FTIR-ATR instruments. This is not 
necessary when using the optothermal method. 
It is expected that the optothermal method 
could be used to determine fat, protein and 
moisture contents for a large variety of milk 
products without pretreatment. Examples in- 
clude milk, cream, sour cream, butter, mayon- 
naise, yoghurt and quark. 

Finally, we should like to point out that 
wet chemistry analysis automatically means 
that the used chemicals must be disposed of in 
an environmentally acceptable manner, not al- 
ways a simple matter. Spectroscopic methods 
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do not produce environmentally unacceptable 
waste. 
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Abstract 

Several papers have appeared in the literature describing the determination of antimony, where anti- 
mony(V) is extracted into the organic phase and the organic solutions directly analyzed by atomic 
absorption spectrometry (AAS). This paper describes a procedure where antimony from the organic solution 
is reductively stripped into an aqueous phase and analyzed for antimony by AAS. The advantage of the 
method for a routine process control laboratory is highlighted. 

Keywords: Antimony; Lead-zinc concentrates; Smelter products; Atomic absorption spectrometry 

1. Introduction 

Determination of antimony by atomic ab- 
sorption spectrometry (AAS) has been fairly 
comprehensively covered in the literature [1-6]. 
Donaldson [1] developed several methods for 
the determination of small amounts of anti- 
mony in copper, nickel, lead, zinc and molyb- 
denum concentrates and related materials. 
These methods involve preliminary separation 
of antimony(Ill) from the matrix element by 
co-precipitation with hydrous ferric and lan- 
thanum oxides. The precipitate is dissolved in 
dilute hydrochloric acid and the antimony 
determined either by AAS or, if the sample 
contains <1001agg-~ of antimony, by the 
spectrophotometric iodide method after further 
separation from iron, lead and other coex- 
tracted elements by chloroform extraction as 
antimony xanthate. Although these methods 

* Corresponding author. 

yield accurate results for antimony, they are 
time-consuming, particularly the spectrophoto- 
metric method, and the AAS method is not 
applicable to samples with high lead and iron 
contents. 

Methods have also been employed by several 
workers in which antimony is extracted by 
organic solvents from hydrochloric acid solu- 
tions and the antimony content determined by 
aspirating the organic phase into the flame 
[3-6]. 

Although analyzing the organic solutions 
helps to achieve increased sensitivity leading to 
determination of smaller quantities [2], a few 
problems ae faced in using this technique. The 
liquid trap should be drained of the water, and 
filled with organic solvent. While feeding the 
organic solution, the fuel content has to be 
kept low to avoid a sooty flame and the flame 
tends to flare violently unless the fuel and air 
are tightly controlled. This leads to unstable 
conditions and fluctuating results. Especially in 
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a process control laboratory, the analyst would 
feel more comfortable feeding aqueous solu- 
tions for quick analysis. Recently a paper [7] 
was published from our laboratories wherein 
thallium was determined in our process solu- 
tions and in zinc and cadmium metals by first 
extracting thallium into isopropyl ether and 
then stripping back to the aqueous phase using 
a sodium sulphite solution. 

We have now also worked out a procedure 
for the determination of antimony on similar 
lines and applied it to lead and zinc smelter 
products. The procedure involves suitable de- 
composition of the sample and taking up the 
salts in 7.5 M hydrochloric acid. Sodium nitrite 
is added to oxidise antimony(Ill). The chloro- 
complex of antimony(V) is extracted with iso- 
propyl ether, antimony is stripped from the 
organic phase to the aqueous phase with 
sodium sulphite solution and the stripped solu- 
tion is analyzed for antimony. 

2. Experimental 

2. I. Apparatus 

An Electronic Corporation of India model 
4103-B atomic absorption spectrometer is used 
under the following conditions: wavelength, 
217.6 nm; spectral band width, 0.2 nm; current, 
10 p.A; flame, air-acetylene. 

2.2. Reagents 

All chemicals used were of analytical grade. 

2.2.1. Standard antimony solution 
Pure antimony metal (1 g) is heated with 

10ml of concentrated sulphuric acid in a 
250ml beaker until dense white fumes are 
evolved. Hydrazine sulphate (1 g) is added af- 
ter cooling and the solution heated again until 
dense white fumes are evolved. The beaker is 
then cooled in ice water. 100 ml of 2 M hy- 
drochloric acid is added and the mixture al- 
lowed to attain room temperature. The 
contents of the beaker are transferred to a 1 1 
standard flask and made up to the mark with 
2 M hydrochloric acid. The solution contains 
1 mg m l -  ~ of antimony and is suitably diluted 
with 7.5M hydrochloric acid to obtain a 
100 lag ml- ~ solution. 

2.2.2. Sodium sulphite solution (0.5% w/v) 
Anhydrous sodium sulphite (0.5g) is dis- 

solved in 100 ml of water. 

2.2.3. Sodium nitrite solution (25% w/v) 
Sodium nitrite (25 g) is dissolved in 100 ml of 

water. 

2.3. Procedures 

2.3.1. Calibration 
To 30 ml of 7.5 M hydrochloric acid in each 

of six 125 ml separating funnels 0.0, 1.0, 2.0, 
3.0, 4.0 and 5.0 ml of antimony working stan- 
dard (0-500 lag) solutions are added from a 
semimicroburette. Sodium nitrite (1 ml) fol- 
lowed immediately by 20 ml of isopropyl ether 
are added to each separating funnel. The sepa- 
rating funnels are shaken gently for 1 min and 
the layers are allowed to separate. The lower 
aqueous layers are transferred to another set of 
separating funnels containing 10ml of iso- 
propyl ether and once again shaken for I min. 
The lower aqueous layers are discarded and the 
organic layers added to the first set of separat- 
ing funnels. 

Sodium sulphite (20 ml) is added to each 
separating funnel containing isopropyl ether 
and shaken for 3 min. The layers are allowed 
to separate. 

The aqueous layers are collected in 50 ml 
volumetric flasks. The organic layers are fur- 
ther shaken with a small portion (10 mi) of 
sodium sulphite solution and the aqueous por- 
tions collected in the same volumetric flasks. 
The solutions are made up by the addition of 
the required quantity of water. The aqueous 
solutions are then analyzed by AAS for anti- 
mony. The absorbance of the blank (zero 
added antimony), if any, is deducted from the 
absorbance values of the standards. 

2.4. Sample treatment 

Depending upon the antimony content, 0.5- 
1.0 g of sample is placed in a 250 ml beaker. 
Potassium bisulphate (1 g) and concentrated 
sulphuric acid (10ml) are added and the 
beaker is heated until dense fumes are evolved 
(1 h). The beaker is cooled and the walls are 
washed down with a small quantity of water 
(10 ml). Hydrazine sulphate (1 g) is added and 
the beaker is heated again until dense white 
fumes are evolved. The beaker is cooled in the 
water, 20ml of 7.5 M hydrochloric acid is 
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Table 1 
Analytical results obtained for lead-zinc concentrates and other related products 

2019 

Sample Antimony ~ Standard Certified antimony 
found % deviation value and range, % 
(present 
method) 

Antimony found 
by AAS method [1] 
% 

Zinc concentrate CZN-I 0.052 0.0005 

Zinc concentrate 0.0084 0.0010 
(Zawar mines) 

Zinc concentrate 0.0100 0.0004 
(Agucha mines) 

Lead concentrate 0.0058 0.0005 
(Agnigundala Mines) 

Lead concentrate 0.1150 0.002 
(Sargepalli mines) 

Sludge 0.0430 0.002 
(Zinc Oxide Plant) 

Moore Cake 0.0380 0.0007 

0.052 0.053 
(0.052-0.054) 

0.0105 

0.1156 

a Average of five results. 

added and the beaker warmed just enough 
for the salts to dissolve and then cooled. 
The contents of the beaker are transferred di- 
rectly to a 125ml separating funnel. The 
sides of the beaker are washed with small 
portions (5 ml at a time) of 7.5 M hydrochlo- 
ric acid and the washings transferred to a 
separating funnel. The solution is processed 
as described under Calibration starting from 
the addition of sodium nitrite. Antimony in 
the sample is determined in the aqueous 
phase by comparing with processed stan- 
dards. 

Note: For samples containing more than 
600 ~tg g-~ of antimony, 1.0 g of the sample 
is processed and the contents are transferred 
to a 100ml standard flask and made up to 
the mark with 7.5 M hydrochloric acid. A 
suitable aliquot is taken and processed as de- 
scribed above. 

3. Results and discussion 

Table 1 gives the results obtained for anti- 
mony in lead-zinc concentrates and other re- 
lated products. The values for CANMET 
CZN-1 (zinc concentrate) are comparable 
with certified values. The values were checked 
by Donaldson's iron-lanthanum collection/ 
AAS method for zinc concentrate (Agucha 

mines) and lead concentrate (Sargepalli 
mines). 

The results show that the recommended 
method can be conveniently applied for the 
determination of antimony in lead and 
zinc concentrates and its related pro- 
ducts. The values were found to be stable 
over a period of one week. An analyst can 
comfortably complete the analysis of 6-8 
samples by this method in less than 8 h (one 
shift). 

3.1. Selection of organic solvent 

Methyl isobutyl ketone (MIBK), n-butyl 
acetate and isopropyl ether are the most 
common solvents employed in the estimation 
of antimony. While the extraction of anti- 
mony from hydrochloric acid solution into 
these solvents is quantitative, it was observed 
that stripping of antimony with sodium sul- 
phite from these solvents did not yield quan- 
titative recoveries. From MIBK, antimony 
could not be stripped at all, while with n- 
butyl acetate small losses were suspected. Re- 
coveries obtained were about 95% only. With 
isopropyl ether, the stripping was quantitative 
and moreover the phase separation was much 
better than with n-butyl acetate. Hence iso- 
propyl ether was preferred in the present 
work. 
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Abstract 

Iron interference in the spectrophotometric catalytic determination of molybdenum based on the iodide- 
hydrogen peroxide reaction can be corrected by using sulphosalicylic acid as masking and color-forming 
reagent. The catalytic influence of iron ions is circumvented to the extent of about 90% and correction of 
any remaining iron ions is possible by monitoring the colored iron(III)-salicylate complex at 490 rim. In this 
way, iron is also determined. With the proposed system, molybdenum can be determined in plant and food 
digests within the 0-100 I~g Mo 1 - t  range in the presence of up to 25 mg Fe ! - t ,  at a sampling rate of about 
50 determinations h- t .  The relative standard deviation of 10 consecutive measurements was estimated as 
< 2%. Results for samples were comparable with those obtained by graphite furnace atomic absorption 
spectrometry. In addition, recoveries within the range 94-100% were calculated. 

Keywords: Iron interference; Molybdenum determination; Sulphosalicylic acid; Flow injection; Plants 

1. Introduction 

Molybdenum is an essential nutrient for ani- 
mals and plants and its determination in plant, 
soil and food materials is of  utmost impor- 
tance. Nevertheless, only a few well-equipped 
laboratories accomplish molybdenum determi- 
nation on a routine basis. In general, molybde- 
num occurs in low concentrations in plant [1,2] 
( 0 . 5 - 3 . 0 m g k g  - I )  and food materials, which 
makes the direct determination in the sample 
digest by simple techniques such as classical 
spectrophotometry and flame atomic absorp- 
tion spectrometry difficult. Although an auto- 
mated spectrophotometric flow injection 
procedure based on the thiocyanate method 
with solvent extraction was developed in this 

* Corresponding author. 

laboratory [3], alternative methods exploiting 
kinetic catalysis have also been investigated 
[4-6]. 

The spectrophotometric method based on 
the catalytic effect of  Mo(VI) ions in the oxida- 
tion of  iodide by hydrogen peroxide [4] has 
been suggested to be very promising for the 
determination of molybdenum in biological 
materials [5-7]. The produced triiodide ion is 
spectrophotometrically monitored under the 
same conditions for the catalytic (presence of  
molybdenum) and non-catalytic (blank) reac- 
tions, and the difference between the ab- 
sorbance signals is proportional to the 
molybdenum content in the sample. However, 
selectivity appears to be the main limitation, as 
other ions have similar catalytic properties. 
Svehla and Erdey [8] pointed out that interfer- 
ences of  several chemical species in the iodide-  
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hydrogen peroxide reaction were mainly due to 
the different reaction rates for triiodide forma- 
tion in the presence and absence of  molybde- 
num. 

This indicator reaction has been used in con- 
tinuous flow systems for molybdenum determi- 
nation in plant digest by different procedures, 
but prior iron separation by precipitation as 
hydroxide [5], on-line iron separation with ion 
exchange resin [6], or solvent extraction [9] 
have been needed. Masking agents for iron, 
such as fluoride in air-segmented flow systems 
[10], and sulphosalicylic acid in flow injection 
amperometry [11], have also been recom- 
mended. 

The aim of  the present paper is to describe 
an alternative procedure for the spectrophoto- 
metric catalytic determination of  molybdenum 
by using a flow injection system that does not 
require previous iron separation or on-line 
molybdenum concentration. Amongst the sev- 
eral reagents evaluated in the present work, 
sulphosalicylic acid proved to be suitable for 
the determination of  molybdenum in the pres- 
ence of  iron. 

2. E x p e r i m e n t a l  

2.1. Apparatus 

The equipment consisted of  a model 432 
Femto spectrophotometer (S3.o Paulo, Brazil) 
furnished with a tubular flow cell (12 mm opti- 
cal path, 70 lal inner volume) from the same 
manufacturer and coupled to a REC 61 Ra- 
diometer recorder, an Ismatec mpl3R peri- 
staltic pump with Tygon tubes, and other 
accessories. 

A manual sliding bar injector with two com- 
mutation sections [12], 0.5 mm i.d. Tygon mi- 
crobore tubing (Norton Performance Plastics), 
and y-connections made from perspex were 
used to build the manifold. 

2.2. Reagents, standards and samples 

All chemicals were of  analytical-grade qual- 
ity and freshly distilled-deionized water was 
used throughout. 

A 1000mgl  -I  molybdenum stock solution 
was prepared by dissolving 0.9201g of  
(NH4)6Mo7024" 4H20 in 500ml of  1% v/v 
HCI. 

Working standard solutions (0 .0-100.0ng 

Mo m l - i )  were prepared in 0.1% v/v nitric acid 
by appropriate dilutions of  the stock solu- 
tion. For  selectivity evaluation, solutions with 
5 .0-50 .0mg F e l  -~ (Fe203), 1.0mg VI  -I  
(NH4VO3), 10.0 mg Cr 1-1 ( K 2 C r O 4 )  ' 500 mg 
Mg 1-1 (MgSO4 • 7H20), 500 mg AI 1- i 
(AICI3 • 6H20), 500 mg P 1-1 (Na2HPO4) or 
1000 mg Ca 1-i (CaCO3) were also prepared in 
0.1% v/v nitric acid. 

Potassium iodide solution 2.0% w/v (RI, Fig. 
1) was prepared by dissolving 2.5g KI in 
100 ml of  water and hydrogen peroxide solu- 
tion 0.025% v/v (R2, Fig. 1) was prepared daily 
from a 30% H202 solution. The sample carder  
stream (C, Fig. 1) was a 0.1% v/v nitric acid 
solution. 

A 0.1 M sulphosalicyclic acid solution (M, 
Fig. 1) was prepared by dissolving 2.54g 
c 7 n 6 0 6 S  • 2H20 in 100 ml of  water. 

Biological samples were dry ashed according 
to the following procedure. 2.000 g of  ground 
(60 mesh) and oven-dried (60"C to constant 
weight) samples was ashed in a porcelain 
crucible for 4 h at 5500C. The ash was moist- 
ened with a few drops of  water and l0 ml of  
4 M nitric acid was added; the mixture was 
then dried at 60"C. The residue was taken up 
with successive portions of  10-15 ml of  0.1 M 
nitric acid solution, filtered through Whatman 
filter paper into a 100 ml volumetric flask, and 
made up to volume with the same acid. Before 
using, the solution was left to stand for about 
12h. 

W~ 
C~ 

M 

R2 

H~O 

Fig. 1. Diagram of the flow set-up for molybdenum (and 
iron) determination. B], B2 and B~ ffi 10, 20 and 250cm 
reaction coils; D=speetrophotometer at 350nm for 
molybdenum and/or 490 nm for iron; S ffi sample, aspi. 
rated at 2.6 ml min- ~; L ffi sampling loop (200 p.I); 
R~ =0.025% v/v hydrogen peroxide solution at 
0.4 ml min-~; R2 ffi 2.5% w/v potassium iodide solution at 
0.8 ml min-~, M ffi 0.1 M sulphosalicylic acid flowing at 
0.3 ml min- ~; W = waste; x, y and z = confluence points; 
Cfsample carrier stream (0.1% v/v HNO.O at 
1.6 ml rain- ~; H20 ffi water at 2.6 ml rain- ~. 
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2.3. The flow injection system 

With the system in the situation depicted in 
Fig. 1, the sample is continuously aspirated to 
fill the sampling loop, and the sample carrier 
stream and reagents are continuously flowing 
towards detection. Water flows to improve sys- 
tem washing by dissolving any triiodide ad- 
sorbed in the inner walls of the analytical path. 
After introducing the selected sample volume 
into the sample carrier stream, the water 
stream recycles in its reservoir. The masking 
agent is added via a confluence point located in 
the commutator at a suitable flow rate to avoid 
excessive dispersion-dilution of the sample zone 
in the Bj reactor where the masking reaction 
takes place. The same criterion was used for 
predefining R~ and R2 flow rates and to 
provide suitable mixing conditions inside the 
B2 and B 3 helical coils. Thereafter, the sample 
zone passes through the detector where the 
absorbance at 350 nm is measured for molyb- 
denum (plus unmasked iron) and at 490 nm for 
the iron-salicylate complex. The system was 
dimensioned to provide the best figures of 
merit for molybdenum. For iron determination 
at 490 nm, further system optimization was not 
carried out because the sensitivity was already 
suitable. 

2.4. Figures of merit 

The detection limits for molybdenum and 
iron were determined after 20 consecutive mea- 
surements of the blank solution (0.1% v/v nitric 
acid) according to IUPAC [13]. The accuracy 
for molybdenum determination was assessed 
by analyzing the same digestes by graphite 
furnace atomic absorption spectrometry in a 
Varian SpectrAA40 coupled with a GTA-96 
furnace with pyrolytically coated graphite 
tubes and controlled by a DS-15 Date Station 
from the same manufacturer. The heating pro- 
gramme was adjusted accordingly. Accuracy 
assessment for iron determination was made 
with flame atomic absorption spectrometry 
with an air-acetylene flame. 

3. Results and discussion 

Concentrations of hydrogen peroxide 
(0.025% v/v) and potassium iodide (2.5% w/v) 
and the final pH of the reaction medium were 
selected by taking into account the ratio be- 

tween catalytic and non-catalytic signlas and 
the detection limit. Although the catalytic reac- 
tion rate increased with the concentrations of 
either hydrogen peroxide or potassium iodide, 
the non-catalytic signal (baseline) also in- 
creased. Similar behavior was observed earlier 
[5]. 

The pH of the reaction mainly affects the 
non-catalyzed reaction, i.e. it does not limit 
sensitivity for reaction pH values lower than 
two, and the lower the pH value the lower the 
baseline signal. Therefore, during sample pre- 
treatment it was decided that the final acidity 
of the digest should be 0.1% v/v nitric acid. To 
avoid pH gradients along the sample zone, the 
same acid solution was used as carrier stream. 
In doing this, the pH of the solution leaving 
the flow cell was about 1.6. 

Preliminary experiments were carried out 
with several masking agents for iron. Tartrate, 
citrate, triethanolamine, pyrophosphate and 
oxalic acid minimized or even suppressed the 
interference of up to 15 mg Fe 1- t in the deter- 
mination of 100lag Mol  -~, but they also 
affected the catalytic reaction. Similar be- 
haviour was observed with a 0.05% w/v sodium 
fluoride solution which caused a 90% decrease 
in iron interference and also affected the cata- 
lytic reaction rate leading to a 40% lowering in 
sensitivity. Higher fluoride concentrations did 
not improve the masking efficiency signifi- 
cantly, but decreased the reaction rate more 
than proportionally. 

Sulphosalicylic acid provided 85% masking 
efficiency, but with two advantages when com- 
poared with fluoride and other iron-forming 
complexes. It did not change the catalytic reac- 
tion rate due to molybdenum, and iron could 
be determined as the iron(III)-sulphosalicylate 
complex [14] at 490 nm by using the same flow 
injection manifold. The system could also be 
used for the simultaneous determination of 
iron and molybdenum with a diode array de- 
tector, or sequentially with two spectrophoto- 
meters. 

The slope and linearity of the analytical 
calibration curves were not affected by the 
presence of up to 25mg1-1 iron when 
sulphosalicylic acid was used (Fig. 2). As a 
consequence, it was possible to infer that 
molybdenum could be determined in the pres- 
ence of iron, because absorbances were addi- 
tive. By knowing the iron content in the 
original sample, the absorbance due to molyb- 
denum measured at 350 nm was corrected ac- 
cording to the following equations: 
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Fig. 2. Molybdenum calibration curves with and without 
iron in the presence of  0.1 M sulphosalicylic acid (total 
absorbance values recorded at 350 nm): (am molybdenum 
alone (r = 0.9998); (b) molybdenum + 5 mg Fe 1-1 (r = 
0.9997); (c) molybdenum + 25 mg Fe I -  i (r = 0.9998). 

AMo = A M o + F  e -  aFeCFe  

C A M o  --- AMo/amo 

where AMo=absorbance at 350nm due to 
molybdenum, AMo + ~:= = absorbance at 350 nm 
due to molybdenum plus iron, aF= and 
aMo = iron and molybdenum absorptivities at 
350 nm, CF= = iron concentration determined 
at 490 nm, and CMo = corrected molybdenum 
concentration. 

The influence of other elements on molybde- 
num determination (based on a mass/volume 
ratio of 1 g per 50 ml of the biological digest) 
at the 50 lag Mo 1-~ level was also investigated 
in the presence of sulphosalicylic acid at 350 
and 490rim. as much as 1000mg Cal  -m, 
500mg Mgl -m, 500mg AII-m and 500mg 
P l-~ did not interfere with iron determination 
at 490 nm. As expected, interferences were ob- 
served for high concentrations of chromium 
(5mgl -m) and vanadium (0.5 mgl -m) only at 

350 nm with signal enhancements not exceed- 
ing 20%. The influences of chromium(Vim and 
vanadium(V) are well-known since both ele- 
ments catalyze the iodide oxidation by hydro- 
gen peroxide [15]. Hopefully, chromium and 
vanadium do not occur at these levels in the 
digests, taking into account their maximum 
reported concentrations in dry plant tissues 
and food materials: i.e. 5 lag Cr g-1 and 10 lag 
Vg -~ [16-18]. The expected interference of 
phosphorus due to molybdophosphoric acid 
formation, also observed in earlier work [6], 
was only noticed for concentrations of phos- 
phorus 10 times higher than its normal level in 
the digests, a 15% suppression in the molybde- 
num absorbance signal being observed in the 
presence of 250 mg P 1- =. 

Regarding tungsten(Vim and titanium(Vim, 
which also catalyze the indicator reaction, par- 
allel experiments revealed that the system could 
tolerate their presence up to the maximum 
repored levels in biological materials [16]. 
Tungsten and titanium did not interfere at 
concentrations lower than 0.2mgl -= and 
1 mg 1 -~ respectively. These interferences are 
also discussed elsewhere [9,19]. 

There is good agreement between molybde- 
num concentration values obtained with the 
proposed flow injection catalytic method and 
graphite furnace atomic absorption spectrome- 
try (Table I). In addition, Table 2 shows recov- 
eries of about 100% for the same sample 
digests referred to in Table 1, which is also a 
good indication of the accuracy of the pro- 
posed method. The relative standard deviation 
of measurements (n = 5) for digests containing 
molybdenum within the range 10- 50 ng ml- m 
did not exceed 2%. The detection limit was 
0.6 ng Mo ml -I for a 200 lai sample volume, 
and a throughput of 100 determinations per 
hour (50 per hour for molybdenum and 50 per 
hour for iron) was typically obtained. The flow 
system proved to be quite stable, simple and 

Table 1 
Comparison of  procedures for the determination of  molybdenum in plant and food digests. Data are averages of  three 
replicates 

Sample m g  M o  k g -  ~ (dry matter basis) mg Fe kg -  ) 
FIA 

FIA GFAAS 

Coffee leaves 0.249 + 0.001 
Soya flour 0.761 + 0.007 
Soybean leaves 0.368 + 0.003 
Rice leaves 0.282 + 0.002 

0.287 + 0.020 425 + 4.5 
0.809 _+ 0.036 < 100 
0.402 + 0.027 225 + 3.2 
0.297 + 0.022 221 + 2.9 
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Table 2 
Molybdenum recoveries from biological digests. Data are averages of three replicates 

2025 

Sample Original After addition Recovery 
concentration (ng Mo ml -  ~) (%) 
(ng Mo ml - i )  

% r.s.d. 
(n = 5) 

Coffee leaves 5.0 15.0 100.0 1.7 
5.0 25.0 100.0 0.0 

Soya flour 15.2 25.2 96.2 0.0 
15.2 35.2 94.4 2.9 

Soybean leaves 7.4 17.4 101.3 1.7 
7.4 27.4 103.3 0.0 

Rice leaves 5.6 15.6 103.9 0.0 
5.6 25.6 101.0 2.0 

0 4  

o I I I  490 nm 
I0 rain 

J q FQ 

OO 

O h  

b ~5Ortn 

O.O 

Fig. 3. Recorder tracing of a routine run. All measure- 
ments in triplicate. (a) Recording at 490 nm. From right to 
left, four iron standard solutions (5.0, 10.0, 15.0 and 
20 .0mgl - t ) ,  and eight samples (the last two with iron 
contents lower than the detection limit). (b) Recording at 
350 nm. From right to left, seven molybdenum standard 
solutions (0.0, 10.0, 20.0, 40.0, 60.0, 80.0 and 100.0 lag l - t )  
eight samples, and five iron standard solutions 
(0.0, 5.0, 10.0, 15.0 and 20.0 mg 1-*). 

reasonably robust, and can be used for most 
plant tissues, food and other biological prod- 
ucts, where iron content in the digest does not 
exceed 25 mg 1 -~ (1200 mg Fe g-~ dry matter). 
The calculated detection limit for iron was 
0.2 mg 1- ~ at 490 nm. Samples with higher 
iron contents are not common and were not 
found for validation but limitations due to the 
linearity of  the analytical calibration curves are 
expected. In this situation, the injected volume 
could be reduced accordingly for iron on-line 
dilution, with a proportional lack of  molybde- 
num sensitivity. A typical recorder tracing re- 
lating to molybdenum and iron determination 
in plant digests is shown in Fig. 3. 

Acknowledgments 

The authors are grateful to FINEP (Finan- 
ciadora de Estudos e Projetos-PADCT II, pro- 
cesso 65.91.0324.00) for financial support, and 
to CNPq (Conselho Nacional de Desenvolvi- 
mento Cientifico e Technol6gico) for grants to 
E.N.V.M.C., F.J.K and E.A.G.Z. Thanks are 
also due to M.M. Silva for helping with the 
GFAAS measurements. At the time of this 
work, E.N.V,M.C. was a graduate student at 
the Institute de Quimica de S~o Carlos, Uni- 
versidade de S~o Paulo, S~o Carlos-SP, Brazil. 

References 

[1] D.R. Hoagland, Soil Sei., 60 (1945) 119. 
[2] V. Sauchelli, Trace Elements in Agriculture, Van Nos- 

trand, New York, 1969. 
[3] H. Bergamin Filho, J.X. Medeiros, B.F. Reis and 

E.A.G. Zagatto, Anal. Chim. Acta, 101 (1978) 9. 
[4] K.B. Yatsimirskii and L.P. Afana's Eva, Zh. Anal. 

Khim., 11 (1956) 319. 
[5] F. Zhao-Lun and X. Shu-Kun, Anal. Chim. Acta, 145 

(1983) 143. 
[6] L.C.R. Pessenda, A.O. Jacintho and E.A.G. Zhatto, 

Anal. Chim. Acta, 214 (1988) 239. 
[71 J.C. Andrade, S.P. Eiras and R.E. Bruns, Anal. Chim. 

Acta, 225 (1991) 149. 
[8] G. Svehla and L.Erdey, Microchim. J., 7 (1963) 206. 
[9] J.C. Andrade, R.E. Bruns and S.P. Eiras, Analyst, 118 

(1993) 213. 
[10] M,H. Mahr and E. Pungor, Kem.-Kemi, 10 (1980) 

585. 
[11] M, Trojanowicz, A. Hulanicki, W. Matuszewski, M. 

Palys, A. Fuksiewicz, T. Hulanicka-Michalak, S. 
Raszewski, J. SzyUer and W. Augustyniak, Anal. 
Chim. Acta. 188 (1986) 165. 

[12] F.J. Krug, H. Bergamin Fo and E.A.G. Zagatto, 
Anal. Chim. Acta, 179 (1986) 103. 

[13] Commission on Spectrochemical and other Optical 
Procedures for Analysis. Nomenclature, symbols, 
units and their usage in spectrochemical analysis-- I I, 
Spectrochim. Acta, 33 (1978) 241. 



2026 E.N.V.M. Carrilho et aL / Talanta 42 (1995) 2021-2026 

[14] Z. Marczenko, Separation and Spectrophotometric 
Determination of Elements, Ellis Horwood, 
Chichester, 1986. 

[15] F. Eivazi, J.L. Sims and J. Crutchfield, Comm. Soil 
Sci., Plant Anal., 13 (1982) 135. 

[16] H.J.M. Bowen, Trace Elements in Biochemistry, Aca- 
demic Press, London, 1966, pp. 61-84. 

[17] J. Laporte, G. Kovacsik and J. Bellanger, Vegetable 
Matter, in M. Pinta (Ed.), Atomic Absorption Spec- 
trometry, Adam Hilger, London, 1975, pp. 240-275. 

[18] Committee on Biological Effects of Atmospheric Pol- 
lutants, Chromium, National Academy of Sciences, 
Washington D.C., 1974. 

[19] B.F. Quin and P.H. Woods, Analyst, 104 (1979) 552. 



t , ~ B - ~ z -  "~7 r-v-W'Bqq 

, . , . :  , . ~ ,  -; :~ - ; : ,  

I I I  
E L S E V I E R  Talanta 42 (1995) 2027-2032 

Talanta 

New aspects of the reaction of silver(I) cations with the 
ethylenediaminetetraacetate ion 

Luciana Saran, Eder Cavalheiro, Eduardo Almeida Neves * 
Departamento de Quimica, Universidade Federal de S~o Carlos, Cx. Post. 676, CEP 13.565-905, S~o Carlos, Brazil 

Received 3 April 1995; revised 17 July 1995; accepted 17 July 1995 

Abstract 

The highly neutralized ethylenediaminetetraacetate (EDTA) titrant (95-99% as y 4 -  anion) precipitates 
with Ag + cations to form the Ag4Y species, in aqueous medium, which is well characterized from 
conductometric titration, thermal analysis and potentiometric titration of the silver content of the solid. The 
precipitate dissolves in excess y 4 -  to form a complex, AgY 3-  . Equilibrium studies at 25°C and ionic 
strength 0.50 M (NaNO3) have shown from solubility and potentiometric measurements that the form- 
ation constant (95% confidence level) f l l=( l .93_+0.07)  x 105M -~ and the solubility products are 
Ks0 = [Ag + ]4[y4- ] = (9.0 _+ 0.4) x 10- ~s M 5 and Ks~ = [Ag + ]3[Agy3- ] = (1.74 _+ 0.08) x 10- 12 M 4. The 
presence of Na +, rather than ionic strength, markedly affects the equilibrium; the data at ionic strength 
0.10 M are: fll = (1.19 _+ 0.03) x l06 M -  1, Ks0 = (1.6 _+ 0.4) x 10-19 M 5 and Ksl = (1.9 _+ 0.5) x 10-13 M4; 
at ionic strength tending to zero; f l l = ( 1 . 8 2 _ 0 . 0 5 )  x 107M - I ,  Ks0 = (2.6 _+ 0.8) x 10-22M 5 and 
Ks~ = (5 _+ l) x l0 -~5 M 4. The intrinsic solubility is 2.03 mM silver (I) in 0.50 M NaNO 3. Well-defined 
potentiometric titration curves can be taken in the range 1-2 mM with the Ag indicator electrode. Thermal 
analysis revealed from differential scanning calorimetry a sharp exothermic peak at 142°C; thermal 
gravimetry/differential thermal gravimetry has shown mass loss due to silver formation and a brown residue, 
a water-soluble polymeric acid (decomposition range 135-157°C), tending to pure silver at 600°C, consistent 
with the original Ag4Y salt. 

Keywords: Silver(I); EDTA; Differential thermal analysis; Differential scanning calorimetry 

1. Introduction 

Ethy lened iamine te t r aace t a t e  ( E D T A )  (H4Y 
and  y 4 -  ion),  e thy lened iamine te t raace t i c  acid 
and  re la ted  c o m p o u n d s  (complexones)  const i -  
tute  a class o f  p o l y c o o r d i n a t e  l igands  which 
have i m p o r t a n t  ana ly t ica l  uses [1 -3]  due  to 
their  f o r m a t i o n  o f  s t rong  complexes  with a l ' l  
r a t io  o f  l igand :meta l  ca t ion  in complexome t r i c  
t i t ra t ions .  

Direc t  t i t r a t ion  o f  A g  + with E D T A  using a 
conven t iona l  buffer and  a co lo r imet r i c  indica-  
tor  has  never  been cons idered  due  to a rela-  
t ively low fl~ f o r m a t i o n  cons tan t ,  as de-  

* Corresponding author. Fax: (55) 74-8350. 

t e rmined  by  Schwarzenbach  [4] to  be o f  the 
o rde r  o f  107 M -a [1-5] ,  a value  tha t  decreases  
to a smal ler  cond i t iona l  cons tan t  fl'l in a 
buffered medium.  One indirect  t i t r a t ion  has  
been p r o p o s e d  th rough  reac t ion  o f  A g  + o r  
AgC1 with the [Ni(CN)4] 2 -  an ion  to fo rm 
[Ag(CN)2 ] -  and  release o f  an equivalent  Ni  2 +,  
able  to be t i t ra ted  with E D T A  [6,7]. 

In  a recent  art icle [8] new possibi l i t ies  for  
complexomet r i c  t i t ra t ions  were p r o p o s e d  on  
the basis  o f  using complexones  at  high 0t 0 con-  
di t ions,  i.e. at  a highly neut ra l ized  species wi th  
the active fo rm y 4 -  which guaran tees  a full 
complex ing  power  for  the complexone .  The  
t i t r a t ion  o f  M g  2 + and  o the r  d iva len t  ca t ions  
wi th  E D T A  can be fo l lowed po ten t iomet r i ca l ly  

SSDI  0039-9140(95)01692-9 
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with the glass electrode or the end point 
found by phenolphthalein, due to a pH jump 
caused by the hydrolysis of  the y 4 -  anion [8]. 

Because of  the full complexing power of  
EDTA under this high 0to condition [8] the 
EDTA/Ag + reaction deserves to be better 
studied. As part of  this subject equilibrium 
aspects of this reaction and thermoanalyticai 
data are herein described. 

2. Experimental 

2.1. Chemicals and solutions 

All chemicals (mostly Merck) were of  A.R. 
specification. 

A standard 0.05 M EDTA solution ex- 
pressed in active [ y 4 - ]  titre (99% neutralized) 
was prepared from reaction of  NaOH solution 
with the Na2H2Y. 2H20 salt, as formerly de- 
scribed [8]. This EDTA salt was properly neu- 
tralized with standard NaOH to prepare 
buffers with the desired [HY 3 - ] / [ y 4 - ]  ratio. 

Standard NaCI solution was used to stan- 
dardize 0.1 M AgNO3 potentiometrically. 
Other solutions containing NaNO 3 for ionic 
strength adjustments and KI for Ag + titration 
at the millimeter level were prepared by 
weighing the dry solid directly without further 
standardization. 

The Ag4Y solid phase was prepared by re- 
action of  at least 50 ml of  the 0.05 M EDTA, 
y 4 - ,  with a volume of  0.1 M AgNO3 in slight 
excess with regard to the sroichiometric 
amount (4.01:1) added rapidly at room tem- 
perature and in diffuse light. After 10 min the 
suspension was filtered, washed with small 
volumes of  cold water and finally with 
ethanol. The solid was then vacuum dried and 
kept in darkness. 

2.2. Thermal analysis 

Thermogravimetry (TG) analysis and differ- 
ential thermogravimetry (DTG) analysis were 
performed with a DuPont  TA-951 module 
joined to a DuPont  9900 thermoanalyzer sys- 
tem. The calorimetric analysis (differential 
scanning calorimetry, DSC) was performed 
with a DuPont  DSC-910 module. All tech- 
niques were computer controlled. 

Weighed samples (5-7  mg) were placed in a 
platinum crucible (for TG) or in an aluminum 
crucible with a cover (for DSC) under pure 
dinitrogen at 100 ml min -  t. 

2.3. Equilibria and electrochemical 
measurements  

All equilibrium data were obtained at 
25 _+ 0.1°C. 

Potentiometric measurements with scale res- 
olution _+ 0.1 mV were performed with a Mi- 
cronal B 375pH meter. A borax buffer 
(pH 9.18) was used to calibrate the glass elec- 
trode for measurements in alkaline EDTA 
buffers for pK' determination. 

A 1 cm silver wire was used in the potentio- 
metric titrations and other potentiometric 
measurements in a cell with silver chloride 
reference electrode (see Results and discussion 
section). The 0.50 M NaNO3 salt bridge was a 
gel with 3% agar-agar .  All working solutions 
were previously bubbled with dinitrogen. 

The conductometric titration was performed 
with a Micronal B330 instrument in the re- 
gion of 2000 I~S, with about 0.2% resolution. 
The cell with two platinized electrodes con- 
tained 10.30ml of  0.1004 M silver nitrate so- 
lution which was titrated with 0.04894M 
EDTA ( y 4 - )  at 25°C. Volume corrections 
were applied to the measured conductometric 
data. 

In order to characterize the composition of  
the silver editate at least three dried samples 
of  about 0.3 g were titrated potentiometrically 
with standard 0.1 M NaCI in the presence of  
2 - 3  ml of  10% nitric acid in order to avoid 
interference of  the ligand. 

Saturated solutions of  Ag, Y were obtained 
by treating about 0.1 g of  the solid with vol- 
umes of  the electrolyte (40 ml) with efficient 
magnetic stirring for at least 12 min. Satura- 
tion occurs in 5-10  min but long contact with 
aqueous medium causes slow hydrolysis of  the 
precipitate within hours. The excess of  solid 
of  the recently saturated solution was sepa- 
rated by filtration and an aliquot of 20.00 ml 
was treated with 1 ml 10% nitric acid and 
titrated with 2 .00mM KI, potentiometrically, 
in order to determine the total silver(I) from 
the intrinsic solubility. The measured pH of  
the recently saturated solutions was close to 
seven. 

Data treatment was computer assisted 
through QuickBASIC programs and the 
O RG IN  graphic system (MicrosoftTM). All 
deviations attributed to experimental data 
were taken at 95% confidence level (Student t 
test). 
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3. Results and discussion 

3.1. Formation o f  Ag 4 Y 

Fig. 1 shows the titration of Ag + with 
EDTA (99% as y 4 - )  followed potentiometri- 
cally with a silver wire as indicator electrode. 
The potentiometric curve is assymetrical and 
distorted due to formation of a white precipi- 
tate which dissolves during the course of the 
titration towards a not well-defined end point 
but close to a 1:1 ratio of [Y4-]/[Ag+]. 

A reverse titration of 2.0 mM EDTA with a 
0.1 M Ag ÷ showed in the initial part a sharp 
potential jump consistent with a 1:1 ratio of the 
reactants (Fig. 2), followed by a discontinuity 
in the upper region of the curve, exactly at the 
point where precipitation takes place. After 
this point the AgY 3- species is being converted 
to the Ag4Y precipitate and a second less well- 
defined potentiometric jump is attained. This 
second inflection point is close to a 4:1 ratio of  
[Ag+]/[Y4-], as inferred from a derivative 
curve taken in this second region. 

The conductometric titration of Ag + with 
EDTA ( y 4 - )  has shown a well-defined first 
step consistent with the precipitation of Ag4Y 
(Fig. 3). Conductance increases with the disso- 
lution of the precipitate in the titrant EDTA to 
form only AgY 3- ,  as inferred from a second 
stoichiometric point, although less well-defined. 

Preparation of the solid phase was per- 
formed only in cold solutions (see Experimen- 
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Fig. 2. Potentiometric titration curve of 25.00ml of 
2.000raM free EDTA (99% neutralized) with 0.1000M 
AgNO3 with a silver indicator electrode. First stoichiomet- 
ric point consistent with AgY 3- formation. 

tal section). Attempts to use hot solutions or 
homogeneous precipitation always lead to hy- 
drolysis of Ag ÷ and parallel reduction to pro- 
duce a metal mirror. Potentiometric titrations 
of a dry sample with standard chloride solution 
to precipitate AgC1, in acidic medium to proto- 
nate the ligand, confirmed the composition of  
the precipitate to be Ag, Y, within 99.9%. 
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Fig. 1. Potentiometric titration curve of 10.03ml of 
0.1010 M AgNO~ with 0.05010 M free EDTA (99% neu- 
tralized) with a silver indicator electrode. 
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Fig. 3. Conductometric titration of 10.03 ml of 0.1004 M 
AgNO~ with 0.05010 M free EDTA (99% neutralized) indi- 
cating the formation of a Ag4Y precipitate (first stoichio- 
metric point) and AgY 3- complex (second stoichiometric 
point). 
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Table 1 
Data from homogeneous and heterogeneous equilibrium studies at 25"C 

1 (M) C^g (M) flAsV' - ( M - ' )  Kso (M 5) Ks~ (M 4) 

5.0x 10 -4 (4.60_0.14) x 10 -4 ( I . 8 2 _ 0 . 0 5 ) ×  10 v (2.6+0.8)  x 10 -22 (5::k 1) x 10 -15 
1.0x 10 - I  (1.16+0.03) x 10 -3 (1.19 +0.03) x 106 (1.6__.0.4) x l0 -19 (1.9+0.5)  x 10 -j~ 
5 .0x 10 - I  (2.03 +0.02) x 10 -3 (1.93 +__0.07) x 105 (9.0+0.4)  x 10 - i s  (1.74 +0.08) x 10 -12 

CAg is the silver(I) concentration in the saturated solution of Ag4Y. 

3.2. Equilibrium studies in homogeneous 
solutions 

Potentiometric titration of the 2 mM Ag ÷ 
cations with EDTA was initially performed in 
0.50 M NaNO 3 medium, defining the following 
cell, virtually free from junction potentials: 

gether with data obtained for the heteroge- 
neous equilibrium (see next topic). A marked 
increase in fl~ is observed at lower ionic 
strength (about 0.0005 M), tending to the old 
value referred to in the literature [1-5]. The 
sodium cation has a marked effect on the equi- 
libria, rather than the ionic strength, due to a 

AgIAgCI, 0.10 M NaCI, 0.40 M NaNO3:0.50 M NaNO3: [Ag ÷] = 2.00 mM, 0.50 M NaNO31Ag 
(Reference electrode) (Salt bridge) (Working solution, 20.00 ml) 

This cell presents the following Nernst equa- 
tion at 25.0-1-0.1°C in non-complexing 
medium, for a conditional potential E ° ' =  
0.4721 V: 

Es = 0.4721 + 0.05916 log[Ag +] (1) 

The EDTA solution used to titrate the work- 
ing solution had the following composition: 
[y4-] = 0.1250 M, [HY 3-] = 1.25 x 10 -3 M 
and [Na ÷] = 0.50 M. This solution has an ionic 
strength greater than 0.5 M, due to the pres- 
ence of a quadruply-charged anion. However, 
this parameter was revealed to be not so im- 
portant as the sodium concentration, which 
remains constant in the titration. 

By addition of the titrant solution to the 
[Ag+]/Ag compartment the initial potential 
changes from Es in non-complexing medium to 
a lower Ex value in complexing medium, defin- 
ing a potentiometric curve. Volume corrections 
were considered and variable E °' data were 
calculated from the corresponding Ex value and 
total silver(I) concentration value, CAg, beyond 
the stoichiometric point in order to calculate 
the [Ag ÷] value at equilibrium from the Nernst 
equation (1) above. The free ligand concentra- 
tion [y4-] was calculated by discounting the 
silver(I) concentration used to form AgY 3- 
and also correcting the small decrease caused 
by ligand hydrolysis. The ratio of [Agy3-]/ 
[Ag+][Y 4-] gives the fll formation constant. 
Seven values were obtained, and the average fl~ 
was (1.93 __+ 0.07) x 105 M -~. Table 1 shows the 
results obtained at three ionic strengths to- 

non-negligible interaction of Na + with the 
highly charged y 4 -  anion. The titration per- 
formed at lower ionic strength could not be 
performed at constant [Na ÷] and the forma- 
tion constant changes with the volume of the 
titrant, 0.125 M in [y4-], requiring extrapola- 
tion procedures to the initial condition. 

The ligand hydrolysis 

y4 - + H20 .., Hy3 - + OH-  

was used to make small corrections to y 4 -  
concentrations during the titration of the work- 
ing solutions, by using a conditional pK' 
(mixed ionization constant of concentrations 
ratio and an + ) value calculated from the buffer 
equation 

pK~ = pH + iog([HY 3 -]/[y4 -1) (2) 

The concentration of both forms was 
5.00mM at two electrolyte concentrations: 
NaNO3 0.50M and NaNO3 0.10M; EDTA 
buffer only at 0.005 M and 0.00050 M. The 
pK~ values are respectively 9.04, 9.58, 10.11 
and 10.84; the pK~, values referred to the conju- 
gated basis, used to calculate the hydrolysis, 
are respectively 4.96, 4.42, 3.89 and 3.16. 

3.3. Heterogeneous equilibria 

More information was obtained for the in- 
trinsic solubility of the solid phase Ag4Y from 
0.50 M NaNO3 in distilled water. The low solu- 
bility of silver iodide (solubility product 
10-'7 M 2) was adequate for the precise deter- 
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mination of  the total silver(I) molar concentra- 
tion, CAg, in the saturated solutions, as very 
sharp potentiometric titration curves with io- 
dide solution were obtained at the millimolar 
concentration level. Some dilute nitric acid is 
added to protonate the ligand and avoid any 
interference during the titration. 

On the basis of  the composition of  the solid 
phase and the high tendency to form the 1:1 
complex the following mass balances can be 
applied for the saturated solution, analyzed for 
the total silver content CAg, and its relation 
with the total EDTA, Cv and ionic species: 

CAg = 4Cy .'. Cy = CAg/4  (3) 

Cy = [y4 - ] + [AgY3 - ] _ [AgY3 - ] 

as [Y' - ] << [AgY 3 - ] (4) 

CAg = [Ag "q- ] "Jr [AgY 3 - ] 

. ' . [Ag+]  = [ C A ~ - [ A g Y 3 - ] =  CA~-- Cy (5) 

The [Ag ÷] and [AgY 3-  ] values can be calcu- 
lated from the mass balance and the smaller 
[ y 4 - ]  concentration can be obtained as fol- 
lows: 

[y4 - ] = [Agy3 - ]/[,B, [Ag + ] (6) 

This [ y 4 - ]  data completes the concentration 
values necessary to calculate the two solubility 
products: 

Ag4y=~4Ag+ + y 4 -  

Ag4Y=>3Ag + + AgY 3 - 

Kso = [Ag+]4[Y 4 - ] 
(7) 

Ks, = [Ag+]3[AgY 3 - ] 
(8) 

with ethylenediamine [9] which is of  the order 
of 10 6 M - ' .  The affinity with the carboxylic 
group, as shown in acetate complex [10], is very 
small in comparison with the amine one. How- 
ever, some increase in affinity of EDTA with 
Ag +, in aqueous medium, with regard to the 
ethylenediamine complex, can be attributed to 
another five-membered ring formation of one 
of  the three acetate groups with the Ag + 
bound to the bicoordinative amine site, neu- 
tralizing one positive charge. On this basis only 
one Ag + is effectively coordinated to three 
ligands of  EDTA in solution. In the solid phase 
the three other cations should probably neu- 
tralize the negative charge of the AgY 3- a n i o n  

in the crystal lattice. 
The Na + cation is known to interact to some 

extent with EDTA to form a complex or ion 
pair for which fl, is 4.6 x 10' M - '  [11]. This 
can explain the marked effect on the magnitude 
of  the conditional stability constants of  the 
silver(I)/EDTA system (homogeneous and het- 
erogeneous equilibrium) in the presence of  the 
background electrolyte, NaNO3, rather than 
being attributed to the increase in ionic 
strength. This means that the presence of  Na + 
cations decreases the complexing power of  
EDTA. 

The analytical possibilities of  the reaction 
are limited by the formation of  the Ag4Y 
precipitate. However, concentrations below the 
intrinsic solubility provide well-defined poten- 
tiometric curves for silver(I) concentrations in 
the range 1-2 mM by titrating with the highly 
neutralized EDTA. 

Table 1 also shows the results of  these two 
heterogeneous equilibrium at three experimen- 
tal conditions. The intrinsic solubility of  the 
solid phase as well as the solubility products 
suffer marked change with the presence of  the ~oo 
electrolyte. 

All data in Table 1 show deviations at a 95% so 
confidence level, from application of  the Stu- ~ 6o~ 
dent t test. =: 

The reaction of  EDTA anions with Ag + ~ ,w- 
followed a different behaviour with regard to a 
large number of  studied cations, as precipita- eo 
tion takes place. This became evident during 
the particular condition of  using the tetra- o 
neutralized ligand with predominance of  the 
y 4 -  anion. 

The stability constant (fit, at very low ionic 
strength) for the normal l:l  complex was 
found to be higher than that of  the Ag + cation 

3" 
I 

TEMPERA TURE (eC) 

Fig. 4. TG and DTG thermodiagrarns with 7.00 mg of 
AMY, indicating a decomposition range of 135-1570C. 
Fina| m a s s  loss of 40.15% at 600°C is consistent with a 
pure silver residue. 

T~ 4Zs I t .#  
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3.4. Thermoanalytical data 

Fig. 4 shows a thermogravimetric diagram 
taken with a 6.921 mg sample. It shows a sud- 
den mass loss of 27.2% at 157°C. After 185°C 
the mass loss continues slowly towards 600°C. 
The final residue of 4.143 mg is 59.86% of the 
initial mass and is consistent with the pure 
silver residue from the thermal decomposition 
of Ag4Y (the theoretical value is 59.95%). 

A thermal decomposition of about 1 g of the 
Ag4Y solid was performed at 162°C under 
nitrogen in order to obtain some data about 
the nature of the calcinated residue at this 
intermediate temperature. The aqueous extract 
revealed partial solubility of the residue giving 
a brown acidic solution. This solution does not 
precipitate with chloride ions, which excludes 
the presence of Ag ÷ cations. The extract with 
diluted nitric acid (0.1 M) presented the same 
brown color and no precipitation with chloride 
ions; this excludes the presence of basic species 
of silver such as Ag20 or Ag2CO3 in the calci- 
hated solid. The residue from the aqueous ex- 
tract dissolves in concentrated nitric acid with 
nitrous oxide evolution; its diluted solution 
gave extensive precipitation with chloride ions 
showing that the calcinated residue contains 
metallic silver. 

Another sample of the calcinated residue 
(0.0593 g) was suspended in 25 ml of distilled 
water and gave a pH of 3.74. The potentiomet- 
ric titration of the suspension with 0.01 M 
NaOH showed a well-defined potentiometric 
curve with only one equivalent point of 
pH 7.49. Calculations from the titration data 
showed that the soluble brown fraction (pos- 
sibly a polymeric product) contains an acid 
group with p K =  3.9 and 1.9 x 10 -4 equiva- 
lents of H ÷ per gram of the solid residue from 
calcination at 162°C. 

Fig. 5 shows an interesting result obtained 
from the DSC diagram, as a very sharp 
exothermic peak was found at 141.9°C either in 
nitrogen or air atmosphere. No endothermic 
peak characteristic of dehydration or fusion 
was evident. The peak integration leads to a 
value of - l 1 5 . 5 J g  -~, a result that shows a 
sudden decomposition of Ag4Y, without fu- 
sion. A DSC diagram for the acid form HaY 
also gave a sharp but endothermic peak, at 
255.9"C, corresponding to + 5 9 4 . 7 J g  -~. It 
should be mentioned that some differential 

7'-  

5" 

k 
0 

1- 

142,9~ 

O /Or9 ~ J t ~  400  5,00 

TEMPERATURE (°C) 

Fig. 5. DSC therrnodiagram with 4.80 mg of AgaY, show- 
ing a sharp exothermic peak at 142"C. Integration leads to 
- A H =  - l l 5 . 5 J g  -I .  

thermal analysis diagrams for the EDTA 
chelates of lanthanides [12] and some divalent 
metal cations [13] show less sharp decomposi- 
tion peaks, some of them exothermic. 
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Abstract 

Two trends of sample dispersion variation with carrier flow rate in a single flow-injection manifold are 
completely revealed for the first time and an inflection point in the dispersion coefficient (D) vs. flow rate 
(q) curve is discovered. With the increase of the flow rate, the value of D increases before the inflection point 
but decreases after the inflection point. The value of the carrier flow rate at the inflection point (qm) is 
independent of the sample injection volume, the tube length, the tube coil radius and the tube inner 
diameter. It is only affected by the substance diffusion coefficient (Din) of the analysis. The value of qm 
decreases as Dm increases. Therefore, the value of Dm for a sample can be estimated according to the Dm vs. 
qm curve, 

Keywords: Sample dispersion variation; Carrier flow rate; Flow-injection manifold 

1. Introduction 

In the flow injection analysis (FIA), the dis- 
persion coefficient (D) is defined as D = C°/C, 
i.e. as the ratio of  the concentrations before and 
after the dispersion process has taken place in 
the individual elements of  fluid. I f  a readout is 
taken of  C = C max, i.e. the element correspond- 
ing to the maximum on the output  curves, then 
D = C ° / C  m"x. Since the dispersion coefficient 
represents the degree of  dilution of  the sample, 
the value of  D directly affects the sensitivity of  
any flow injection assay. Therefore, the study of  
the sample dispersion coefficient is very impor- 
tant in basic FIA research. 

It is well known in FIA that the factors 
predominantly affecting the sample dispersion 
are the sample injection volume (Vi.j), the tube 
length (L) and inner diameter (d), the tube coil 

* Corresponding author. 

radius (Re), the carrier flow rate (q), the diffu- 
sion coefficient of  the analyte (Din) and temper- 
ature. The originators of  FIA, Ruzicka and 
Hansen [1], determined that the value of  D 
decreases with decreasing flow rate in a single 
flow injection manifold. However, Li and 
Narusawa [2] demonstrated in their experi- 
ments that the value of  D gradually increases 
with a decrease in flow rate. Gomez-Nieto 
et al. [3] gave an empirical formula, D =  
2.342L°'167q-°'2°6d°'495, which indicates that D is 
inversely proportional  to the flow rate. Thus, 
there are two completely different opinions. Up 
until now, no satisfactory explanation has been 
given for this. 

Since flow rate is an important  factor which 
affects the dispersion coefficient, this paper  will 
investigate and experimentally test these two 
opinions and try to offer a reasonable explana- 
tion, which it is hoped will be instructive to 
experimentalists who wish to design flow injec- 
tion systems. 

SSDI 0039-9140(95)01693-7 
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S 
p 

P 

Fig. 1. Manifold for the single flow injection system: P, 
peristaltic pump; I, injection value; TC, tube coil (made of 
PTFE); D, detector (with a flow cell of 18 I11 and 10mm 
pathlength); S, sample; C, carrier; W, waste. 

2.3. Procedure 

The manifold of  the single channel FIA sys- 
tem used is shown in Fig. I. As can be seen from 
Fig. 1, after the sample is injected it is forwarded 
by the carrier to pass through a certain length 
of  coiled tube and eventually to the spectropho- 
tometric detector. For  different values of  V~,j, L, 
Pc, d and Din, the effect of  flow rate on sample 
dispersion is observed. 

2. Experimental 

2. I. Reagents 

Aqueous solutions of  1.59 × l0  -2 M 
Cu(NHa) 2+ in 1.0 M ammonia and 1.0 M am- 
monia were mainly used as sample and carrier 
respectively. The sample solution was prepared 
by dissolving 0.400 g CuSO4 • 5 H 2 0  in 100 ml of  
1.0 M ammonia. Other colored inorganic chem- 
icals such as K3 Fe(CN)6 and K2Cr20 7 were also 
used as samples. 

All reagents used were of  analytical reagent 
grade and were obtained from Peking Chemical 
Works, Peking, China. All solutions were pre- 
pared with distilled water. 

2.2. Apparatus 

An FIA-91 flow injection analyzer (made in 
Shanghai No. 3 Analytical Instrument Factory) 
was used. This is an integrated instrument which 
consists of  two four-channel peristaltic pumps, 
a 16-port valve, a grating spectrophotometric 
detector, a Laser PP40 X - Y  printer plotter and 
a microcomputer system. Program control and 
data processing are conducted automatically by 
the microcomputer system. 

3. Results and discussion 

3. I. Effect of  flow rate on dispersion coefficient 
with different injection volumes 

In these experiments, an aqueous solution of  
1.59 x 1 0 - 2 M  Cu(NH3) 2+ in 1.0 M ammonia 
as spiked sample and an aqueous solution of  
1.0 M ammonia as carrier were used. Selected 
results are listed in Table 1 and a group of  D vs. 
q curves are shown in Fig. 2. The correlations 
between residence time (Tr) and flow rate are 
listed in Table 2. From Table 1 it can be seen 
that the residence time increases with increasing 
injection volume (Vinj) while the dispersion co- 
efficient decreases. For  identical values of  Vinj, 
Tr decreases with increasing flow rate. 

From Fig. 2 it is obvious that there is an in- 
flection point (where dD/dq = 0) in the D vs. q 
curve. With increasing flow rate the value of  D 
increases before this point but decreases after 
this point. The value of  q at the inflection point 
(qm) is independent of  the injection volume. 

In a single F IA system, T r decreases as q 
increases. Ruzicka and Hansen [4] have given a 
theoretical formula, D = 2qT~/2t~/2/Wore(d~2) 2, 
where ti is the mean residence time and W0 is 

Table 1 
Experimental data obtained for the determination of Cu(NH.042+ dispersion 

q (ml min -]) Vi.j Oil) 

40 80 120 160 180 

Tr (s) D T r (s) D Tr (s) D T r (s) D T~ (s) D 

1.22 41.44 4.02 42.38 2.36 44.06 1.79 45.50 1.53 47.02 1.38 
1.53 33.62 4.14 34.37 2.43 35.71 1.83 36.89 1.55 37.91 1.39 
2.48 21.72 4.67 22.22 2.64 23.00 1.93 23.60 1.62 24.40 1.43 
3.23 17.60 5.23 18.06 2.94 18.50 2.13 19.28 1.76 20.28 1.56 
4.29 12.66 4.89 13.20 2.82 13.62 2.00 14.02 1.70 14.10 1.48 
5.45 10.16 4.20 10.43 2.53 10.86 1.89 I 1.16 1.57 I 1.48 1.40 
7.14 7.56 3.71 7.86 2.26 8.19 1.78 8.34 1.57 8.38 1.40 
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Fig. 2. The D vs. q curves with various injection volumes 
(tube: L = 233 cm; d = 0.5 ram; R~ = 1.0 era). 

Table 2 
The equations of  lg T r = a lg q + b (r = correlation co- 
efficient) 

Vi. ] (pl) Before inflection point After inflection point 

a r a r 

40 --0.886 --0.9996 - 1.052 -0 .9978  
80 --0.884 --0.9995 --1.042 -0 .9940  

120 - 0 . 8 9 6  --0.9998 -1 .021  --0.9993 
160 -0 .891  --0.9993 - 1.047 --0.9989 
200 - 0 . 8 7 9  -0 .9985  --1.091 -0 .9941 

independent of  q and t. It is known that 
ti= kL/q (k = constant). Thus, D +f(qT,) I/2 
Or= constant). If Tr =fq-I Or= constant), the 
two effects, with the inverse changes of  Tr and 
q on the dispersion coefficient, can offset each 
other. However, Table 2 shows that 
Tr =fq-OSS6 Or= constant, a . . . .  = -0 .886)  be- 
fore the inflection point. This means that T, 
decreases more slowly with increasing flow rate 
than is to be expected. The relative longer T, 
time makes D increase with the increase in flow 
rate. However, after the inflection point, 
T, =fq-1°51 Or= constant, a . . . .  = -1 .051)  
which means that T, decreases more quickly 
with increasing flow rate than expected. The 
relative shorter Tr time makes D decrease with 
the increase in flow rate. Treating the data in 
the paper of  Li and Narusawa [2] statistically, 
we obtained T~ =fq- i.ol8 Or= constant, 

r = -0.9991).  From Gomez-Nieto et al. [3] we 
can show that the relationship between Tr and 
q is Tr =fq-1022 ( f =  constant, r = -0 .9993)  
when d = 0 . 3 5  mm and L =  104cm or when 
d =  0.5 mm and L = 154cm. The indices of  q 
are both smaller than - 1 . 0  while these two 
papers have the same conclusion, i.e. that D 
gradually decreases as q increases. 

Thus, it is clear that the view of  Ruzicka and 
Hansen [4] coincides with the part before the 
inflection point while of  view of  Li and 
Narusawa [2] coincides with the part after the 
inflection point in this experiment. Therefore, 
this experiment has clearly revealed the two 
trends of  sample dispersion variation with flow 
rate. 
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Fig. 3. The 
(V~,j = 80 pl; 
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D vs. q curves with various tube lengths 
tube: d :  0.5 mm;  R c = 1.0 cm). 

2 
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q ( m l / m l n )  

Fig. 4. The D vs. q curves with various tube coil radii 
(Vi , j=  80pl,  tube: L = 2 3 3 c m ;  d = 0 . 5 m m ) .  R~ (cm): (I), 
0.5; (2), 1.0; (3), 1.5; (4), 2.0; (5), 2.5. 
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Fig. 5. The  D vs. q curves  wi th  var ious  tube  inner  d iame-  

ters (Vmj = 80 p,I, tube: L = 233 cm; R c = 1.0 cm). 

3.2. Effect o f  tube length (L) on the D vs. q 
curl)e 

The effect of  tube length on the correlation 
between D and q was examined in the range 
40-293 cm. Using the same sample and car- 
rier as before, the injection volume was fixed 
at Vim = 80 pl. The results obtained are shown 
in Fig. 3 which indicates that the value of D 
increases as L increases at the same flow rate. 
This is because of  longer dispersion times 
caused by longer tube lengths. According to 
Fig. 3, it is evident that there is an inflection 
point in the D vs. q curve at different tube 
lengths and the value of  qm is constant even as 
the tube length changes. 

3.3. Effect o f  tube coil radius on the D vs. q 
curve 

To test the effect of  tube coil radius (Re), 
tube coils of  various radii were used. Using 
the same sample and carrier as before, the 
FIA system was fixed at Vmj= 80pl, tube 
length L = 233 cm. From the results shown in 
Fig. 4, it is obvious that the value of  D in- 
creases as the tube coil radius decreases. The 
results also indicated that there is a inflection 
point and that the value of  qm remains the 
same as the tube coil radius varies. 

3.4. Effect o f  tube inner diameter on the D vs. 
q curve 

The effect of  tube inner diameter was inves- 

tigated by using different inner diameter tubes. 
The same sample and carrier as before were 
used and the injection volume was fixed at 
Vmj= 80pl while the tube length was 
L = 233 cm. From the results shown in Fig. 
5 it can be seen that D increases as d in- 
creases which is identical to former conclu- 
sions. The value of  qr, remains the same as d 
varies. 

3.5. Effect o f  the analyte coefficient on the D 
vs. q curve 

To test the effect of  Din, various samples 
and their corresponding carriers as listed in 
Table 3 were used. The flow injection mani- 
fold was fixed at Vim = 80 pl, L = 233 cm and 
d =  0.5 mm. The experimental temperature 
was about 25 °C. The results are shown in 
Fig. 6. 

From Fig. 6 it is obvious that the value of  
qm decreases while Dm increases and that D 
increases with increasing D m while the flow 
rate is constant. 

It is well known that in a single channel 
FIA system, the sample dispersion during the 
flow towards the detector is composed of  two 
parts: one is the convection dispersion which 
is caused by the flow of  the carrier and is 
directly proportional to the value of  the flow 
rate; the other is the diffusion dispersion 
which is caused by the diffusion of the analyte 
and is directly proportional to the diffusion 
coefficient of  the analyte. When Vmj, L, Rc, d 
and q are kept constant,  the convection dis- 
persion part remains constant. Therefore, 
higher dispersion can be obtained because of  
increased diffusion dispersion of the analyte, 
i.e. the value of  D increases. 

It has been shown that before the inflection 
point, the dispersion increases because of the 
increase in q and the relatively slower decrease 
of  Tr. However, the diffusion dispersion part 
decreases more quickly for the larger Dm value 
of  the analyte as T, decreases. Therefore, the 
value of  qm is smaller when the Dm value of 
the analyte is larger (Fig. 7). 

4. Conclusions 

The experiments in this paper revealed the 
law of  the variation of  sample dispersion co- 
efficient with carrier flow rate in single coiled 
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Table 3 
Samples and carriers used to test the effect of analyte diffusion coefficient on the D vs. q curve (temperature = 25 °C) 

Sample Carrier Diffusion coefficient 
(xl0-Scm2s -~) 

4.56 x 10 -3 M K3Fe(CN)6 in 1.0 M NaOH a 
2.47 x 10 -2 M CuSO4 in 0.2 M H2SO4 b 
4.56 x l0 -3 M K3Fe(CN)6 in 1.0 M KCP 
4.56 x 10 -3 M K3Fe(CN)6 c 
6.80 x l0 -4 M K2Cr207 c 

!.0 M NaOH 0.45 
0.2 M H2SO 4 0.57 
1.0 M KCI 0.76 
H20 0.96 
H20 1.24 

" Ref. [5]. b Ref. [6]. c Ref. [7]. 

3 . 0 0  - -  

2 . 8 0  - -  

2 . 6 0  - -  

t-~ 2 . 4 0 -  

2.20 

2 . 0 0  - -  

1 . 8 0  

0.0o 

5 

4 

3 

2 

1 

l . I  I I s I I [ 
2 . 0 0  4 . 0 0  6 . 0 0  8 . 0 0  

q(mJ/mi.) 
Fig. 6. The D vs. q curves with various analyte diffusion coefficients (V~,j = 80 ~tl, tube: L---233 cm; d=0.5 ram; 
P~= 1.0 cm). Dm (x 10-5 cm2 s-~: (i), 0.45; (2), 0.57; (3), 0.76; (4), 0.96; (5), 1.24. 

tube channel  F I A  systems and  yield the fol- 
lowing guidelines which should be useful to 
experimentalists  who wish to design F I A  sys- 
tems. 

(1) There  is an inflection point  (where d D /  
dq = 0) in the D vs. q curve. 

(2) Wi th  the increase in the flow rate, the 
value of  D increases before the inflection point  
and  decreases after this point .  

(3) The value of q at the inflection poin t  
is independent  of  the sample inject ion vol- 
ume, the tube length, the tube  coil radius and  

the inner  diameter  o f  the tube. It is only 
affected by the diffusion coefficient of  the 
analyte.  

(4) The value of qm decreases while Dm in- 
creases. According to the qn, VS. Dm curve, the 
D,, value of  an u n k n o w n  analyte can be 
roughly estimated. Fur the r  work on the deter- 
mina t ion  of Dm is now in progress. 
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Abstract 

1,2-Bis methyl (2-aminocyclopentene carbodithioate) ethane is an excellent synthetic carrier for efficient 
and specific transport of Cu(II) ions through a liquid membrane and has the ability to transport Cu(II) ions 
uphill. 

Keywords: Liquid membranes; Copper ion transport; Carbodithioate derivatives 

I. Introduction 

The specific transport of metal ions through 
a membrane is widely known to play an essen- 
tial role in biological processes [1]. Selective 
transport of transition metal ions through liq- 
uid membranes has become increasingly note- 
worthy. So far, a number of carriers for heavy 
metal ions have been reported [2-5], but there 
are a few which can transport then not only 
selectively but also efficiently. Different meth- 
ods for the specific transport of Cu(II) ions 
across a liquid membrane have the drawbacks 
of a slow rate of transport or a lack of high 
selectivity. For example, it has been reported 
[2] that the urea-containing octameric oligomer 
[-CH2CH2N(CONHPh)-]s provided the selec- 
tive passive transport of copper ion through a 
liquid membrane. However, the flux of trans- 
port was small; after 24 h only 37% of total 
copper ion was transported. 

The use of 6-amino-6'-dodecylamino-2,2'- 
bipyridine [3] as a suitable carder for the trans- 
port of Cu(II) through a liquid membrane 
showed that after 20 h 50% of the total Cu(II) 
was transported to the receiving phase. 

* Corresponding author. 

The transport of Cu(II) ion across a liquid 
dichloromethane membrane containing a 
lipophilic dioxycyclam derivative has also been 
reported [5]. The percentage of Cu(II) trans- 
ported after 53.5 h was 65 + 5%. 

It was also reported that N,N'-bis(8- 
quinolyl)glutaramide [6] can selectively and 
effectively transport copper ion (63%) through a 
chloroform membrane after 2 days. A liquid 
membrane system with simultaneous proton 
counter-transport was developed for selective 
solvent extraction of Cu(II) over Ni(II) 
and Co(II), using benzoylacetone as a mobile 
carder [7], but its selectivity has been ques- 
tioned [8]. 

Therefore, the development of effective and 
specific systems for studying the transport of 
metal ions, and in particular Cu(II), is still a 
challenging task from both the practical and 
theoretical viewpoints. 

1,2-Bis methyl (2-aminocyclopentene carbo- 
dithioate)ethane (BMACD) (Fig. 1) has been 
shown to react with Cu(II), and the complex 
mimics the properties of "blue copper(II)" 
proteins and oxidases [10,11]. Here, we report 
that BMACD is an excellent carrier for the 
specific, rapid and uphill transport of Cu(II) 
ions through a liquid membrane, which may 
mimic the characteristics of biological trans- 
port. 

SSDI 0039-9140(95)01694-5 
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2. Experimental 

2.1. Synthesis of the ligand 

The ligand BMACD was synthesized accord- 
ing to the procedure described previously [12]. 

2.2. Transport experiments 

CH2 ~ CH 2 

<, 
x 7  ~ 

C ~ $  S - - C  
t I 
$CH 3 scM~ 

Fig. 1. Molecular structure of  BMACD. 

All the transport experiments were carried 
out at ambient temperature (25°C). The cell 
used for the transport experiments was a cylin- 
drical glass cell (4.0 cm i.d.) holding a glass 
tube (2.0 cm i.d.) which separated two aqueous 
phases. The liquid membrane (30 ml of CH2CI 2 
solution of BMACD, 2.7 x 10-3M) was lo- 
cated at the botton of the glass beaker lying 
below two aqueous phases, and bridging them. 
The aqueous source phase (2.5 ml) contained 
one or several kinds of metal ions out of 
Cu(II), Ni(II), Co(II) and Zn(II) (10-4M) 
buffered at pH 6.5 with ammonium buffer. The 
receiving phase (10ml) contained threonine 
(0.038 M) at pH 1.8 which acts as a "scav- 
enger" for the transported metal. The cell was 
covered with aluminum foil to minimize evapo- 
ration and light exposure. The organic layer 
was magnetically stirred by a Teflon-coated bar 
(27 mm x 5 mm diameter). In the course of the 
transport experiment, samples of both aqueous 
phases were analyzed for metal content by 
atomic absorption spectroscopy (AAS). A simi- 
lar experiment was carried out in the absence 
of carrier ligand for reference. 

2.3. Physical measurements 

pH measurements on the aqueous layers 
were performed by using a combined glass 
electrode with a Coming pH meter 125. AAS 
analyses were performed on a Pye Unicam 
SPQ atomic absorption spectrophotometer. 

3. Results and discussion 

It has been reported before [12] that com- 
plexation between BMACD and Cu(II) occurs 
through deprotonation of the ligand. In prelim° 
inary experiments, the acidity of the receiving 
phase was adjusted with different buffers such 
as citrate, phthalate or sulfuric acid. The re- 
sults are shown in Table 1. However, later, it 
was decided to study the effect of the presence 
of different amino acids in the receiving phase 
as scavenger for the metal ion (Table 2). The 
results revealed that although with citrate 
buffer (pH 3.5) in the receiving phase the trans- 
port of Cu(lI) ion is possible, the use of amino 
acids can induce an uphill transport of the 
cation with a much higher flux and among the 
different amino acids tried threonine was found 
to be the most effective metal scavenger. 

As expected a minor leaching effect of the 
ligand into the aqueous phase(s) was observed 
in the pH range of 1-4. This could be due to 
the ligand protonation and subsequent stabi- 
lization in the aqueous phase(s). Since the 
leaching only involved charged species, the 
problem was overcome by introduction of a 
lipophilic counter ion (such as a fatty acid) in 
the organic phase which can impart a greater 
degree of lipophilicity to the charged species. 

Table 1 
Effect o f  acidity of  the receiving phase adjusted by different 
compounds on the transport of  Cu(lI) ion. Experimental 
conditions: source phase, 2 ml of  I.I x 10 -4  M Cu 2+ ion, 
pH 7.5; liquid membrane phase, 35ml of 1.0 x 10-~M 
BMACD and 1.0 × 10 -~ M palmitic acid in 
dichloromethane; receiving phase, 10 ml 0.1 M solution of  
each compound; rate of  stirring = 250 rev m i n -  

BMACD (Fig. 1) has the desired Cu(II) 
transport ability which can transport Cu(II) 
against its concentration gradient. In particu- 
lar, it is a multidentate ligand which allows the 
formation of a fairly stable 1:1 complex and 
also the process of formation of the metal-car- 
der complex at the aqueous source phase/or- 
ganic layer membrane interface (as well as the 
demetalation process at the membrane/receiv- 
ing phase interface) is sufficiently fast. 

Receiving pH Time (h) % Transport to 
phase receiving phase 

Citrate 3.5 10.15' 66.43 
4.5 9.50' 0 
1.75 6.15' 2.49 

Phthalate 3.16 10.15' 0 
Vitamin C 3.45 7.00' 0 
H2SO 4 (1 M) I M 11.40' 28,83 
Glycine 3.00 10 0 

1.02 I 0 42.54 
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Table 2 
Effect of receiving phase composition on the transport of 
Cu(lI) ion. Experimental conditions: source phase, 2 ml of 
1.1 x 10-4M Cu 2+ ion, pH 7.5; liquid membrane phase, 
35ml of 10 -3M BMACD and palmitic acid in 
dichloromethane; receiving phase, 10 ml 0.1 M solution of 
each species; pH 1.75; time of transport: 6 h 15'; rate of 
stirring = 250 rev min- 

Receiving phase % Transport to 
receiving phase 

L-Threonine 80.2 
Arginine 68.6 
Cysteine 47.4 
Glycine 24.75 
Histidine 17.24 
Asparagine 5.7 l 
Citrate 2.49 
Tryptophan 0 

The fatty acid used in this study was palmitic 
acid, whose concentration was optimized to- 
gether with other variables in the system via a 
simplex program. Simplex optimization gave 
the following conditions as the best for the 
transport of  Cu(II): pH of  the source, 6.5; 
concentration of  BMACD, 2.7 x 10 -3 M; pH 
of  receiving phase, 1.8 adjusted by HC1; vol- 
ume of  source, 2.5ml; concentration of  
palmitic acid, 1.9 x 10 -3  M;  volume of receiv- 
ing phase, 10 ml; concentration of threonine, 
3.8 x 10 -z M. Using the above optimum con- 
ditions, almost all the copper (~94%) can be 
transported in less than 3.5 h. 

3.1. Transport o f  metal  ions 

The membrane system operated here is illus- 
trated schematically in Fig. 2. After complexa- 
tion of  a carrier with a metal ion on the left 
side of  the membrane, the complex formed 
diffuses down its concentration gradient. On 
the right side of the membrane, the metal ion is 
released into the receiving phase, probably via 
a combination of  two mechanisms, namely 
proton exchange [12] and ternary complex for- 
mation [13] ( l igand-metal- threonine).  The re- 
leased carrier in the neutral form diffuses back 

Cu2+ _ ~  carrier - H 2 ~ Cu 2+. Threonine 

A .  A .  
2H÷-m" I " ~  carrier. Cu .-I~ I ~ .  2H + 

Fig. 2. Liquid membrane system for transport of Cu(ll). 

too 

6 0 .  

d 4° 

2 0  ~ ' - .  • 
" - , b . .  

" * , e -  . . . . . . . .  O- . . . .  
- - - .  . . . . . . . . . .  

0 " ' • " "  ° "  " - , . . o  

0 SO I00 ISO ZOO Z50 

Time (rain) 

Fig. 3. A plot of Cu(ll) ion transport by BMACD vs. time 
under optimum conditions. ( - - - )  shows amount of Cu(lI) 
ions in source phase and (--) in receiving phase. 

across the membrane. The net result is the 
transport of  metal ion from the source phase, 
on the left, to the receiving phase, on the right, 
across the liquid membrane. 

Permeability of  the membrane system for 
Cu 2 + ion also depends largely on the nature of 
the amino acid in the receiving phase. The 
presence of  a suitable amino acid in the receiv- 
ing phase is believed to play an essential role in 
the metal ion releasing process via formation of  
a ternary complex, carr ier -Cu 2+ -amino  acid. 
Such ternary complexes have been recognized 
as being an important transient species in bio- 
logical processes [13,14]. Thus, the presence of 
threonine in the receiving phase and formation 
of  the above-mentioned copper complex re- 
duces the concentration of  free Cu(II) ion in 
the receiving phase and consequently increases 
the concentration gradient between the two 
aqueous phases, which in turn results in a 
higher transport flux. Furthermore, amino 
acids are hardly soluble in the membrane phase 
and hence they are found to scarcely move into 
the aqueous source phase. 

It is noteworthy that log K for cation-receiv- 
ing phase ligand interaction is a very important 
parameter for determining cation transport se- 
lectivity [15], because the larger log K, the 
smaller the concentration of  free cation in the 
receiving phase and the larger the concentra- 
tion gradient between the aqueous phases. 
However, towards this end, the importance of 
the kinetics of  liberation of the cation into the 
receiving phase and its effect on the selectivity 
of  transport should not be ruled out [16]. 

Additionally the concentrat ion-t ime profile 
of  Cu(II) transport was studied. Fig. 3 shows a 
rapid rise in metal concentration in the receiv- 
ing phase as well as a sharp decrease in Cu(II) 
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Table 3 
Transport of Cu(ll) under optimum conditions after 3.5 h 
in a competitive experiment for an equimolar mixture of 
Cu(lI), Ni(ll), Co(ll) and Zn(lI) in the source phase 

Cation % Transport to % Remaining in 
receiving phase source phase 

Cu 2 + 85 10 
Ni 2+ 0 100 
Co 2 + 0 100 
Zn 2 + 0 100 

Table 5 
Transport of Cu(ll) under optimum conditions after 3.5 h 
in the presence of equimolar concentrations of Pb(II) and 
Cd(ID 

Cation % Transport to % Remaining in 
receiving phase source phase 

Cu 2 + 94 5 
Cd 2 + - 100 
Pb 2+ - 51 

concentration of  the source phase during the 
first 20 min of transport. 

The selectivity of the above system was stud- 
ied under the optimum conditions by undertak- 
ing competitive transport experiments (starting 
from an equimolar solution of  Cu(II), Ni(II), 
Co(II) and Zn(II) mixture; the same mixture 
but with ten times greater concentrations of the 
interfering ions; and also an equimolar solution 
of  Cu(II), Cd(II) and Pb(II) mixture). The re- 
sults (Tables 3-5)  demonstrate the excellent 
selectivity of  BMACD for transporting Cu(II). 

The reproducibility of the transport process 
was studied by performing the transport exper- 
iment several times. The percent relative stan- 
dard deviation was found to be 2.2%. 

4. Conclusion 

The present study demonstrates that the lig- 
and BMACD is an excellent carder for selec- 
tive and efficient transport of Cu(II). The 
presence of threonine as a "scavenger" in the 
receiving phase increases the efficiency of trans- 
port as well as the speed to a great extent 
without affecting the selectivity. Uphill trans- 
port of Cu(II) against its concentration gradi- 
ent is easily performed with the above system. 

Table 4 
Transport of Cu(ll) under optimum conditions after 3.5 h 
in a competitive experiment for a mixture containing 
Ni(ll), Co(II) Zn(II) with concentrations ten times that of 
Cu(II) in the source phase 

Cation % Transport to % Remaining in 
receiving phase source phase 

Cu 2 + 60 36.9 
Ni 2 + - 85.5 
Co 2 + - 89.3 
Zn ~ ÷ - 87.5 

In conclusion, besides the biological impor- 
tance of the membrane system studies in this 
work, our experiments demonstrate the poten- 
tial application for highly selective removal or 
purification of Cu(II) ion from mixtures with 
high efficiency, precision and speed. 
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Abstract 

Ternary mixtures of colorants E-123 (Amaranth), E-124 (Ponceau 4R) and E-120 (Carminic acid) are 
resolved by using the first derivative ratio spectrum-zero crossing method without the need for any 
separation step. Calibration graphs were linear up to 64 mg l-1 of carminic acid, 32 mg I-t of Amaranth 
and 32 mg l- i of Ponceau 4R. The method was applied to different commercial food products and results 
concordant with high performance liquid chromatography were obtained. 

Keywords: Food dyes; First derivative spectrophotometry 

1. Introduction 

Color is the first sensory quality by which 
foods are judged, and food quality and flavor 
are closely associated with color. Amaranth 
and Ponceau 4R are two synthetic azo dyes 
available as red powders that can be present in 
common foods, drinks, yoghurts, gelatines, etc. 
These colorants must be named in the list of 
ingredients after an extensive study of the 
genotoxicity of food, drugs, cosmetic color and 
other azo, tryphenylmethane and xanthrene 
dyes completed by Combes and Haveland- 
Smith [1]. If these colorants come into contact 
with some kinds of drugs (e.g. aspirin, benzoic 
acid) within the human body they can induce 
allergic and asthmatic reactions in sensitive 
people. Carminic acid is another natural col- 
orant which is also present in the same kind of 
foods as Amaranth and Ponceau 4R. The pres- 
ence and amounts of these three dyes must be 
controlled as none of them are totally inoccu- 
ous. Taking into account the chromophoric 
characteristics of the three compounds, visible 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All rights 
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spectrophotometric methods can be used for 
their quantitative analysis. However, the ab- 
sorption spectra of Amaranth, Ponceau 4R and 
carminic acid are very overlapped and direct 
measurements of the absorbance are not suit- 
able for resolving mixtures of these colorants 
without a separation step. 

Chromatographic methods have been used 
for colorant analysis in food [2-4]. These tech- 
niques are very suitable when the sample con- 
tains several colorants. However taking into 
account other factors such as economy and 
rapidity, multicomponent analysis by spec- 
trophotometric methods can be a good choice 
for resolving the colorants contents in food. 

Sasaki and co-workers [5,6], Zhang and 
Huang [7], Momosaki and Fujimoyo [8] and 
Zeng and co-workers [9,10], proposed quantita- 
tive analysis of food colors and similar dyes by 
multiwavelength measurements. Sasaki [11,12] 
determined food colorants by derivative spcc- 
trophotometry. 

We have developed the "derivative of ratio 
spectra method" which allows the resolution of 

reserved 
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binary mixtures [13] of chromophores with 
overlapped spectra. The method is based on 
the measurements of signal greatest sensitivity, 
usually a maximum or a minimum in the 
derivative ratio spectra. The method was ex- 
tended to resolving ternary mixtures by the 
simultaneous use of  the zero crossing method 
and derivative of  ratio spectra method [14]. In 
this case the measurements are made at zero 
crossing wavelengths. 

In previous papers we have used this method 
for resolving different binary and ternary mix- 
tures of colorants [15-18]. 

Previously, we have proposed methods to 
determine Amaranth and Ponceau 4R in a 
binary mixture [15] using the first derivative of  
ratio spectra as well as the first derivative of  
absorption spectra. The method was applied to 
different commercial products containing these 
colorants. In this paper we include a third 
colorant, carminic acid, with the aim of  
demonstrating the ease with which the deriva- 
tive methods (ratio spectra) circumvent the 
problem of  overlapping spectral bands, so al- 
lowing the simultaneous determination of  these 
three dyes (Amaranth, Ponceau 4R and 
carminic acid) without prior separation. 

The proposed method was applied to dif- 
ferent commercial products and the results 
compared with those obtained with high per- 
formance liquid chromatography (HPLC) tech- 
nique used as reference. 

2. Experimental 

2.1. Apparatus 

A Beckman Instruments DU-70 Spectropho- 
tometer connected to an EMC fitted with Beck- 
man Data Leader Software [19] and an HP 
DeskJet 510 Printer were used for all the mea- 
surements and treatment of  data. 

2.3. Procedure 

Samples were prepared in 25 ml calibrated 
flasks containing 2 -32  mg 1-~ of  Amaranth or 
2 -32  mg 1- ~ of  Ponceau 4R or 8 -64  mg 1- J of  
carminic acid or their ternary mixtures and 
5 ml of  pH 4.8 buffer solution and were diluted 
with water to the mark. The concentration 
ratio range of  the colorants used in the ternary 
mixtures was 1:0.7 to 1:4 (determined colorant: 
total interferent colorants). The absorption 
spectra of  the samples thus prepared were 
recorded against water at 600 nm rain-~ and 
stored in the EMC 486. 

The stored spectra of  Ponceau 4R, carminic 
acid and ternary mixtures were divided by a 
16 mgl  -~ standard Amaranth spectrum. The 
first derivatives of  the ratio spectra were ob- 
tained with AAk 8 nm and smoothed with the 
use of 13 experimental points. By measuring 
the first derivative ratio spectra at the zero 
crossing points, we can determine Ponceau 4R 
at 561 nm (IDD56t) (zero crossing point of 
carminic acid) and carminic acid at 373 nm 
(1DD373) (zero crossing point of  Ponceau 4R). 

The concentration of  Ponceau 4R is propor- 
tional to the amplitude at 561 nm and the 
concentration of  carminic acid is proportional 
to the amplitude at 373 nm. These wavelengths 
were used to construct the respective calibra- 
tion graphs. 

In contrast, stored spectra of  Amaranth and 
the ternary mixtures were divided by a stan- 
dard of  carminic acid of  16 mg ! -  ~. A A2 value 
of  8 nm was used to obtain the first derivative 
of  ratio spectra which were smoothed with the 
use of  13 experimental points. 

Amaranth is determined by measuring at 
549.7 nm in the first derivative of  ratio spectra 
(IDD549.7) (zero crossing point of  Ponceau 4R). 
The signal at this wavelength is proportional to 
the concentration of  Amaranth. 

2.2. Solutions 3. Results and discussion 

All solvents and reagents were of  analytical 
reagent grade. Amaranth and Ponceau 4R 
aqueous solutions were prepared from Aldrich 
products and carminic acid aqueous solution 
from Sigma products. Amaranth, Ponceau 4R 
and carminic acid stock solutions have a con- 
centration of  200 mg 1- ~. Acetic acid/sodium 
acetate buffer (0.1 M and pH4.8)  was made 
from analytical reagent grade materials. 

3.1. Method development 

The influence of  pH on the absorption spec- 
tra of  the three aqueous solutions of  colorants 
was studied and it was observed that its influ- 
ence was negligible between 2 - 9  (for Ama- 
ranth), 1-9  (for Ponceau 4R) and 1-5.5 (for 
carminic acid). A pH of  4.8 was considered 
suitable for use throughout. Under these condi° 
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tions diluted solutions of  Amaranth,  Ponceau 4R 
and carminic acid were stable for 15 days at least. 

In Fig. l the absorption spectra of  Ama- 
ranth, Ponceau 4R, carminic acid and their 
mixture recorded between 350 and 650 nm are 
shown. As can be seen, the absorption spectra 
of  the colorants are very overlapped and be- 
cause of  this the determination of  the three 
colorants is not possible by using direct ab- 
sorbance measurements. The proposed method 
can resolve this problem. 

The determination of  two of  the dyes in their 
ternary mixture can be done by using the spec- 
trum of  the third colorant of  this mixture as 
divisor. The ratio spectrum is obtained by di- 
viding the amplitudes of  the absorption spec- 
trum of  the ternary mixture by a standard 
spectrum of one of  the components. When the 
first derivative of the ratio spectrum is ob- 
tained, we have eliminated the contribution to 
the signal of  the component used as divisor. 
The other two components can be determined 
by measurement at the zero crossing points as 
in derivative spectrophotometry. 

Thus, it is possible to determine each col- 
orant by using two divisors, e.g. carminic acid 
can be determined when Amaranth as well as 
Ponceau 4R is used as divisor. 

In order to obtain good resolution it is nec- 
essary to study and to optimize the following 
parameters: concentration of  the standard 
spectrum used as divisor; A2 to obtain the first 
derivative; smoothing function; and the zero 
crossing points. 
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Fig. 1. Absorption spectra of (A) Amaranth ( 8 m g l - ' ) ,  
(P) Ponceau 4R (8mgl - J ) ,  (C.A) carminic acid 
(24 mg I -  t), and their mixture. 
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Fig. 2. First derivative of the ratio spectra of Amaranth 
(8mgi - I ) ,  Ponceau 4R (8mgl  - I )  and ternary mixtures 
( 8 m g l - I  of Amaranth, 8 m g l - t  of Ponceau 4R and 
20 mg I-  I of carminic acid) using 32 mg I-  ~ carminic acid 
spectrum as divisor. 

Determination of Amaranth and Ponceau 4R 
in the presence of carminic acid 

The influence of  the variables mentioned 
above was studied and the values chosen 
as optimal were: a standard spectrum of  
32 mg 1-1 of  carminic acid to obtain the ratio 
spectra; a A2 value of  8 nm to obtain the first 
derivative ratio spectra; and 13 experimental 
points in the smoothing function. 

Fig. 2 shows the first derivative ratio spectra 
of  Amaranth,  Ponceau 4R and a ternary 
mixture obtained by using the selected 
parameter values. 

The wavelengths suitable for measuring the 
signal in the first derivative ratio spectra 
(~DD;.) were selected taking into account the 
zero crossing point method. These wavelengths 
were 561 nm (zero crossing point of  the ratio 
spectrum of  Amaranth) to determine Porceau 
4R and 549.7 and 525.5nm (zero crossing 
point of  the ratio spectrum of Ponceau 4R) to 
determine Amaranth. At these wavelengths the 
first derivative of  ratio spectra of  the ternary 
mixture and standard spectra of  Amaranth and 
Ponceau 4R are coincident, as can be seen in 
Fig. 2. 

The calibration graph of  Ponceau 4R was 
obtained by plotting the tDD56 ~ signal against 
the concentration and gave a straight line up to 
32 mg 1- ~ of  Ponceau 4R. For  Amaranth, two 
calibration graphs were obtained at 525.5 nm 
(IDD52s.s) and 549.7 n m  ( |DD549.7)  and gave 
straight lines up to 32 mg 1-~ of  Amaranth. 
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Determination of carminic acid and Ponceau o.o5 
4R m the presence of Amaranth 

In this case the optimal values established 
were: a standard spectrum of  16mgl  - l  of  ~ 0.00 
Amaranth as divisor, a A2 value of  8 nm for 

o 
the derivative ratio spectra, and a smoothing 
of  13 experimental points. Fig. 3 shows the ,- 
first derivative ratio spectra of  carminic acid ~-0.05 
and Ponceau 4R. The Ponceau 4R content "~ 
can be determined by measurement at 561.5, ,~'= 
442.5 and 396.5 nm (zero crossing points for ~-o.t0 
derivative ratio spectra of  carminic acid) and c 

carminic acid can be determined by measure- 
ment at 459 and 373 nm (zero crossing points -o.ts 
for derivative ratio spectra of  Ponceau 4R). 
Calibration graphs were established at wave- 
lengths previously selected and gave straight 
lines up to 3 2 m g l  - I  for Ponceau 4R and 
64 mg 1- ~ for carminic acid. 

~ ~id 

~ ~s4t.s am 

-/J 
a~0 46o 4~o 560 d,o 6oo 

Wavelength (rim) 
Fig. 4. First derivative of the ratio spectra of carminic acid 
(32 mg l - i) and Amaranth (8 mg I - ~ ) using 16 mg I - ~ Pon- 
ceau 4R spectrum as divisor. 

Determination of carminic acid and Amaranth 
in the presence of Ponceau 4R 

The values chosen as optimal were: a stan- 
dard spectrum of  16 mg 1-1 of  Ponceau 4R as 
divisor, a A2 value of  8 nm for first derivative 
ratio spectra, and a smoothing function of 15 
experimental points. Fig. 4 shows the first 
derivative ratio spectra of  carminic acid and 
Amaranth. As can be seen the carminic acid 
can be determined by measuring at 460 and 
373.5 nm (zero crossing points for derivative 
ratio spectra of  Amaranth) and Amaranth can 
be determined by measuring at 549.5 and 

0.00 

0.04 

o 
"~ O.OZ 

-0.00 

-O.N 

-o.o4 

~ k a ~  I m  

, C m m m c  

- ' ' ' -  , 

- 0 . N  3so ,60 4~o e~o ~ o  6oo 
Wavel~gth (rim) 

Fig. 3. First derivative of  the ratio spectra of  carminic acid 
(32mgl  - I )  and Ponceau 4R ( 8 m g l  -~) using 16mgl  -~ 
Amaranth spectrum as divisor. 

524 nm (zero crossing points for derivative ra- 
tio spectra of  carminic acid). Calibration 
graphs were established at wavelengths se- 
lected and gave straight lines up to 32 mg 1-1 
for Amaranth and 6 4 m g l  -]  for carminic 
acid. 

3.2. Statistical comparative study 

Table 1 summarizes the calibration graphs 
obtained for each dye with each divisor. In all 
cases good regression coefficients are obtained. 

In order to test the precision of  the methods 
replicated samples were measured (n = 9) con- 
taining Amaranth ( 8 m g l - I ) ,  carminic acid 
(20mgl  - I )  and Ponceau 4R ( 8 m g l  - I )  indi- 
vidually (Table 2). The determination limits 
were calculated for each dye and are shown in 
the same Table [20,21]. 

Taking into account the calibration graphs, 
the reproducibility and the determination 
limit, we have selected as signals of  measure- 
ment tDD549.7 and JDD561 to determine Ama- 
ranth and Ponceau 4R respectively when 
carminic acid is used as divisor. 

In the case of Amaranth as the divisor, 
~DD561.5 to determine Ponceau 4R and ~DD373 
to determine carminic acid were selected. Fi- 
nally, the determination of  Amaranth and 
carminic acid (when Ponceau 4R is used as 
divisor) is proposed to be done at ]DD549.5 
and tDD524 and at tDD373.5 respectively. 
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Calibration graphs (n = 9) ~ 
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Equation Regression 
coefficient 

Standard deviation 

Slope 
( x 106) 

Intercept 
( × 10 4) 

Divisor: carminic acid 
Amaran th  (range: 2 - 3 2  mg  I-~): 
IDDs2s.5 = -0 .00029  + 0.00163 C 
IDD~9.7 = 0.00060 + 0.0058 C 
Ponceau 4R (range: 2 - 3 2  mg  I -  i): 
IDDs61 = -0 .00068  + 0.0047 C 

Divisor: Amaran th  
Ponceau 4R (range: 2 - 3 2  mg I-~): 
IDDs61.5 = -0 .00014  + 0.00095 C 
IDD,~2.s = 0.000021 + 0.00036 C 
IDD396.5 = -0 .00010  + 0.00051 C 
Carminic acid (range: 8 - 6 4  mg  I-~): 
IDD~v.a -~ 0.00086 + 0.00102 C 
IDD459 = 0.000032 + 0.00046 C 

Divisor: Ponceau 4R 
Amaran th  (range: 2 - 3 2  mg 1-1): 
IDD~9 5 = 0.0002 + 0.0022 C 
~DDs24 = 0.00015 + 0.00075 C 
Carminic acid (range: 8 -64  mg I-~): 
~DD,~,o -~ 0.000046 + 0.0004 C 
IDD.a73.s = 0.00132 + 0.00136 C 

0.9999 
0.9999 

0.9999 

0.9999 
0.9993 
0.9994 

0.9997 
0.9999 

0.9999 
0.9999 

0.9999 
0.9998 

0.49 
1.31 

2.16 

4.02 
5.25 
7.01 

7.15 
2.16 

5.05 
3.38 

1.83 
9.76 

0.99 
2.66 

1.02 

0.81 
1.06 
1.41 

2.89 
8.73 

1.02 
0.68 

0.73 
3.94 

a Number  of  points of  the calibration graphs. 

Table 2 
Statistical data 

Signal SD RSD (%) Determination 
measured (n = 9) limit (mg I -  ~ p 

Divisor: carminic acid 
Amaran th  

IDDs2s.5 
I DDf,49.7 
Ponceau 4R 
IDDs61 

0.1435 1.82 0.445 
0.2483 3.05 0.269 

0.4747 6.24 0.001 

Divisor: Amaran th  
Ponceau 4R 
IDDs61.s 0.3063 3.78 0,001 
I DD442.s 0.2951 3.43 1,453 
I DD396.s 0.6327 7.47 2.202 
Carminic acid 
IDD373 0.5753 1.86 1.892 
I DD459 I. 1887 3.72 1,523 

Divisor: Ponceau 4R 
Amaran th  
i DD~9.s 0.2507 3.1 i 0,378 
I DD524 0.2240 2.85 0.935 
Carminic acid 
I DD,~o 0.3943 1.22 2,208 
i DD37,~ s 0.7989 2.48 1.863 

I 0 S  B 
~ C o ~  

m 
where CQ = determination limit; SB ffi s tandard deviation of  blank; m = slope of  calibration. 

TN. 42 t 12-~ 
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Table 3 
Results obtained for determining Amaranth and Ponceau 4R in synthetic mixtures using carminic acid (32 mg 1-~) as 
divisor 

Composition of % recovery 
mixtures 
(mg l -  J) Amaranth Ponceau 4R 

A P C.A IDD~9.7 a IDD~61" 

12 12 
24 12 
12 12 
12 24 
24 24 
24 12 
12 24 
10 10 
12 36 
36 12 

Statistical parameters b 
X (% means of 
recovery) 
S 
sm 

12 101.25 93.00 
12 95.45 85.91 
24 99.25 94.37 
12 92.16 93.91 
t2 102.04 96.04 
24 97.50 95.00 
24 102.08 95.91 
30 92.60 105.20 
12 103.25 96.25 
12 102.00 104.30 

98.76 97.11 
4.12 4.46 
1.30 1.48 

a Means of three determinations. 
b Values of recoveries higher than I 10% or smaller than 90% have not been considered for calculating these parameters. 

Table 4 
Results obtained for determining carminic acid and Ponceau 4R in synthetic mixtures using Amaranth (16 m g l - t )  as 
divisor 

Composition of % recovery 
mixtures 
(mg I-  ~) Carminic acid Ponceau 4R 

A P C.A t DD373a i DD561 

12 12 
24 12 
12 12 
12 24 
24 24 
24 12 
12 24 
10 10 
12 36 
36 12 

Statistical parameters 
X (% means of 
recovery) 
S 
Sm 

12 100.91 99.83 
12 90.73 100.75 
24 98.33 97.25 
12 92.83 101.00 
12 98.02 95.75 
24 95.65 99.83 
24 98.33 97.08 
30 95.87 103.33 
12 96.83 97.30 
12 91.35 95.45 

95.88 98.75 
3.32 2.57 
1.05 0.81 

" Means of three determinations. 

4.  A p p l i c a t i o n s  

4.1. Syn the t i c  m ix tu re s  

T h e  p r o p o s e d  m e t h o d  w as  a p p l i e d  f o r  re-  

s o l v i n g  t h e  d e t e r m i n a t i o n  o f  A m a r a n t h ,  P o n -  

c e a u  4 R  a n d  c a r m i n i c  ac id  in s y n t h e t i c  m i x -  

t u r e s  p r e p a r e d  in d i f f e r e n t  p r o p o r t i o n s .  T h e  

r e su l t s  c o r r e s p o n d i n g  t o  t h e s e  d e t e r m i n a t i o n s  

a r e  s u m m a r i z e d  in T a b l e s  3 - 5 .  

T a k i n g  i n t o  a c c o u n t  t h e  r e c o v e r i e s  o b t a i n e d ,  

as  wel l  as  t h e  c a l i b r a t i o n  g r a p h s  a n d  t h e  s ta t i s -  
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Table 5 
Results obtained for determining Amaran th  and earminic acid in synthetic mixtures using Ponceau 4R (16rag 1 -~) as 
divisor 

Composit ion of  % recovery 
mixtures 
(mg I -  i) Amaran th  Carminic acid 

A P C.A I DD~9,sa I DD524a t DD373,sa 

12 12 12 99.86 100.70 
24 12 12 95.22 97.16 
12 12 24 96.88 97.40 
12 24 12 95.05 95.20 
24 24 12 98.57 99.37 
24 12 24 95.00 97.16 
12 24 24 95.35 97.40 
10 10 30 88.10 94.41 
12 36 12 95.02 98.50 
36 12 12 97.54 97.35 

Statistical parameters b 
X (% means  o f  
recovery) 96.45 97.46 
S 1.81 1.82 
Sm 0.60 0.57 

92.62 
82.33 
93.75 
88.00 
79.25 
92.30 
93.00 
89.99 
71.33 
81.05 

a Means  of  three determinations. 
b Values of  recoveries higher than 110% or smaller than 90% have not  been considered for calculating these parameters.  

Table 6 
Results obtained for the determination of  Amaranth ,  Ponceau 4R and carminic acid in commercial food products by the 
method proposed 

Carminic 
acid 
(mg k g -  ~ added) 

Standard addition Direct preparation 

C.A ~ A t , pc C.A a A b pc 
(rag k g -  i ) (rag kg - 1 ) (nag k g -  t) (rag k g -  i) (rag kg - i ) (rag k g -  i ) 

Strawberry gelatin 
200 230 158.23 258.00 250 158.50 258.01 
400 370 159.00 273.33 410 159.00 258.35 
800 810 160.32 260.80 810 161.37 260.11 

1600 1580 159.50 257.42 1585 159.03 260.54 
HPLC results - 151.25 273.75 - 160.00 275.00 

Grenadine 
40 40.21 32.02 50.32 40.23 30.25 50.12 
32 31.53 30.65 49.83 31.59 31.25 50.66 
24 23.74 29.78 50.12 24.58 30.83 49.53 
16 15.00 29.34 5 i .03 15. I I 30.58 49.23 
8 7.12 32.03 50.70 7.00 29.85 48.75 

HPLC results - 28.62 50.46 - 29.50 50.86 

Carminic acid. Measurement  at 373 nm (divisor Amaranth) .  
b Amaranth .  Measurement  at 549.7 nm (divisor carminic acid). 
c Ponceau 4R. Measurement  at 561.5 nm (divisor Amaranth) .  

tical parameters, we can conclude that the best 
methods to determine Amaranth is by mea- 
surement at 549.7 nm in the first derivative 
ratio spectrum (IDD~9.7) when the divisor used 
is carminic acid (32mgl-~) .  The recoveries 
obtained at the assayed ratios ranged between 

92.2 and 102.3%. 
In contrast the determination o f  Ponceau 

4R is better when we use as the signal of  
measurement ~DD56t.5 (Amaranth as divisor). 
The recoveries found were between 95.7 and 
103.3%. 
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Finally, the determination of  carminic acid is 
proposed to be done by measurements at 
373 nm in the first derivative ratio spectrum 
(JDD373), when Amaranth is used as divisor. 
The recoveries found were from 95 to 105%. In 
conclusion, this method is available for the 
simultaneous determination of Amaranth, Pon- 
ceau 4R and carminic acid. 

4.2. Commercial  products 

In a previous paper, we have established 
methods that permit the determination of  
Amaranth and Ponceau 4R by using the first 
derivative absorption spectra and derivative ra- 
tion spectra [15]. These methods were applied 
to determine these colorants in commercial 
food products such as gelatin desserts with 
strawberry flavor from Royal Brands S.A and 
beverages such as grenadine from Rives- 
Pitman S.A. 

In order to apply the method proposed to 
determine Amaranth, Ponceau 4R and car- 
minic acid in food samples, and because we 
have not found commercial products which 
contain all three colorants, we have spiked the 
commercial food products mentioned above 
with carminic acid: i.e. different amounts of  
carminic acid were added to 2 g strawberry 
gelatin and 4 ml grenadine. 

The amount  of colorant in each sample was 
calculated by using the established calibration 
graphs or by using the standard addition 
method. In both cases the methods described 
were applied. 

The preparation of  samples was as follows. 

Strawberry  gelatins 
(1) Quantitative determination by direct 

preparation using the calibration graphs estab- 
lished: 2 g of  product was diluted with 10 mi 
acetic acid/sodium acetate buffer solution 
(pH 4.8; ionic strength 0.1) and 25 ml distilled 
water in a beaker over a low heat with gentle 
swirling until dissolved. The solution was 
filtered and transferred to a 50 ml flask and 
diluted with distilled water to the mark. The 
absorption spectra were recorded with the in- 
strumental conditions previously selected, and 
the methods described were applied. 

(2) Quantitative determination by standard 
addition: to 2 g product was added different 
amounts (2, 4, 6, 8 mg 1 -~) of  dye to determine 
and the procedure (1) was followed. 

Grenadine 
(1) Quantitative determination by direct 

preparation using the calibration graphs estab- 
lished: 4 ml sample was diluted with 5 ml acetic 
acid/sodium acetate buffer solution (pH 4.8; 
ionic strength 0.1), transferred to a 25 ml flask 
and diluted with distilled water to the mark. 
The absorption spectra were recorded with the 
instrumental conditions previously selected and 
the methods described were applied. 

(2) Quantitative determination by standard 
addition: to 4 ml sample were added different 
amounts (2, 4, 6, 8 mg 1- ~) of  dye to determine 
and the procedure (1) was followed. 

We have used an HPLC method to analyze 
the samples based on the formation of  an 
ion-pair, whose conditions we have previously 
established [15]. Table 6 shows the results ob- 
tained. As can be seen the results obtained by 
the HPLC method demonstrate that there is 
good agreement between the methods. 

5. Conclusion 

The methods proposed are suitable to de- 
termine synthetic mixtures of  carminic acid, 
Ponceau 4R and Amaranth obtained in the 
laboratory. It is also possible to deter- 
mine these colorants in real samples such as 
gelatin desserts with strawberry flavor and bev- 
erages. 
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Abstract 

A flow-injection method for the ultraviolet spectrophotometric determination of silver, based on its 
reaction with nickelocyanide ion, Ni(CN)~-, in ammoniacal buffer medium (pH 10) and subsequent 
measurement of the decrease in the absorption of the Ni(CN) 2- complex at 275 nm is described. The 
calibration graph is linear in the range 10-400 Ima silver. At a sampling rate of about 60 samples h - t  with 
35 ~tl sample injections, precision was about 1% relative standard deviation. The proposed method was 
successfully applied to the determination of silver in some common silver minerals. 

Keywords: Silver; Nickelocyanide ion; Flow injection analysis 

1. Introduction 

Silver is widely distributed in nature and is a 
major component of  a wide range of  minerals. 
The large number of  complex silver com- 
pounds which exist yield a correspondingly 
large number of  spectrophotometric, volumet- 
ric and gravimetric analysis techniques for sil- 
ver [1]. Nickelocyanide ion, Ni (CN)~- ,  was 
used as analytical reagent for indirect determi- 
nation of  silver [2]. The analysis is based upon 
the ionic exchange reaction between Ni(CN)~- 
and Ag ÷ which proceeds almost completely to 
the right, with the following stoichiometry in 
ammoniacal solution: 

Ni(CN 2-  + 2Ag+2Ag(CN)~ - + Ni 2 + 

The equivalent amount  of  Ni 2 + liberated may 
be titrated with standard EDTA using an ap- 
propriate indicator. This reagent, which ab- 
sorbs in the ultraviolet region, has been used 
for the spectrophotometric determination of  
cyanide ion [3]. 

In an investigation of the reaction between 
Ag + and Ni(CN) 2-  , in ammoniacal buffer so- 

0039-9140/95/$09.50 © 1995 Elsevier Science B.V. All fights 
SSD! 0039-9140(95)01697-X 

lution, it was found that addition of silver ion 
decreased the ultraviolet absorbance of  the 
Ni(CN) 2-  reagent. Moreover, the decrease in 
the ultraviolet absorption is linear with silver 
concentration up to 400 ~tM. This property 
is utilized as the basis for the development 
of  a new ultraviolet-flow injection analysis 
( U V - F I A )  method for the determination of  
silver. 

This work describes improvements in sim- 
plicity and speed in the determination of  Ag ÷. 
A commonly used method is titration of Ag ÷ 
with Ni(CN) 2-  followed by a back titration of  
Ni 2 ÷ with EDTA and an appropriate indica- 
tor. This method can be simplified by eliminat- 
ing the back titration step because the 
concentration of  Ni(CN)~- can be monitored 
directly by UV absorption. By simplifying the 
method, the need to titrate to an endpoint is 
also eliminated. The one-step analysis is more 
rapid and well suited for the flow injection 
format which further enhances the speed of  
analysis. 

FIA [4] is now a well-established technique 
for carrying out automatic wet chemical analy- 

reserved 
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sis in a rapid and efficient way. It has been 
successfully applied for direct instrumental an- 
alytical methods with various detection tech- 
niques [4-9]. Therefore, it is of interest to 
adapt this silver determination method to a 
flow injection system for the continuous spec- 
trophotometric determination of silver in silver 
minerals. 

This paper describes a simple, rapid and 
specific method for the determination of silver, 
based on the reaction between Ni(CN)42- and 
Ag ÷ by means of UV-FIA. 

2. Experimental 

2. I. Reagents 

All chemicals used were analytical reagent 
grade, unless otherwise specified; all solutions 
were prepared with deionized water. 

2. I.I. Potassium nickelocyanide K2[Ni( CN)4] 
Prepared as described elsewhere [2]. 

2.1.2. Stock nickelocyanide ion solution, 
1.0 x 10 -2 M 

Prepared by dissolving the calculated 
amount of K2[Ni(CNh] in water. 

2.1.3. Stock ammoniacal buffer solutions 
These are 1.20 M ammonia/ammonium ni- 

trate buffers at pH 8.5, 9.3, 10.0 and 10.3. The 
pH values of these buffers were adjusted with 
ammonia or ammonium nitrate. All pH mea- 
surements were made using a Metrohm 
Herisau (Type E 520) pH meter. 

2.1.4. Carrier solutions 
The carrier solutions were dilute ammoniacal 

buffer solutions (10%). Carrier solutions of 
pH 8.5, 9.3, 10.0 and 10.3 were prepared from 
the above stock solutions by accurate dilution 
with water. 

2.1.5. Reagent solutions 
The reagent solutions, Ni(CN)~-, were pre- 

pared by mixing the calculated amount of 
stock nickelocyanide ion solution with 10 ml of 
stock buffer solution of the required pH value, 
and diluting to 100 ml with water. The reagent 
solutions prepared are shown in Table 1. 

2.1.6. Standard silver solutions 
Silver stock solution (1.0 x 10 -2 M) was pre- 

pared by dissolving the calculated amount of 

dried AgNO3 in water. The working silver solu- 
tions, 0.10-6.0 x 10-4M, were prepared by 
mixing the calculated amount of the stock sil- 
ver solution with 10 ml of the stock buffer of 
the required pH value and diluting to 100 ml 
with water. 

2.2. Dissolution of silver minerals 

About 100 mg of sample (accurately 
weighed) was dissolved in 3 ml of 1:1 nitric 
acid. The solution was boiled until all the 
oxides of nitrogen were removed. The solution 
was diluted to about 50 ml and boiled again 
after addition of 5 ml concentrated ammonia 
solution. On cooling the insoluble matter was 
filtered off and made up to 100 ml with water. 

Sample solutions of three silver minerals in- 
cluding native silver (Ag), proustite (Ad3AsS3) 
and pyrargyrite (Ag3SbS3) were prepared. 
Working solutions for the determination of 
silver were prepared by mixing aliquots of each 
sample solution (0.5 ml for native silver, 1.0 ml 
for proustite, and 1.0 ml for pyrargyrite) with 
2.5 ml of the stock buffer (pH 10) and diluting 
to 25 ml with water. 

2.3. Apparatus 

A schematic dagram of the flow injection 
system is shown in Fig. 1. The system was 
assembled from 0.51 mm Microline tubing. The 
manifold consists of two lines, the top one 
carrying the carrier solution into which the 
sample is injected and the lower one carrying 
the reagent solution. Carrier and reagent solu- 
tions were delivered by an Ismatic peristaltic 
pump (Type MINI-S 860) operated with Tygon 
tubing. Sample solutions were injected manu- 
ally into the carrier stream using a Reodyne 
four-way Teflon valve injector (Type 50). A 
home-made [4] confluence point with mixing 
point was used to obtain effective mixing 
without excessive dispersion of the sample so- 
lution. A DuPont ultraviolet spectrophotome- 
ter, equipped with a 10 mm flow cell, was used 

Table 1 
Reagent solutions prepared 

Concentration of Ni(CN)~- (10 4 M) pH 

2.0 8.5 
2.0 9.3 
0.5, 1.0, 2.0, 3.0, 4.0, 6.0 I0.0 
2.0 10.3 
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C 

R 

0 

0 .37  

0.37 

$ 

25 cm 

Fig. 1. Twoqine manifold for indirect ultraviolet determination of silver. The internal diameter of the Microline tubing 
was 0.51 mm from the injection valve to the detector. C, carrier stream: R, reagent stream; Q, flow rate (ml min-~); S, 
sample injection; I, confluence point; L, reaction coil; F, flow-through cell; W, waste. 

as detector and was connected to a 1 mV 
Varian recorder (Model 9176). 

2.4. FIA 

The flow system illustrated in Fig. 1 is used. 
Different volumes in the range 25-200 pl of  
silver standard solutions were aspirated in the 
sample loop by means of  a syringe. Samples 
were injected into the carrier stream by pump- 
ing at a rate of  0.37 ml m i n - L  The reagent was 
added at a rate of  0.37 ml min -~ in a conflu- 
ence manner  downstream to ensure the rapid 
and adequate mixing of  the sample with the 
reagent. After an injection, the valve was re- 
turned to the load position when the baseline 
had been reached. The decrease in absorbance 
was monitored at the wavelength maximum 
(275 mM) for the Ni (CN)~-  complex. The out- 
put (negative signals) of  the ultraviolet spec- 
t rophotometer  was registered on the chart 
recorder. When the baseline was reached, an- 
other slug of  the sample could be injected. The 
area or the height of  the negative absorbance 
peak can be used for the calibration. 

of  pH 10 was pumped in both lines of  the 
manifold), the absorbance values at 275 nm of  
NI (CN)~-  reagent solutions (pH 10) were mea- 
sured in the concentration range 0.5 x 10 - 4 -  
6.0 x 10 -4 M. Fig. 2 shows that the variation 
of  absorbance with concentration of  Ni(CN) 2 - 
solutions yields a linear relationship up to 
2.0 x 10 -4 M and shows a considerable devia- 
tion at higher concentrations. 

By injecting standard silver solutions into the 
carrier stream, using 2.0 x 1 0 - 4 M  Ni(CN) 2 -  
as reagent, a decrease in the absorbance values 
was obtained. Fig. 3 shows that the decrease in 
absorbance values at 275 nm is linear in the 
silver concentration range 0.10-4.0 x 10 -4 M. 
This permits silver to be determined in quanti- 
ties up to 4 x 10 -4 M. Moreover,  it indicates 
that the reaction between Ni(CN) 2 -  and Ag + 
with a mole ratio of  1:2 proceeds to completion 
using this FIA system. 

The effect of  pH on the reaction between 
silver and Ni(CN)~-  was studied in ammonia-  
cal (NH3/NH4NO3) buffer medium at pH val- 
ues in the range 8.5-10.3. Fig. 4 shows that no 
significant changes were observed. 

3. Results and discussion 

Determination of  silver by this U V - F I A  
method is based on the decrease in absorption 
of  nickelocyanide complex ion in ammoniacal  
buffer solution at 275 nm. The chemical vari- 
ables and the FIA variables influencing the 
system were optimized to achieve reproducible 
results. 

3.1. Optimization o f  chemical variables 

Absorbance measurements were performed 
using the manifold shown in Fig. I. Consider- 
ing the baseline of  the carrier solution (carrier 

0.80 
/s 

A 0.60 

0d,0 

0.2O 

0.0 o , I I I 
v.O 0 4.0 6.0 8.0 

C o n c h .  o f  NIICN)~', MXlO & 

Fig. 2. Plot of absorbance versus concentration of 
Ni(CNh:- reagent solutions at 275 nm. Carrier stream was 
ammoniacal butter (pH 10.0). 



2056 .4.T. Haj-Hussein / Talanta 42 (1995) 2053-2057 

Baseline S AN 

D 

C 110 rain I 

A 

Fig. 3. Flow-injection signals for indirect ultraviolet deter- 
mination of  silver at a rate of  approximately 60 sam- 
pies h -  ~ with the manifold shown in Fig. 1. Silver (I~M): A, 
400; B, 300; C, 200; D, 100; E, 50; F, 10. Concentration of  
Ni(CN)42- reagent was 2.0 x 10 -4  M; injection volume, 
351al; carrier, ammoniaeal buffer (pH 10); wavelength, 
275 rim. 

3.2. Optimization of  FIA variables 

3.2.1. Wavelength selection 
Fig. 5 depicts the absorption spectra of 

Ni(CN)~- complex (2.0 x 10 -4 M) in ammoni- 
acal buffer solution at pH 10.0. The curve ex- 
hibits a band with maximum absorbance at 
275 nm which was chosen as the optimum 
wavelength for studying the factors influencing 
this FIA system. 

pH 

B o s e l i n e  8.0 9.0 10.0 tl.0 
[ # I I 

0.20 

0,10 

*-----....0......~ 

Fig. 4, Effect o f  pH on the determination of  silver. Con- 
centration of  silver was 2.0 x 10 -4  M; other conditions 
were as given in Fig. 3. 

0.30 

A 0.20 

0.10 

0.00 , , a I 
24C 26C 280 300 

Wave leng th ,  nm 

Fig. 5. Absorption spectrum of Ni(CN)~- at pH 10 with 
the manifold shown in Fig. 1. Concentration of  Ni(CN)42- 
was 2.0 x 10 -4  M; carrier, ammoniacal buffer (pH 10.0). 

3.2.2. Sample injection volume 
The optimum volume of injected sample was 

found to be 35 lal. 

3.2.3. Length of  reaction coil 
The signal (negative peak) increased linearly 

with length (15-100 cm) and internal diameter 
(up to 0.51 mm) of the reactor tube. A reactor 
length (L) of 25 cm and i.d. of  0.51 mm were 
chosen to give a compromise between maxi- 
mum peak height and sampling frequency. 

3.2.4. Flow rate 
The optimum flow rate was found to be 

0.7 ml min-L  At this flow rate with 35 Ixl sam- 
ple injections in this work, the average sam- 
piing rate was around 60 samples h -~. 

3.3. System characterization 

The flow system in Fig. 1 was used for 
preparing the calibration graph. The sample 
solution was injected from a sample loop of 
35 Ixl. Typical signals are shown in Fig. 3. The 
calibration graph is linear up to 4.0 x 10 -a M 
silver (4001aM). The limit of detection 
(2 x noise) for silver was 3 laM (0.32 ppm). The 
percent relative standard deviation for 10 repli- 
cate injections was < 1%. 

3.4. Interference study 

A systematic study of potential interferences 
in the proposed method was made. Copper, 
nickel, zinc, lead, iron, bismuth and arsenic 
which may be found in the common silver 
minerals [10] were studied for their interfering 
effects. Each metal ion was studied in the range 
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Table 2 
Determination of silver in some silver minerals determined 
by the proposed FIA method and by AAS 

Sample Ag content (%) 

FIA method AAS method" 

NS b 96.6 97.5 
Prc 25.5 25.4 
py c 32.9 31.7 

a A Pye Unicam SP9 atomic absorption spectrophotome- 
ter equipped with a silver hollow-cathode lamp was used. 
The wavelength was set at 328.1 nm and the operating 
conditions were adjusted following standard recommenda- 
tions. 

b Provided by the Geology Department, Yarmouk Uni- 
versity. NS, native silver (Beaverdall, British Columbia, 
Canada). 

c Provided by the Geology Department, University of 
Jordan. Pr, Prousite; Py, pyrargyrite (Frieberg, Sachsen, 
Germany). 

4.0 x 10-4-2  × 10 -4M silver at pH 10 (am- 
moniacal buffer solution). No effects were ap- 
parent for Zn +, Ni 2 + and AsO~- ions over 
the complete range of  concentrations investi- 
gated. Cu 2 + caused decreased peaks when con- 
centration exceeded 4.0 x 10 - 4  M. In contrast, 
Pb 2 ÷, Fe 2 + and Bi 3 + ions precipitated in the 
ammoniacal buffer solution. In the determina- 
tion of  silver in silver minerals, however, dis- 
solving these minerals in nitric acid, followed 
by addition of excess ammonia and filtration 
would remove all these ions and so prevent 
interference. 

3.5. Determination of silver in silver minerals 

The proposed method was applied to the 
determination of  silver in native silver, 
proustite and pyrargyrite minerals. The results 
(silver content, %) of  the analyses are summa- 
rized in Table 2. 

A measure of the reliability of  the proposed 
method is given by Table 2 in which the results 
are compared with those obtained using AAS 
by complete decomposition with nitric acid [11]. 
There is general agreement between the results 
of  the methods. It is also apparent that the 
results for silver were not affected by various 
elements present in the mineralized samples. 
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Abstract 

An analytical procedure for dissolving wolframite in order to determine trace elements by atomic 
absorption is reported. After decomposition of the mineral by alkaline fusion, the cooled flux is dissolved by 
heating with aqua regia. The finely crystalline precipitate of tungstite, which forms on standing, is filtered 
and dissolved by heating with aqua regia. Tungstite forms again in the latter solution and the filtration and 
solubilization are repeated until the solution contains negligible amounts of trace elements. Following this 
procedure, trace elements in 35 samples of natural wolframite have been dissolved and the solutions 
obtained have been analyzed by atomic absorption spectrometry for Fe, Mn, Cu, Zn, Pb, Co, Ni and Cd. 

Keywords: Wolframite; Trace elements; Atomic absorption spectrometry 

1. Introduction 

Trace element analyses of  natural wol- 
framites are very rare. Wolframites are rou- 
tinely analyzed using an electron microprobe 
(EM) [1,2], and therefore the results are reliable 
only for major elements. Trace element concen- 
trations are generally near, or in the range of  
the analytical error [1,2]. Lack of  information 
about trace element contents of  wolframite 
therefore represents a major handicap in the 
interpretation of  the results of  geochemical 
studies of  the origins of  ore deposits. For  other 
mineral phases, such as sulfides and oxides for 
instance, trace element composition is often 
useful in elucidation of  the composition of  the 
parent solutions [3-6]. 

To fill this gap, this paper describes a proce- 
dure for wolframite trace element solubiliza- 
tion, which allows determination of  trace 

* Corresponding author. 

element concentrations by atomic absorption 
spectrometry (AAS). Thirty-five wolframite 
samples from two major hydrothermal deposits 
in Portugal have been analyzed. In addition to 
trace elements, Fe and Mn were also deter- 
mined in the same solutions by AAS. For  these 
two elements the results were compared with 
the corresponding concentrations determined 
by EM analysis with a Jeol JXA 50A with EDS 
Link system (counting time 100 s, 15 keV and 
2 mA) [7]. 

2. Experimental 

The procedure presented was derived from 
the industrial technique of  WO3 preparation, 
namely alkaline fusion of  wolframite and sub- 
sequent purification of  WO3 by repeated acid 
leaching. 

Subsamples of  about 200 mg of  powdered 
(~b ,~ 0.25 ram) wolframite were mixed with l g 
of  Na2CO3 and 200 mg of  Na2NO3 and the 

SSDI  0039-9 ! 40(95)01681-3 
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Table 1 
Average element concentrations (ppm) determined in the 
four solutions 

Element Solution 

A B C D 

Fe 151536 2327 231 15 
Mn 23201 65 9 5 
Cu 200 15 10 - 
Zn 210 20 5 - 
Pb 85 10 - 
Co 50 10 - 
Ni 160 15 - - 
Cd 30 5 - 

mixture  was fused in a p l a t i num crucible  at  
a p p r o x i m a t e l y  700°C for 10min .  The  fused 
mass  was cooled  and  dissolved by  hea t ing  with 
10 ml o f  aqua  regia; the so lu t ion  (solut ion  A)  
soon became turb id ,  with a very fine, crys- 
tal l ine (as p roved  by  X R D  analyses)  prec ip i ta te  
o f  tungst i te  ( W O 3 . n 2 0 ) .  The  precip i ta te ,  which 
still con ta ined  some trace e lements  o f  wol-  
f ramite ,  was fi l tered off  and  dissolved by heat-  
ing with  15ml  o f  aqua  regia  in a Teflon 
crucible.  This  la t te r  so lu t ion  (solut ion  B) also 
soon  became tu rb id  because  o f  tungst i te  pre- 
c ip i ta t ion ,  and  it too  was filtered. The  precipi-  
ta te  was again  d issolved in 15 ml o f  aqua  regia 
in a Teflon crucible  and  the th i rd  so lu t ion  
(solut ion  C) was again  filtered. 

The  three solu t ions  ob t a ined  were then ana-  
lyzed for  Fe,  Mn,  Cu, Zn,  Pb,  Co,  Ni  and  Cd  
by  A A S  using a d o u b l e - b e a m  Perk in -E lmer  
M o d e l  460 s p e c t r o p h o t o m e t e r  and  mat r ix -  
ma t ched  s t andards .  

As  expected,  so lu t ion  C for  all samples  had  
lower  e lement  conten ts  than  so lu t ion  B, which, 

in turn,  was less rich than  so lu t ion  A.  How-  
ever, as so lu t ion  C d id  not  have negligible trace 

e lement  concent ra t ions ,  the tungst i te  precipi-  

ta te  f rom this so lu t ion  was dissolved again  in 

15 ml o f  aqua  regia, thus giving rise to so lu t ion  

D. Af t e r  f i l t rat ion,  the la t ter  solut ion was ana-  

lyzed by A A S  to give, finally, t race e lement  
concen t ra t ions  lower than  the analyt ica l  error ,  

which thus  were negligible.  

3. R e s u l t s  and d i s cu s s ion  

Table  1 shows the results  ob ta ined .  It is 

a p p a r e n t  tha t  over  99% o f  Fe  and  M n  o f  

wol f rami te  are con ta ined  in the two ear ly  solu-  

t ions (solut ion A and so lu t ion  B) and  t race 

e lements  are  de tec tab le  in all the so lu t ions  ex- 
cept  so lu t ion  D. However ,  the recovery o f  Pb, 
Co,  Ni  and  Cd  was ana ly t ica l ly  comple te  in 

so lu t ions  A and  B, whereas  tha t  o f  Cu  and  Zn  

was comple te  only with so lu t ion  C. This  is 
p r o b a b l y  because  Cu  and  Zn  are  more  ( 2 - 1 0  

t imes) a b u n d a n t  than  the o ther  t race e lements  

in the samples  s tudied [7]. 
Tab le  2 shows m a j o r  and  trace e lement  con-  

tents  in selected wol f rami te  samples  f rom the 
Panasque i r a  mine  (Por tuga l )  de te rmined  by 

A A S  c o m p a r e d  with the d a t a  for  the same 

samples  ana lyzed  by  EM.  F o r  Fe  and  M n  the 

results ob ta ined  by the two techniques  show no 

significant difference as the A A S  values  fall in 

the range  o f  E M  values at  _+ ltr; on  the con-  

t rary,  for  t race e lements  the conten ts  deter-  

mined  by E M  are  indefinite,  being all be low the 

analy t ica l  e r ror  ( a )  and  thus  no c ompa r i son  

with the A A S  da t a  can be drawn.  

Table 2 
Concentrations of major (mass %) and trace (ppm) elements in selected samples from 35 analyzed wolframites from the 
Panasqueira deposit (Portugal) determined by AAS and EM. tr: microprobe analytical error (mass %) 

Element Sample a 

P-501 P-511 P-512 P-525 

AAS EM AAS EM AAS EM AAS EM 

Fe 15.08 15.20 15.63 15.07 15.73 15.38 14.94 15.22 +0.44 
Mn 2.61 3.01 2.56 2.47 2.34 2.88 2.29 2.56 +0.52 
Cu 704 < a 688 < tr 70 < ~r 70 < a +0.28 
Zn 457 <a  213 <~r 209 < a  219 <tr _+0.48 
Pb 65 <~ 35 <~ 50 <a  70 <a  _+0.18 
Co 70 < a 67 < a 65 < a 50 < a + 0.20 
Ni 119 < a  148 <tr 160 <a  119 <o +0.23 
Cd 25 < a  25 <t~ 30 <tr 20 <a  +0.14 
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4. Conclusions Acknowledgements 

The following procedure is suggested to de- 
termine trace element abundance in wolframite. 
Fuse wolframite with Na2CO 3 + Na2NO3 and 
dissolve the cooled fused mass by heating with 
aqua regia. Filter the tungstite which precipi- 
tates and dissolve the precipitate in aqua regia. 
Tungstite forms again in the new solution, so 
filtration and dissolution of the precipitate 
must be repeated until AAS analyses carried 
out on the solution give negligible trace ele- 
ment concentrations. 

Although the procedure given here is more 
time-consuming than EM analyses, it is worth- 
while as it allows the geochemist to measure 
trace elements at amounts significantly lower 
than 1000 ppm, whereas the analytical error of 
EM is generally larger. 

The authors thank Mr. G. Aurisicchio for 
assistance provided during atomic absorption 
analyses and Dr. C. Aurisicchio and Dr. M. 
Rettighieri for help during the microprobe 
work. 
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Abstract 

A multicomponent detection system using optical biosensors and flow injection analysis is described. The 
analysis of mixtures containing penicillin and ampicillin was realised by evaluating dynamic measurements 
of Phenol Red spectra in penicillinase optodes in combination with a diode array spectrometer. A variety of 
optodes has been produced by changing the composition of the receptor gel and the working pH. A set of 
characteristic quantities (describing dynamic and static features) could be obtained for each optode. These 
were used to compare the predictivity of classical multivariate calibration methods as well as of an artificial 
neural network. In addition, different algorithms were applied for the evaluation of the spectral data in order 
to select the most appropriate method for feature extraction. In consequence, the information obtained from 
the multivariate calibration models was used to set up an optimal sensor array consisting of four optodes 
with different types of penicillinase at different working pH. 

Keywords: Penicillin; Ampicillin; Optical biosensors; Flow injection analysis; Multivariate data analysis 

1. Introduction 

Enzyme optodes have become well estab- 
lished as modern tools in certain areas of ana- 
lytical chemistry during the last 15 years. This 
type of  sensor based on fibre optic techniques 
has already been described in monographs 
[1,2]. In spite of  this considerably long develop- 
ment time and the efficiency attained in labora- 
tory set-ups the practical application is not 
established yet. The reasons are: (i) the rela- 
tively short lifetime of  many optodes and (ii) 
their lack of  signal stability due to interferences 

* Corresponding author. 
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in typical analytical matrices. These problems 
can be overcome by combining optodes with 
flow injection analysis (FIA) and multivariate 
data analysis applied to an array of  optodes 
rather than to a single one. Within the multi- 
variate methods, partial least-squares (PLS) 
[3-7] is applied more and more in optical 
analysis of  chemical systems [8-10]. 

However, in the area of  optical sensing, and 
especially in the combination of  spectral detec- 
tion methods with an FIA system [11], just a 
few examples are given in the literature. For  
example, the determination of  pesticides by 
differential degradation using PLS and spectral 
data produced in an FIA system is described in 

reserved 
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Ref. [12]. Using a stopped-flow injection system 
[13], metal ions can be determined by kinetic 
analysis of spectra. Finally, mixtures of hy- 
droxybenzaldehydes were analysed by photodi- 
ode array detection applying reproducible pH 
gradients produced by an FIA technique [14]. 

In this paper, the evaluation of transient 
signals from penicillinase optodes in an FIA 
system using multivariate methods is described. 
Lactam antibiotics, for example penicillin G or 
V, ampicillin and cephalosporin C, are effective 
drugs against infectious diseases. Although 
these drugs have been well studied in the past, 
new methods are still of interest to determine 
quickly and safely penicillin derivatives [15,16]. 
In principle, penicillin compounds can be 
individually detected by penicillinase optodes 
[17-19]. However, mixtures of penicillin com- 
ponents have not yet been analysed by enzyme 
optodes. In the present study, we report results 
obtained by simultaneous analysis of mixtures 
of penicillin G and ampicillin by an optode 
array. We compare several methods for feature 
extraction and multivariate calibration to select 
the optimum composition of the optode array. 

2. Theory 

2.1. Data evaluation and feature  extraction 

The data available from the optodes consist 
of the transient diffuse reflectance spectra in 
the visible wavelength region obtained at 
equidistant time intervals after the injection of 
an analyte into the FIA system. When the 
analyte reaches the sensor at time to, the flow is 
stopped. The change in the reflectance with 
time may then be described on an empirical 
basis by the exponential function given in Eq. 
(1) for each optode i: 

R~(A, t) = R~ta t (2) [1  - -  e -~," -',,~] (1) 

Here, to corresponds to the time when the 
optode/analyte interaction starts. R~ '"t com- 
prises the wavelength-dependent maximum 
change in reflectance for the specific optode i 
(static information), ki includes the dynamic 
behaviour of the optode i. 

For the sensor evaluation, the dynamic fea- 
tures (i.e. the time dependence of the signal 
described by k~) and the static features (i.e. the 
steady state signals described by R~ t~t) may be 
considered. The steady state signals should give 
information on the total concentration of ana- 

lytes whereas the dynamic signals should con- 
tain analyte-specific information. In this 
section, we discuss algorithms for the extrac- 
tion of both dynamic and static information 
from the spectral data. 

The parameters in Eq. (1) may be obtained 
by non-linear least-squares regression. For on- 
line data evaluation, simultaneous application 
of Eq. (1) to the whole set of wavelengths 
would be time-consuming and is not necessary. 
A lot of data reduction techniques exist for 
removing the wavelength dependency from this 
equation. Three algorithms are described in the 
following. Their performance is compared in 
the results and discussion section. 

The simplest algorithm disregards the spec- 
tral information measured and concentrates on 
the most prominent wavelength (i.e. the wave- 
length of maximum spectral change of the im- 
mobilized pH indicator). This algorithm is 
subsequently called the "monochromatic" al- 
gorithm. 

More information is retained by using the 
integral reflectance over the monitored wave- 
length range. Then R~t"'(2) is replaced by the 
integral maximum change in reflectance R star 
whereas k i and to should not be affected. This 
procedure is called the "integrative" algorithm. 

The full spectral information is used in the 
feature extraction step by calculating the first 
principal component R~ ¢ [5] using all reflec- 
tance spectra from the current experiment or 
the previous investigations and by solving the 
following linear matrix Eq. (2) with respect to 
the scalar bi(t)  (principal component scores) 
for each sampling time t (subsequently called 
the "spectral" algorithm): 

Ri( t )  = R~ c • bi(t) + e( t)  

( R P C ) T  (2) 
bi(t ) = (RPc)r. R~ c Ri( t )  

Here Rj( t )  denotes the vector of the spectral 
reflectance of optode i at time t with the ele- 
ments R~(2, t), and R~ c denotes the first princi- 
pal component (PC) of optode i with the 
elements R,Pc(2). The stochastical nature of 
model Eq. (2) is indicated by the residual error 
term e(t).  Eq. (1) is then transformed to 

b i ( t  ) = b~tat[ l  _ e-~-,~,-,,o] (3) 

As confirmed by our measurements, this spec- 
tral algorithm is the most powerful method for 
several reasons. First, it makes use of the full 
amount of information obtained by calculation 
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of the first PC. Second, it offers possibilities to 
detect time-dependent changes in optode per- 
formance by monitoring the change in the first 
PC with time. 

3. Experimental 

3. I. Instrumentation and measurements  

The flow injection manifold used is shown in 
Fig. 1. The following modules were integrated: 
tWO peristaltic pumps (MC-MS/CA4/8 and 
MS-4 Reglo-100) from Ismatec, Wertheim- 
Mondfeld (Germany); a six-way valve (TMV) 
from Latek, Eppelheim (Germany); two six- 
way valves (M-5011) and an injection valve 
(M-5020) from ERC, Alteglofsheim (Ger- 
many). Pumps and valves were interfaced to a 
PC 486DX by means of a multi input-output 
card (DCI 385) from Kosiol, Frankfurt am 
Main (Germany). The reflection/absorption 
spectra were recorded by a diode array spec- 
trometer (MCS 230) from Carl Zeiss Co., 
Oberkochen (Germany) employing a bifurcated 
quartz fibre optic (Y-shape) and a xenon light 
source (CLX l 1 l) from Zeiss. The biosensors 
were sequentially placed in an acrylic flow cell 
made in house [18,19]. All components were 
connected by Teflon tubes (0.8 mm i.d.) using 
commercially available connectors. 

~ (C~ light source 

~ a t e d  

_ _  

penicillin/ampicillin-standards buffer 

Fig. 1. FIA manifold for enzyme-based detection of time- 
dependent changes in absorption of a Phenol Red mem- 
brane. The spectra are recorded by means of a diode array 
spectrometer. The different mixtures of penicillin and 
ampicillin used as calibration and test data sets were stored 
in an ice-cooled bath during measurements. 

During measurements an ice-cooled bath 
containing all samples retarded premature and 
non-catalysed hydrolysis of penicillin and 
ampicillin. The phosphate buffer passed the 
flow cell for 5 min with a flow rate of about 
225cm3h - '  removing the previous sample 
from the sensor layer (thus the time for the 
regeneration process can be decreased down to 
3 min). Simultaneously, the flow system sam- 
pling port consisting of three six-way valves 
was washed for 20 s. Next, the six-way valves 
were switched to one of the 15 standard solu- 
tions to fill the sample loop (250 I11) of the 
injection valve. When the injected sample vol- 
ume had passed the sensor layer for 4 s the 
carrier stream was stopped and the data acqui- 
sition started. While penicillin and ampicillin 
are diffusing into the polyacrylamide gel they 
are hydrolysed by immobilised preparations of 
penicillinase causing a local pH shift in the 
receptor layer. Accordingly, a pH indicator 
(Phenol Red) changes its colour which is spec- 
trally recorded using time intervals of l0 s for a 
period of 3 min. 

3.2. Reagents  and samples 

Penicillinase (fl-lactamase, EC 3.5.2.6) from 
Escherichia coli and ampicillin (sodium salt, 
prep. l) were purchased from Boehringer 
Mannheim, GmbH (Germany). Penicillinase 
from Bacillus cereus, ampicillin (sodium salt, 
prep. 2), penicillin G (potassium salt) and Phe- 
nol Red (sodium salt) were obtained from 
Sigma. Phosphate buffer (5 mM) containing 
100 mM KCI was prepared from reagents of 
analytical grade, used without any further 
purification and dissolved in distilled water. 
Standard solutions were prepared in phosphate 
buffer. Their pH was additionally controlled by 
a pH meter before measuring. The enzymes 
and the pH indicator Phenol Red were immo- 
bilised during the polymerisation of a poly- 
acrylamide layer on a silanized glass substrate 
(10 mm diameter). The general immobilisation 
procedure is described in detail in Ref. [18]. 
The composition of membranes, working pH 
of the ambient medium, and codes for the 
investigated optodes are given in Table 1. 

3.3. Calibration and test data set 

Independent data sets were measured for 
calibration (model building) and testing (vali- 
dation) of the different methods. The calibra- 
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Table 1 
Sensor composition, pH of ambient medium, and codes for the enzyme optodes utilized in this study (t.i. = time interval 
for measurements) 

Code Ambient  and optode composition 

EC7-1 
BC7-1 
EC7.8-1 
EC7.8-2 
BC7.8-1 

E. coli penicillinase (60 U/optode), Phenol Red, pH 7.0, t.i. 10 s for 180 s 
B. cereus penicillinase (460 U/optode), Phenol Red, pH 7.0, t.i. 10 s for 180 s 
E. coli penicillinase (60 U/optode), Phenol Red, pH 7.8, t.i. 10 s for 180 s 
E. coil penicillinase (60 U/optode), Phenol Red, pH 7.8, t.i. 5 s for 30 s 
B. cereus penicillinase (930 U/optode), Phenol Red, pH 7.8, t.i. 10 s for 180 s 

tion data set consisted of  11 objects; the test 
data set consisted of  4 objects. The composi- 
tion of  the binary mixtures is given in Table 2. 
For  each object, the spectral reflectivity in the 
wavelength range 400-600 nm (100 data points 
per spectrum) for the five optodes in Table 1 
was measured. The mixtures were presented in 
random sequence. The raw data are available 
from the authors upon request by electronic 
mail (gerolf.kraus@ipc.uni-tuebingen.de). 

3.4. Data pre-processing 

The spectral signals were transformed to 
wavelength-independent variables according to 
the algorithms described in the theoretical sec- 
tion. The first PC in Eq. (2) was calculated 
from mean-centered data of  the calibration 
data set and accounted for 99.9% of the total 
signal variance. The injection time to is not 
considered further. Two variables are thus ob- 
tained for each optode i (k~ comprising the 
dynamic features and R stat resp. b~ tat compris- 
ing the static features) with different scales. The 
variables were calculated by nonlinear least- 
squares regression. The mean relative standard 
deviation obtained for b~ tat and ki was 2.0% 
and 4.5% respectively. In order to weight the 
two types of  variables equally, both scales were 
confined within the range 0-1  by division by 
the largest value of  all k~ and R~ '~t, b~ '~t respec- 
tively. The models established from the calibra- 
tion data set were used for the validation with 
the test data set without further alteration. 

3.5. Characterisation o f  multit,ariate methods 

For characterisation of  the multivariate er- 
rors of  calibration and prediction, the numbers 
that are defined by Eqs. (4)-(7) were intro- 
duced (nc and np are the number of  samples in 
the calibration and prediction data sets respec- 
tively). MSEC and MSEP denote the mean 
square errors of  calibration and prediction, 

RAEC and RAEP denote the relative absolute 
errors of  calibration and prediction (given in 
%): 

~_,~alibration data set (Cpredieted - -  Ctrue) 2 
MSEC = (4) 

n c  

Eprediction data set (Cpredicted - -  Ctrue) 2 
MSEP = (5) 

RAEC = 

np 

La,,brat on data set ICpredict  - -  Ctrool/Ctroo 

RAEP = 

n c  

(6) 

Eprediction data set {Cpredicted - -  Ctruel/Ctrue 

np 

(7) 

3.6. Software 

Data acquisition and system control were 
conducted with FIACRE [20], and MEASURE 
[21] software running under Windows TM. Data 
evaluation was performed on a PC 80486/ 
33 MHz. Data pre-processing was computed 
with Microsoft Excel TM. Principal component 
analysis and PLS regression were calculated 
with Unscrambler 5.0 (CAMO/AS, Trondheim, 
Norway). The neural network was simulated 
with our own software running under Windows 
3.1. Non-linear least-squares regression was 
calculated according to the G a u s s - N e w t o n -  
Marquardt  algorithm [22] with our own soft- 
ware. 

4. Results and discussion 

An example of  the change in spectral reflec- 
tivity during one measurement cycle is given in 
Fig. 2. The diagram demonstrates the reflectiv- 
ity of  a Phenol Red-doped membrane (EC7.8- 
1; see Table 1) at equidistant time intervals 
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Table 2 
Design of  calibration and test data sets 

2069 

Object 

1 2 3 4 5 6 7 8 9 10 11 

Calibration data set 
Cpenicillin (mM) 2 5 10 0 0 0 2 
CAmpicillin (mM) 0 0 0 2 5 10 4 

1 2 3 4 
Test data set 
Cpenieillin (raM) 8 3 4 5 
CAmpicini n (mM) 2 9 4 8 

4 6 10 7 
7 10 5 3 

between 10 s and 170 s after the analyte peak 
reaches the sensor and the flow was stopped. 
The curves show the membrane reflectivity rel- 
ative to the reflectivity of  the optode in a 
continuous flow of  buffer. 

4.1. Feature extraction 

The monochromatic,  integrative, and spec- 
tral methods described above were applied to 
the evaluation of  the data set and compared 
with respect to their feature extraction proper- 
ties. The wavelength at the peak maximum 
(570 nm) which was used for the monochro- 
matic evaluation is marked by the vertical ar- 
row in Fig. 2. The integrative evaluation was 
based on the integral absorbance in the range 
400-600 nm marked by the horizontal arrows 
in Fig. 2. In addition, the loadings for the first 
PC are included in the window in the upper left 

Peak maximum 
--, ,ii / 

0.20, [. i Loadings for PCI/ '~ /~,~ 

0.15 " /~ 

t~ -0.05 

-0.10~ , JI i J I n t e g '  ~ , ration range~ ~ ,I 
L 

360 400  440  480 520 560 600 640 
Wavelength [nm] 

Fig. 2. Change in the spectral reflectivity during a mea- 
surement cycle. The peak maximum which was selected for 
single wavelength (monochromatic) evaluation is marked 
as well as the range that was selected for integration of  the 
spectrum. The multivariate evaluation procedure was based 
on the Ioadings for the first PC (PCI) which are displayed 
schematically in the upper left part o f  the diagram. See text 
for detailed description of  the algorithms. 

part of  Fig. 2. For  the selection of the most 
appropriate feature extraction method, the 
whole set of  optodes (cf. Table l) was consid- 
ered. After pre-processing as described above, 
the data sets from the different algorithms, 
each consisting of  l0 variables (5 with dynamic 
features k~, 5 with static features R stat, bstat) ,  

were subject to PLS2 calibration [7]. The num- 
ber of  primary factors was selected by leave- 
one-out cross-validation. The resulting models 
were used to predict the concentrations for the 
test data. The statistical data and the number 
of primary factors are summarised in Table 3. 
The results clearly indicate by the values of  
MSEP and RAEP that spectral evaluation is 
the most appropriate method for the extraction 
of the dynamic and static features. The integra- 
tive method which is also based on the spectral 
data yields slightly worse predictions but 
behaves better than the monochromatic 
approach. This demonstrates that spectral 
detection together with multivariate feature ex- 
traction enhances the predictivity and rugged- 
ness of  the optode array. The integrative 
method, although based on the full spectral 
information, does not make use of  the whole 
information contained in the data set. The 
characteristic features are optimally extracted 
by the spectral (multivariate) method which 
therefore is used throughout the following dis- 
cussion. 

4.2. Importance of dynamic and static features 

To demonstrate the importance of  both the 
dynamic and static features for solving the 
problem of  multicomponent analysis, we re- 
peated PLS2 calibration with two subsets of 
the full data set. For  each subset 5 variables 
were selected. The first subset comprised only 
the static information. The other subset was 
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Table 3 
Statistical data for comparison of different algorithms (monochromatic, integrative, spectral) for feature extraction. The 
Table includes the MSEC, the RAEC, the MSEP and the RAEP 

Feature extraction Calibration Prediction 

Algorithm Number of MSEC RAEC MSEP RAEP 
primary factors (mM 2) (mM 2) 

Penicillin 
Monochromatic 5 0.084 8.0% 0.515 15.7% 
Integrative 5 0.125 9.8% 0.326 9.5% 
Spectral 5 0.094 5.8% 0.275 7.0% 

Ampicillin 
Monochromatic 5 0.154 7.1% 1.686 26.5% 
Integrative 5 0.170 7.2% 0.275 10.0% 
Spectral 5 0.156 6.1% 0.093 7.1% 

composed of  the pure dynamic variables. In 
both cases, the values for the MSEP increased 
by a factor of  six with respect to the values 
given in Table 3 for the spectral feature selec- 
tion algorithm and the full data set. The values 
for RAEP obtained were greater than 13% 
(compared to 7% for the full data set). This 
shows, that neither the dynamic nor the static 
behaviour alone contains enough information 
for an optimum prediction. 

4.3. Comparison o f  algorithms 

Five standard methods for multivariate cali- 
bration were compared with respect to their 
performance for predicting the concentrations 
of  the test samples. Aside from the PLS2 
method already discussed, we applied PLS re- 
gression for a single compound (PLS1; e.g. 
Ref. [7]), principal components regression 
(PCR; e.g. Ref. [6]), multivariate least-squares 
regression (MLR; e.g. Ref. [5]), and a back- 
propagation neural network (BPN; e.g. Ref. 
[23]). The statistical data obtained from these 
methods are summarised in Table 4. For  PCR, 
the same number of  PCs (5) was selected as for 
PLS2. The backpropagation network was sim- 
ulated with a partially connected 10:2. (4:1) 
architecture (one hidden layer with bipolar 
transfer functions [24] and sigmoidal transfer 
functions [23] for the output layer) which was 
trained with adaptive learning parameters 
(learning rate 0.01, momentum 0.2) in 1000 
epochs. For  the training of  the artificial neural 
network, the concentration values of  penicillin 
and ampicillin were scaled to the interval [0.. 1]. 
PLS2 results in the best calibration models (cf. 
MSEC, RAEC in Table 4) for both analytes 

and predictions (cf. MSEP, RAEP) for ampi- 
cillin. The concentration of  penicillin is in- 
significantly better predicted by the PCR 
method (6.8% RAEC instead of  7.0% RAEC 
for PLS2). Nevertheless, the PLS2 method is 
the method of  choice for the data considered 
here. The difficulty with training backpropaga- 
tion neural networks with a small number of 
data can be seen from the predictions obtained 
with BPN. The latter predictions are in fact 
worse than those obtained by most of the other 
soft-modelling methods. 

4.4. Variable selection 

All calculations described in the previous 
sections were based on the full set of  10 vari- 
ables calculated from the spectral signals of  all 
five optodes (cf. Table 1). As demonstrated 
above, both dynamic and static features com- 
prise valuable information for the quantifica- 
tion of  penicillin and ampicillin. Now, the 
question arises whether all optodes or variables 
are necessary to obtain the described perfor- 
mance. The results will be even better if vari- 
ables with little or no contribution to the 
calibration problem can be identified and dis- 
carded. Selection of the least important vari- 
ables can be achieved by (i) inspecting the 
correlation matrix of  the sensor signals (pair 
correlations) or (ii) by inspecting the loadings 
[7] of the variables for the primary factors. Fig. 
3 shows the corresponding loading plot. The 
correlation matrix reveals two values close to 
unity for the pair correlations of  the dynamic 
features of  EC7.8-2 and BC7.8-1 and the static 
features of  EC7.8-2 and BC7-1. This high cor- 
relation with other signals implies that the in- 
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Table 4 
Compar ison  of  the performance o f  different multivariate methods  for correlation of  sensor signals with analyte 
concentrations.  The Table includes the statistical data  for PLS regression (PLS2 and PLSl  [7]), PCR [6], M L R  [5], and 
BPN [23]. The MSEC and R A E C  value for M L R  are close to zero because the system of  linear equations is only slightly 
overdetermined (10 variables for I I objects) 

Method 

PLS2 PLSI PCR M L R  BPN 

Penicillin 
MSEC 0.094 0.305 0.155 0 0.326 
RAEC 5.8% 12.5% 9 .00  0% I I. 1% 
MSEP 0.275 0.456 0.273 6.242 0.598 
RAEP 7.0% 9.2% 6.8% 56% 11.0% 

Ampicillin 
M SEC 0.156 0.229 0.209 0 0.214 
RAEC 6.1% 8.5% . 7.6% 0% 7.5% 
MSEP 0.093 0.115 0.294 1.226 0.273 
R A E P  7.1% 9.1% 15.4% 22.5% 10.8% 

formation gathered by optode EC7.8-2 is re- 
dundant. The loading plot (Fig. 3) shows a 
weighted picture of the same fact. The loadings 
of the described pairs of variables look very 
similar in both cases with the virtual exception 
of the loadings for the fifth factor with respect 
to the static features of EC7.8-2 and BC7-1. 
Since this factor accounts for only 0.1% of the 
total variance, this difference has in fact no 
effect on the correlation. This has to be taken 
into account for the interpretation of the load- 
ing plot. 

In addition, further information can be ob- 
tained from this loading plot. The small load- 
ings of the static features of EC7.8-1 for all five 
factors show that this variable does not help to 
solve the calibration problem. In fact, this vari- 
able models only the error (as seen by high 

! d s d s d s d s d s []PCI 

0°6° i t 
o.24 BPc4 

°° i | ~1 -0.2 

-0.4 

-0.6 
EC7 8 1 . - . - BC7-1 i E C 7 8 2  BC78 I 

Fig. 3. Diagram of  the Ioadings of  the 10 variables for the 
first five PCs. The corresponding optodes are indicated at 
the bot tom of  the picture. The assignment of  the variables 
to dynamic  (d) and static (s) features is indicated at the 
top. See text for a detailed interpretation. 

loadings for the secondary factors which are 
not presented here). Thus, deleting this variable 
from the data sets should result in better predic- 
tivity of the calibration model. Therefore a new 
PLS2 model was calculated without this vari- 
able and without the redundant optode EC7.8- 
2. The predictivity of the model increased 
significantly (MSEP = 0.039, RAEP = 3.9% for 
penicillin and MSEP=0.074, RAEP=5.1% 
for ampicillin, see Table 4 for comparison). 
This discussion shows a way to utilise the 
information from multivariate calibration mod- 
els to optimise the selection of variables and 
optodes from an optode array. 

5. Conclusion 

In the presented study we have shown that 
simultaneous analysis of penicillin and ampi- 
cillin concentrations is feasible with an array of 
four optodes incorporated in an FIA system. 
The optodes were based on immobilised peni- 
cillinase in the presence of a pH indicator. The 
concentrations of unknown samples are pre- 
dictable with a relative absolute error <6%. 
Detailed analysis of the multivariate data 
reveals (1) that dynamic together with static 
features comprise valuable information, (2) fea- 
ture extraction is best performed by multivari- 
ate analysis of the full spectral data, (3) 
selection of variables and optodes is easily per- 
formed on the basis of the loading plots and 
correlation matrix, and (4) the standard PLS2 
method is appropriate for the data analysis. 
Taking these results into account for future 
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investigations it should be possible to reduce 
the calibration set optimising the choice of 
influencing parameters as the pH, the amounts 
and types of enzymes or pH indicators. The 
results clearly demonstrate that multivariate 
evaluation should be involved in the analysis of 
optode arrays especially as the presented al- 
gorithms are well established and the calcula- 
tions can be carried out by a personal 
computer in a matter of seconds. 
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Abstract 

Within the past several years significant advances have been made towards the development and 
incorporation of chemically modified electrodes as selective detectors for high performance liquid chro- 
matography and flow injection analysis. In many cases the chemically modified electrode systems closely 
approach the "ideal" detector specifications of chemical and mechanical stability along with a significant 
linear response region. This paper will discuss the characterization and incorporation of ionomeric 
poly(ester-sulfonic acid) coated electrodes as nonaqueous electrochemical detectors. The orientation of the 
electrodes in the detector system as well as the increased sensitivity levels to 10- ~0 g ml-  ~ for cationic species 
a n d  10 - 9  g ml-  ~ for neutral species will be presented. Also the applicability of the ionomer coated electrodes 
as nonelectrolyte detectors achieved a reproducible response with detection limits to 10-6g ml-1. Overall 
this system performed as well as, or better than, more specialized and expensive thin layer electrochemical 
detectors. 

Keywords: Chemically modified electrodes; Amperometric detectors; Poly(ester-sulfonic acid); Flow injection 
analysis 

1. Introduction 

The use of  ionomer-coated electrodes to en- 
hance electrochemical amperometric  signals has 
been the subject of  significant research efforts 
for the past ten years [1-12]. The incorporation 
of  these modified electrodes into flow analysis 
systems as ultra-sensitive electrochemical detec- 
tors is for use under low and non-electrolyte 
conditions [12-16]. 

This paper  reports the incorporation of  a 
poly(ester sulfonic acid)-coated dual platinum 
disc electrode flow cell system as a reduced and 
non-electrolyte detector for flow injection 
analysis (FIA). As previously reported, the 
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poly(ester sulfonic acid)-coated electrode sys- 
tems are stable and exhibit fast partitioning of 
analyte materials under various nonaqueous 
conditions [12]. Several different electrochemi- 
cal flow cell types with modified electrodes 
have been reported in the literature, however 
their relatively high cost and degree of  special- 
ization have limited their widespread accep- 
tance and use as viable alternatives to 
spectroscopic detectors [13-16]. The detector 
system described herein incorporates a chemi- 
cally modified commercially available thin 
layer dual electrode cell as the basis for the 
detector system. The electrode surfaces are 
coated with a thin film of  an ionomeric mate- 
rial via a solution casting process. To accom- 
plish universal flow across the flow cell, the 
electrode block is oriented such that electrodes 

reserved 
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are in series, reference downstream, and the 
entire cell volume is over the thin film mem- 
brane. The resultant thin layer amperometric 
detector system is stable under flow; has exhib- 
ited a reproducible, low detection limit re- 
sponse for both reduced and non-electrolyte 
experimental conditions; and has shown in- 
creased sensitivity for both cationic and neutral 
analytes as compared to uncoated systems. 
This electrode/coating system also lowered the 
capacitive current levels from microamps for 
uncoated systems to less than 50 qamps for the 
coated electrodes. Therefore, while analyte sig- 
nals did decrease slightly because of diffusion 
limitations, the S/N ratios were significantly 
enhanced by approximately two orders of  
magnitude. 

2. Experimental 

2.1. Apparatus 

A Bioanalytical System (BAS) Model LC-44 
thin layer flow cell was used as the primary 
detector system. This system consists of a stain- 
less steel mounting block with a removable 
electrode assembly and Teflon flow spacer. The 
electrode to be modified was a BAS Model 
MF-1012 dual 2 mm platinum disk electrode 
encased in a PEEK block. The Teflon spacers 
used to define the channel volume of the cell 
were either 2 or 3 tal. A three electrode configu- 
ration was employed with the anionomer 
coated platinum disk as the working electrode, 
the stainless steel block as the auxiliary elec- 
trode, and the second coated platinum disk as 
the reference electrode. The poly(ester sulfonic 
acid)-coated platinum electrode behaved simi- 
lar to a coated wire electrode with a stable 
reference potential 225 + 5 mV negative of a 
Ag/AgCI reference electrode. Therefore all po- 
tentials are reported versus the ionomer/plat- 
inum reference electrode. 

Samples were injected through a Rheodyne 
Model 7125 injection valve equipped with ei- 
ther a 10 or 20 lal injection loop. The flow of  
the mobile phase across the FIA cell was main- 
tained with a Hewlett Packard Model 1050 
dual piston pump equipped with a pulse 
damper. 

The amperometric signals were measured 
with an EG&G PAR Model 273 potentiostat/ 
galvanostat. The output was displayed on ei- 
ther a Hewlett Packard Model 7015B time base 

recorder or a Hewlett Packard Model 3394a 
integrator. The entire electrochemical flow cell 
system was encased within a Faraday cage. 
Voltage regulators were used on all instrumen- 
tation to minimize any fluctuations of  the 
120 V a.c. line. 

2.2. Reagents 

All experiments were performed with Bur- 
dick and Jackson HPLC grade acetonitrile 
which was kept under a continuous helium 
purge. The electrolyte, tetrabutyl ammonium 
hexafluorophosphate, was purchased from 
Aldrich recrystallized thrice from ethanol and 
dried in vacuo at 100°C prior to use. The 
poly(ester sulfonic acid) ionomer, AQ55D, was 
purchased from Eastman Kodak Co. and 
filtered through a 0.45 tam Whatman Acrodisk 
prior to use. Ru(bpy)3Cl 2 and p-hydroquinone 
were purchased from Aldrich and used as re- 
ceived. Ferrocence and Ru(NH3)6CI 3 were pur- 
chased from Strem Chemical Co. and used as 
received. Purity of  all analytes was confirmed 
with voltammetric analyses prior to injection 
into the flowing system. 

2.3. Procedure 

The electrodes were first cleaned and pol- 
ished with 1.00, 0.30 and 0.05 p.m alumina on a 
Buehler Ecomet II Polisher. The electrodes 
were than immersed in water and sonicated for 
30 min, removed and dried in a 110 °C oven 
for 1 h, and placed in a vacuum dessicator to 
cool. AQ-55 films between 4 and 5 ~tm were 
solution cast over the entire surface of the flow 
channel by applying 25 lal of a 2% w/w AQ55 
aqueous dispersion. After application of the 
ionomer solution, the electrodes were placed in 
an 85 °C oven for 1 h. A detailed description of  
the AQ55 casting procedures has been summa- 
rized in the literature [12,13]. 

3. Results and discussion 

This investigation was concerned with the 
amperometric response of  AQ55-coated elec- 
trodes to neutral and cationic analytes in FIA. 
The AQ55 ionomer undergoes minimal 
swelling, is insoluble, and maintains its struc- 
tural integrity in acetonitrile under flow condi- 
tions of  0 . 5 - 2 . 0 m l m i n  -~. Attempts to 
incorporate AQ55-modified electrodes in non- 
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buffered aqueous solutions or methanol flow- 
ing streams, as has been reported in the litera- 
ture [13], was unsuccessful because of  the 
unpredictable behavior of  the membrane.  In 
most aqueous/methanol experiments the mem- 
branes would quickly deteriorate and be com- 
pletely removed from the electrode surface 
within seconds. In other experiments, mem- 
branes would last for longer periods of  time; 
however, the amperometric  signal exhibited a 
time dependence. With a mobile phase of  either 
acetonitrile, methylene chloride, or tetrahydro- 
furan the membranes were stable for extended 
time periods, 24 h or more, and showed no 
variation in amperometric  response. Within 
this investigation, acetonitrile was the solvent 
of  choice for the low electrolyte and nonelec- 
trolyte FIA investigations because of  the 
known values for membrane  diffusion and par- 
titioning rates [12]. 

Experimental results for the analysis o f  
Ru(bpy)32+/3+ at a typical coated electrode are 
summarized in Figs. 1-3. Ru(bpy)~ +/3+ was 
chosen as the analyte because the E ° for the 
redox couple is at the oxidative extreme of  the 
acetonitrile/platinum potential window; there- 
fore, the amperometric  response is in the region 
where the signal-to-noise ratio would be at a 
minimum. Experiments were also conducted 
with hydroquinone to evaluate the response of  
the coated electrode to an organic molecule 
with an irreversible oxidation. 

Fig. 1 shows representative data for the re- 
sponse of  the AQ55-coated detector system 
under reduced, 0.05 to 0.001 M, electrolyte 
conditions and an analyte concentration of  

B Z 0.10 microamlxres 

H 
10 ~onds 

Fig. 1. Repetitive flow injection amperometric response at 
a dual platinum electrode coated with a 5 Nm AQ55 
ionomeric membrane. Experimental conditions: working 
electrode was a 2 mm platinum disk: a channel volume of 
2.9 gl; mobile phase of acetonitrile/0.01 M TBAHP at a 
flow of 1.0mlmin-I; 10gl injections of 5 × 10-Tgml -I 
of Ru(bpy)~ + dissolved in mobile phase. Curves: (A) 
0.975 V; (B) 0.950 V; (C) 0.925 V; (D) 0.900 V; (E) 0.875 V; 
(F) 0.850 V vs. AQ55/platinum reference electrode. 

5.00 x 10 - s  g m l  - I .  As illustrated, the FIA am- 
perometric signals are extremely reproducible 
with baseline response times of less than 3 s, an 
excellent membrane re-equilibrium time. 
Repetitive injections of  the analyte solutions 
over 8 h showed less than a 1% loss in ampero-  
metric response. The hydrodynamic voltam- 
mogram generated in Fig. 2 illustrates the 
exceptional experimental behavior at the mem- 
brane-coated detector. The plot of  E vs. lo- 
g[(ilim - i)/i] was linear with a slope of 64 mV 
which is in good agreement with the theoretical 
value of  59 mV. Therefore, it appears that the 
increased resistance across the ionomeric mem- 
brane does not cause an activation overpoten- 
tial to occur for the described experimental 
conditions. 

In order to determine the detection limits of  
this membrane-coated,  amperometric detector 
system a series of  analyte solutions of  various 
concentrations were evaluated. Fig. 3a illus- 
trates the response of  the AQ55-coated detec- 
tors down to 10 -1° gm1-1.  It is apparent  that 
the response of  the detector was linear to ap- 
proximately 10 -9g  ml -~ with a lower limit of  
detection at 10 -1° g ml -~. (The log vs. log plot 
is necessary for clarity, the linear region is 
similar for the non-logarithm plots.) This de- 
tection limit is over 2 orders of  magnitude 
better sensitivity than the response reported at 
similar uncoated electrodes. Concentrations 
less than l0 - ' °  g ml -~ were beyond the sensi- 
tivity of  the potentiostat and therefore not 
evaluated. Fig. 3b is an example of  the re- 
sponse of  the detector to the 10 -1° g ml -~ solu- 
tions. In between each injection of  analyte, 
electrolyte solution was injected to insure that 
there was no response caused by the injection 
valve. The piston strokes of  the pumping sys- 
tem are the small regular peaks which appear  
at these current sensitivity settings. 

The oxidation of the hydroquinone 
molecule, under the same electrolyte experi- 
mental conditions as Ru(bpy)~ +/3+, was irre- 
versible (as expected) with an Ep~ = 0.79 V vs. 
coated reference. The hydrodynamic voltam- 
mogram and resultant plot of  E vs. log 
[ ( i l im-  i)/i] showed a linear response with a 
slope of 180mV (an irreversible wave) and a 
detection limit of  10-Sg ml - I .  

As mentioned, the 2 mm platinum electrode 
in a 3 tal flow channel achieved an amperomet-  
ric current response down to 10 - ' °  g ml - I  for 
inorganic cationic species. Unexpectedly, the 
observed detection limits for the oxidation of  
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Fig. 2. Hydrodynamic voltammograms for the FIA of  Ru(bpy)~ + in acetonitrile at an AQ55-coated platinum disk 
electrode: (a) 10 p.l injections of  10 -7  g ml - I  of Ru(bpy)~ ÷ in 0.01 M TBAHP; (b) 10 Ill injections of  10-Sg ml - I  
Ru(bpy).~ ÷ in aeetonitrile with no added electrolyte. 

neutral species, 10 - 9  g ml -~ for ferrocene and 
10-8gml  -~ for hydroquinone, were about 2 
orders of magnitude greater than for uncoated 
electrodes. Fan and Harrison [17] have shown 
that neutral species can partition into Nation 
membranes and have proposed the concept of 
an effective diffusion coefficient, Deft. Deft is 
equal to the product of the membrane partition 
coefficient, Kp, and the membrane diffusion 
coefficient, D . . . .  (D~rr = Kp x Dmem)- Partition 
coefficients of approximately 105 and 10' were 
observed respectively, for the incorporation of 
cationic and neutral species from acetonitrile 
into the AQ55 membranes. However, since 
the Dm~m values are 10 -~° and 10-Scms -~ 
for the cationic and neutral species the D~fr 
values for both the cationic and neutral 
species are of approximately the same magni- 
tude. This equality of Dar contributes to the 
similar detection limits for the cationic and 
neutral species. 

The evaluation of this detector system under 
nonelectrolyte conditions is illustrated in the 
hydrodynamic curve b of Fig. 2. Limited suc- 
cess with the use of the coated design as a 
nonelectrolyte detector was achieved. Using an 
acetonitrile mobile phase, ionomer-coated 
working electrode, and Ru(bpy)~ ÷ as an ana- 
lyte, a linear amperometric response to 
10-6g ml-~ was observed. As expected the ab- 
sence of electrolyte within the mobile phase 
increased the resistance within the cell, creating 
a significant activation overpotential. This 
overpotential is evidenced by the approxi- 
mately 400 mV positive shift of the E~/2 value. 
Also the increase of the slope to 120 mV is 
further evidence of the increased resistance 
across the membrane-electrode interface. Fi- 
nally, unlike the ionomer-coated electrodes ex- 
posed to a mobile phase which maintained a 
constant electrolyte concentration, the mem- 
branes exposed to nonelectrolyte conditions 
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Fig. 3. (a) Detection limits for the amperometric response of  Ru(bpy)~ + at an AQ55-coated platinum electrode in 0.01 M 
TBAHP/acetonitrile solution at a flow of  1.0 ml rain-~. (b) Alternate injections of  20 lal of  0.01 M TBAHP solutions, 
curve (i); and 1.5 x 10 -~°gml  -~ of  Ru(bpy)] + curve (ii). 

were extremely sensitive to the experimental 
history of  the electrode. One explanation for 
the carryover effects is that Ru(bpy)] +/3+ in- 
corporates into the membrane and remains as a 
charge carrier. After repeated experiments the 
concentration of Ru(bpy) 3÷ increases within 
the membrane causing the decreased signal and 
lack of reproducibility for the amperometric 
response. Since under low electrolyte condi- 
tions no carryover effects were observed, it is 
assumed that the electrolyte cations rapidly 
exchanged with the analyte cations in between 
injections thereby replenishing the membrane 

with inert electrolyte ions. Therefore, to elimi- 
nate the carryover effects under nonelectrolyte 
conditions, injections of  0.10 M electrolyte so- 
lution were made after every Ru(bpy)] + injec- 
tion. After the injections of  0.10 M electrolyte 
it is assumed that the membranes absorb a 
small amount of the electrolyte solution and in 
essence create an in-situ electrolyte source 
which maintains a low electrolyte concentra- 
tion. Under these conditions the amperometric 
response was not as sensitive as under elec- 
trolyte conditions, but did become highly re- 
producible. 
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4. Conclusion 

The high speed and sensitivity of this AQ55 
thin layer  e lec t rochemical  flow cell coupled  
with its excellent  reproducib i l i ty ,  low cost  and  
ease o f  use make  it an a t t rac t ive  a l ternat ive  to 
o the r  e lec t rochemical  and  spec t roscopic  detec-  
tor  systems. Also,  the  sensit ivity to neut ra l  as 
well as ca t ionic  species, 10 -9  and 1 0 - ~ ° g  m l - '  
respectively,  enhances  the appl icab i l i ty  well be-  
low the de tec t ion  l imits for  mos t  flow analysis  
detectors .  

Wi th  respect  to  the nonelec t ro ly te  appl ica-  
t ions o f  the  A Q 5 5 - c o a t e d  e lec t rode  system, 
while the  results  with the i onomer  coa t ing  are  
promis ing ,  much  work  is still needed to reduce 
the resis tance effects and  lower  the detec t ion  
limits. Present ly,  f rom p re l imina ry  results  in 
our  l abo ra to ry ,  the use o f  ca t i onomer i c / an -  
ionomer ic  b lends  has  lowered  the resistive 
effects bu t  the sensi t ivi ty levels have no t  im- 
proved .  W e  are con t inu ing  our  efforts on the 
i nco rpo ra t i on  o f  coa ted  a r r ays  and  pla t in ized 
m e m b r a n e s  and  hope  to  cons t ruc t  a viable  
e lec t rochemical  de tec to r  for  " n o r m a l - p h a s e "  
c h r o m a t o g r a p h y .  
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Abstract 

A tyrosinase-based chemically amplified biosensor, based on the substrate recycling of polyphenols driven 
by tyrosinase-catalyzed oxidation and chemical reduction by L-ascorbic acid (AsA), has been utilized for the 
highly sensitive detection of inhibitors of tyrosinase such as kojic acid, benzoic and SCN- ion. The 
amplified current response of immobilized tyrosinase-coupling oxygen electrode due to the recycling was 
suppressed by the addition of inhibitors, and a highly amplified response to kojic acid over other inhibitors 
was observed in the presence of 5 mM AsA. The amplification factor (AF) of kojic acid is substantially 
proportional to the AF of substrates, and the AF for 1 x 10 - 7  M kojic acid was increased by up to a factor 
of 143 when 1 x 10 -5 M dopamine was used as a competitive substrate in the presence of 5 mM AsA. The 
amplified calibration curve of kojic acid obtained with 5 mM AsA was shifted towards more than a two 
decades lower concentration range compared with that of the non-amplified response, and the detection limit 
of kojic acid was lowered to 7 x 10 -s M. 

Keywords: Biosensors; Tyrosinase; Substrate recycling; L-Ascorbic acid 

1. Introduction 

Tyrosinase (polyphenol oxidase, EC 
1.14.18.1) is a copper-containing metailo-en- 
zyme and catalyzes hydroxylation of  phenol to 
catechol and subsequent dehydrogenation to 
o-quinones accompanied by the conversion of  
molecular oxygen to water, and a number of  
biosensors using immobilized tyrosinase mem- 
brane have been reported [1-5]. However, in 
order to enhance the sensitivity and decrease 
the detection limits of  enzyme-based biosen- 
sors, recycling of  substrates and cofactors cata- 
lyzed by more than two kinds of  enzyme have 
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been utilized for the signal amplification of  
several biosensor systems [6-11]. In this con- 
nection, we have recently proposed the tyrosi- 
nase-based chemically amplified biosensing 
systems for catechol [12] and catecholamines 
[13,14], in which substrates are recycled be- 
tween the reduced form (catechol compounds) 
and the oxidized form (o-quinone compounds) 
by combining tyrosinase-catalyzed oxidation 
and chemical reduction by L-ascorbic acid 
(AsA). In these systems, a remarkably am- 
plified signal could be obtained by monitoring 
the amplified change in the concentration of  
dissolved oxygen [12,13] and pH [14] during the 
recycling, and highly sensitive determination of  
polypbenols (nanomolar to micromolar order) 
has been achieved. 

reserved 
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Kojic acid (5-hydroxy-2-(hydroxymethyl)- 
4H-pyran-4-one) is an antibiotic substance 
produced in an aerobic process by a variety of 
micro-organisms from a wide range of carbon 
sources. The assay of kojic acid is therefore 
important for monitoring the fermentation 
process. A convenient and direct biosensor sys- 
tem for kojic acid, however, has not been re- 
ported so far to our knowledge. It is known 
that kojic acid competitively binds to the cata- 
lytic site of tyrosinase because of its structural 
similarity to polyphenols and then inhibits the 
tyrosinase activity. In practical applications, 
kojic acid has been used in some cosmetics to 
prevent serious sun-burning caused by an accu- 
mulation of melanin in subcutaneous tissue 
produced via a tyrosinase-catalyzed metabolic 
pathway. If the inhibition of kojic acid is re- 
versible and tyrosinase is not inactivated, an 
effective and highly sensitive determination of 
kojic acid using chemically amplified polyphe- 
nol sensors would be expected because the 
amplified signal of the sensor is arising from 
the recycling of trace amounts of substrates 
that compete with inhibitors. On the bases of a 
similar analytical concept, the determination of 
enzymatic inhibitors based on substrate recy- 
cling systems using double-enzyme reactions 
[15] and electroenzyme reactions [16-18] have 
already been reported by other groups. 

In this study, we demonstrate the effective- 
ness of the chemically amplified recycling 
biosensor using immobilized tyrosinase and 
AsA for highly sensitive determination of ty- 
rosinase inhibitors, especially kojic acid, and 
the amplification characteristics of kojic acid 
obtained in the presence of AsA are described 
compared with those of a non-amplified re- 
sponse without AsA. 

2. Experimental 

2.1. Materials 

Tyrosinase (EC 1.14.18.1, from mushroom, 
2400 units mg- n of catechol oxidase activity) 
was purchased from Sigma, Sodium L-ascor- 
bate (AsA), kojic acid, sodium benzoate, 
sodium thiocyanate, dopamine nonohydrochlo- 
ride, catechol, phenol and noradrenaline hy- 
drochloride were of analytical grade and were 
used without further purification. Acrylamide 
monomer, N,N-methylenebisacrylamide, fl- 
dimethyl-aminopropyonitrile, potassium per- 

sulfate, potassium dihydrogenphosphate and 
disodium hydrogenphosphate were of extra 
pure reagent grade. Deionized water was used 
for preparing the buffer and sample standard 
solutions. 

2.2. Preparation o f  immobilized-tyrosinase 
electrode 

The enzyme electrode was fabricated by 
placing a tyrosinase-entrapped polyacrylamide 
gel ( ~  3 mm diameter, 0.2 mm thickness) on 
the surface of the gas-permeable membrane of 
a Clark-type oxygen electrode (Denki Kagaku 
Keiki Ltd.). The tyrosinase-entrapping gel was 
prepared as follows: acrylamide monomer 
(375 mg) and N,N-methylenebisacrylamide 
(20 mg) were dissolved in 2 ml of 0.1 M phos- 
phate buffer (pH 6.5) containing 1-10 mg of 
tyrosinase, and then poured onto a flat Petri 
dish (8.5 cm diameter). Next, 5% fl-dimethyl- 
aminopropyonitrile (0.25ml) and 1% potas- 
sium persutfate (0.25 ml) were added, and the 
solution was polymerized under a nitrogen at- 
mosphere. The tyrosinase membrane thus pre- 
pared was cut off with a microtip (-~ 3 mm i.d.) 
for the sensor preparation, and stored in 0.1 M 
phosphate buffer (pH 6.5) at 4°C in a refrigera- 
tor when not in use. 

2.3. Procedure 

Amperometric measurements were con- 
ducted using a potentiostat (Nikko Keisoku 
NPOT-1), one pen recorder (Nippon Denki 
Kagaku Ltd.) and an immobilized tyrosinase 
electrode. The enzyme electrode was immersed 
in 25 ml of 0.1 M phosphate buffer (pH 6.5) 
containing AsA in a 50 ml beaker and stirred 
constantly on a thermostated water bath 
(Eyela, RC-12, Tokyo Rikakikai). A beaker 
was opened to the atmosphere and the oxygen 
was supplied continuously from the air. After 
the steady-state background current baseline 
had been obtained, 5-50 lal of a standard solu- 
tion of polyphenols (dopamine, catechol, phe- 
nol) was added with a micropipette and the 
current response based on the consumption of 
dissolved oxygen was monitored. After the cur- 
rent response to polyphenols reached a steady- 
state value, standard solutions of tyrosinase 
inhibitors (kojic acid, benzoic acid, NaSCN) 
were added, and the decrease in the steady- 
state current was measured. All measurements 
were conducted at 35°C and pH 6.5 (optimum 
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pH for tyrosinase activity; data from Sigma). 
Standard solutions of substrates and inhibitors 
were prepared by dissolving the reagents in 
0.1 M phosphate buffer (pH 6.5). 

3. Results and discussion 

A cyclic reaction scheme of catechol com- 
pounds driven by tyrosinase and L-ascorbate 
(AsA) for the determination of tyrosinase in- 
hibitors is shown in Fig. 1. Enzymatically oxi- 
dised o-quinone compounds were chemically 
reconverted to catechol compounds by L-ascor- 
bate and reoxidized repeatedly. As a result, the 
current response of immobilized tyrosinase 
electrode, based on the reduction current of 
dissolved oxygen, was amplified in the presence 
of AsA, and permits the highly sensitive deter- 
mination of catechol compounds (less than 
micromolar level) [12,13]. It is known that ty- 
rosinase is inhibited by several kinds of com- 
pounds (e.g. kojic acid and SCN- ion) which 
competitively bind at the recognition site and 
catalytic site of tyrosinase respectively [16,17]. 
Consequently these inhibitors hinder the recy- 
cling rate and lead to a decrease in the 
amplified current response of the tyrosinase- 
modified oxygen electrode. 

Fig. 2 illustrates the typical stepwise current 
response curves of immobilized tyrosinase elec- 
trode obtained by successive addition of kojic 
acid with dopamine as a competitive substrate 
in the presence and absence of 5 mM AsA. In 
this system, the concentration of dissolved oxy- 
gen in the bulk solution would remain constant 
throughout the experimental period because 
the oxygen was constantly supplied from air by 
constant stirring. The steady-state current 
(~400nA) obtained by the addition of do- 
pamine, where the rate of oxygen consumption 
in the enzyme layer is equal to the rate of 

koJl© acid (inhildt~r) 
IA 

H20 tyro~mum (ox) ~" catechol DAsA 

11 2 02 / ~ tyroslnase (red) "~ ~" o-quinones AsA 

SCN "Ion 
~lnhlb#or) 

Fig. 1. A redox recycling scheme of  polyphenols for the 
determination of  tyrosinase inhibitors, using tyrosinase and 
L-ascorbic acid (AsA). DAsA: dehydroascorbic acid. 

o -500 a) 
"o 
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Fig. 2. Typical amplified and non-amplified current re- 
sponse curves of  immobilized tyrosinase electrode obtained 
by successive addition of  kojic acid in the presence (A) and 
absence (B) of  5 m M  L-ascorbate in the sample solution 
with dopamine (A, l x 10 -5 M; B, 2 x l0 -4 M) as compet- 
itive substrate. Kojic acid concentration: a, I x l0 -6  M; b, 
3 x l0 -6  M; c, 1 x l0 -5  M: d, l x l0 -4  M. 0.1 M phos- 
phate buffer (pH 6.5) was used. 

oxygen supply from the bulk solution, was 
apparently diminished by the addition of kojic 
acid, and the current reached another steady- 
state value within ~ 4 min. The current differ- 
ence between the steady-state current before 
and after kojic acid addition (Ai) was found to 
be dependent on the kojic acid added. Further- 
more, in the presence of AsA, a lower concen- 
tration of kojic acid (micromolar order) 
induces a current response, whereas no re- 
sponse to kojic acid at less than 1 x l0 -5 M 
was observed without AsA. These results indi- 
cate that the addition of kojic acid reduces the 
extent of recycling of dopamine and results in 
an amplified change in the current response of 
the tyrosinase electrode. In general, inhibition 
of enzyme is often irreversible because of the 
tight binding of non-catalytic inhibitors. In this 
case, the rinsing of the enzyme membrane by 
immersing the electrode in phosphate buffer for 
about 5 min allows the subsequent measure- 
ment of dopamine and kojic acid but the cur- 
rent response to dopamine decreases to 
approximately 92% compared to that of the 
first response. These results suggest the possi- 
bility of highly sensitive detection of kojic acid 
using a tyrosinase-coupling electrode in the 
presence of AsA. However, from the practical 
point of view, the replacement of the enzyme 
membrane is required after the measurement of 
a relatively high concentration of kojic acid. ~ 
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In order to obtain the higher sensitivity, 
optimal amounts of enzyme should be chosen, 
so we first investigate the effect of the amount 
of tyrosinase upon the inhibition current (Ai) 
for 1 x 10-4M kojic acid with 5 m M  AsA 
(Fig. 3). The magnitude of Ai decreased at 
higher and lower amounts of tyrosinase, and 
the largest response was obtained around 5 mg 
of enzyme. The decrease in the change in cur- 
rent at high enzyme loading may be caused by 
a shift from enzyme reaction kinetics being rate 
limiting to a situation where molecular diffu- 
sion is rate limiting. In other words, with a 
large amount of  enzyme the kojic acid binds at 
active sites of the enzyme in the resting state 
(substrate free) which do not distribute the 
signal change. Consequently, the remainder of 
the experiments were carried out using a mem- 
brane containing 5 mg of tyrosinase. As re- 
ported previously, the sensitivity and 
amplification factor of the chemically amplified 
polyphenol sensor were remarkably dependent 
on AsA concentration, because the reduction 
rate of o-quinones by AsA is directly at- 
tributable to the rotation number of  substrate 
per unit time which determines the sensitivity 
and the magnitude of the amplification factor 
[12,13]. Fig. 4 shows the effect of AsA concen- 
tration on the inhibition current for 
1 x 10-4M kojic acid with dopamine as a 
competitive substrate. This AsA concentration 
dependency on the inhibition current is essen- 
tially similar to that for the amplified response 
of polyphenols, and maximum response was 
obtained at an AsA concentration around 
5 mM. At a higher concentration of AsA 
( >  10mM), current response is rather de- 
creased, probably because the background con- 
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Fig. 3. Effect of  the amount  o f  tyrosinase in the membrane  
layer (in preparation) on the inhibition current to 
l x l0 - 4  M kojic acid in the presence of  5 mM  L-ascorbate 
with l x 1 0 - S M  dopamine in 0.1 M phosphate  buffer 
(pH 6.5). 
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Fig. 4. Effect of  AsA concentration on the inhibition cur- 
rent to l x 1 0 - 4 M  kojic acid. The amount  o f  enzyme in 
the membrane  layer (in preparation) is 5 rag. Other experi- 
mental  conditions are the same as in Fig. 3. 

centration of dissolved oxygen to be reacted 
with the reduced form of enzyme was de- 
creased by the auto-oxidation of AsA by dis- 
solved oxygen. 

Fig. 5 plots the relationship of the amplifica- 
tion factor (AF) between dopamine (substrate) 
and kojic acid (inhibitor) obtained at each con- 
centration of AsA. AFs of dopamine and kojic 
acid were calculated by using the following 
equations and the non-amplified current re- 
sponses to 2 x l0 -4 M dopamine (380 nA) and 
1 x 10-4M kojic acid (28 hA) obtained with- 
out AsA respectively: 

AFdopamine = [AId(nA)/380 nA] 

x [2 x 10 -4 M/Ca(M)] 

AFkoji¢ ~cia = [AIk(nA)/28 nA] 

x [1 x 10 -4 M/Ck(M)] 

where Ala and AIk represent amplified currents 
for dopamine and kojic acid respectively, and 
Ca and Ck represent the corresponding concen- 
trations of dopamine and kojic acid respec- 
tively. The AF of kojic acid seems to be 
proportional to the AF of dopamine, suggest- 
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Fig. 5. The relationship of the AF between kojic acid and 
dopamine obtained at each concentration of L-ascorbate: a, 
0raM; b, 0.5raM: c, 1 mM; d, 5mM. 
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Fig. 6. Amplified and non-amplified calibration curves of 
kojic acid obtained at (O) 0mM, (11) 0.SmM and ( 0 )  
5 mM of AsA. The concentrations of dopamine used are 
2 x 1 0 - 4 M ,  6 x l 0 - S M  and l x l 0 - ~ M  at 0raM, 
0.5 mM and 5 mM of AsA respectively. 

ing that the recycling number of  the substrate 
is substantially in accordance with the sensitiv- 
ity of  kojic acid, probably because the opportu- 
nity for the inhibitor to compete with the 
substrate is increased when the AF (turnover 
number of  the enzyme) is large. 

Fig. 6 depicts the amplified and non-am- 
plified calibration graphs of  kojic acid, plotting 
the inhibition current (Ai) against kojic acid 
concentration, obtained at each concentration 
of  AsA. Without AsA in the sample solution, 
no response to kojic acid at less than 
1 x 10 -5 M was observed, and the calibration 
curve showed a linear response over the con- 
centration range between 1 x 10-SM and 
1 x 10 -3 M. In contrast, the linear portion of  
the calibration curves apparently shifted to- 
wards the lower concentration range with an 
increase in AsA concentration, and the detec- 
tion limit of  kojic acid was found to be de- 
creased to about 7 x  10 - S M  ( S / N = 3 ,  
,~ 3 nA). In addition, the dynamic range ob- 
tained with 5 mM AsA was found to be ex- 
tended (1 x 10-7-1 x 10 -4 M) compared with 
that of  the non-amplified response, indicating 
that the AF was increased with a decrease in 
kojic acid concentration. Since the amplified 
signal arises from the recycling of  trace 
amounts of  substrate, signal inhibition is also 
induced by a lower concentration of  competi- 
tive inhibitor in the presence of  AsA. 

As shown in Fig. 1 tyrosinase activity is 
known to be inhibited not only by polyphenol 
analogs but also by some anions (i.e. S C N -  
ion) which have potential to bind with copper 
ion at the catalytic site of  tyrosinase. Table 1 
summarizes the analytical results of  several ty- 
rosinase inhibitors (kojic acid, benzoic acid and 
S C N -  ion) obtained with and without AsA. 
Highly sensitive responses to kojic acid and 

benzoic acid over S C N -  ion were observed in 
the presence of 5 mM AsA, and the AF for 
1 x 10 -7M kojic acid was increased by more 
than a factor of  140. These differences in am- 
plified behavior are considered to be explicable 
in terms of  the differences in inhibitory mecha- 
nism. Namely, kojic acid and benzoic acid have 
structural similarity to polyphenols and com- 
pete with trace amounts of  substrates that are 
recycled by AsA, and the selectivity of  kojic 
acid over benzoic acid may stem from the 
structural differences of  these inhibitors. In 
contrast, S C N -  binds with copper ion at the 
catalytic site of  the enzyme and competes with 
dissolved oxygen. Therefore, the slight amplifi- 
cation of  S C N -  ion is due to the differences in 
background oxygen concentration level (see 
Fig. 2). The relative standard deviation for five 
measurements of  2 x 10 -6M kojic acid with 
dopamine and 5 mM AsA was ~ 5%. 

In general, tyrosinase has a broad catalytic 
activity towards a wide variety of  mono- and 
polyphenolic compounds, such as phenol, cate- 
chol and catecholamines. Analytical results for 
kojic acid with several competitive substrates in 
the presence of 5 mM AsA are summarized in 
Table 2. The relatively highly sensitive detec- 
tion of  kojic acid was possible when phenol 
and catechol were used as competitive sub- 
strates. Amplification factors of  catechol and 
phenol are higher than those of  catecholamines 
[13,14], so net concentrations of  phenol and 
catechol that compete with kojic acid are lower 
than those of  dopamine and noradrenaline. 
These results are further evidence that the AF 
of  the substrate determines the sensitivity of  
kojic acid in this recycling system. The long- 
term storage stability of  the enzyme membrane 
was also investigated. The tyrosinase mem- 
brane used in this study was found to keep its 
catalytic activity for a period of  more than 2 
weeks (giving more than 80% current for 
1 x 10-SM dopamine; compared to that for 
the first day) but the current response was 
decreased to less than 2/3 after 20 days. 

The considerable advantages of  this method 
using immobilized tyrosinase and AsA over 
other recycling systems based on electrochemi- 
cal enzymatic reactions [16-18] are as follows. 
(1) A highly amplified signal can be obtained 
with AsA because the chemical reduction rate 
of  o-quinones by AsA occurring in a three- 
dimensional solution may be larger than the 
rate of electrochemical reduction occurring at a 
restricted two-dimensional electrode surface. 
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Table  1 
Ana ly t i ca l  resul ts  for  several  inh ib i to rs  using a t y ro s ina se -membrane  e lect rode in the presence o f  d o p a m i n e  

[ lnhibi tors]  [AsA] Koj ic  acid Benzoic  acid S C N -  ion 

(M) ( m M )  
A i ( n A ) "  A F b  D.L. (M)  C A i ( n A )  a A F b  D . L . ( M )  ¢ A i ( n A ) "  A F b  D . L . ( M )  C 

x 10 --~ 0 152 1 1 x 10 -5  77 1 1 x 10 -5  56 1 

x 10 - 4  0 28 1 21 1 17 1 
x 10 -3  5 312 2 7 x 10 -8  204 3 7 × 10  - 7  140 1.7 

x 10 - 4  5 246 9 108 5 68 1.5 

x 10 - s  5 80 29 28 13 9 2 
x 10 -6  5 16 57 4 19 n.d. - 
× 10 -7  5 4 143 n.d. d _ n.d. - 

8 x 10 -5  

5 x 10 -6  

Inh ib i t ion  cur ren ts  to  each inh ib i to r  in the presence o f  2 x 10 -4  M (non-ampl i f ied)  and  I x 10 - 5  M (amplif ied)  of  

dopamine .  
b Ampl i f i ca t ion  factors  were ca lcu la ted  us ing non-ampl i f ied  Ai values  to  1 x 10 -3  M and  1 x 10 -4  M inhibi tors .  
c D.L.  = de tec t ion  limit.  
d n.d. = none  detected.  

Tab le  2 
Ana ly t i ca l  resul ts  o f  koj ic  acid us ing a t y ro s ina se -membrane  e lec t rode  in the presence o f  several  compet i t ive  subs t ra tes  
and  5 m M  A s A  

Subs t ra te  [substrate] a Koj ic  acid 

(M) 
Ai (nA) b D y n a m i c  range  (M) D.L.  (M) 

D o p a m i n e  I x 10 - 5  80 1 × 10 -7  ~ approx .  1 x 10 -4  7 x 10 - s  
Ca techo l  1 x l 0  -6  98 7 x 1 0 - 8 ~  approx ,  l x l 0  -4  5 x l0  -8  
Phenol  1 x l0  - 6  122 7 x l0  - a  ~ a p p r o x .  7 x l 0  - s  3 x l0  -8  
N o r a d r e n a l i n e  2 x 10 -5  55 3 x 10 -6  ~ a p p r o x .  l x l0  -3  l x 10 -6  

a The  concen t ra t ion  required for  the amplif ied current  ( ~ 350 ~ 400 nA)  in the  presence of  5 m M  AsA.  
b Inh ib i t ion  current  to 1 x 10 - s  M koj ic  acid. 

(2) A relatively wide concentration range and a 
highly sensitive determination of kojic acid is 
possible in the presence of AsA. (3) Serious 
interference by electrochemically active sub- 
stances is easily avoided by preaddition of AsA 
to the sample solution. However, at the present 
stage, the replacement of the enzyme mem- 
brane is required after the exposure of the 
membrane to the solution containing a high 
concentration of inhibitors (l mM) because the 
conplexation of inhibitor with enzyme is not 
completely reversible. Further, from the point 
of view of practical applications for the kojic 
acid sensor, pre-treatments to remove other 
inhibitors may also be required in advance (i.e. 
SCN- ion forms a water-insoluble complex 
with methylene blue). 

In conclusion, a chemically amplified 
polyphenol sensor using immobilized tyrosi- 
nase and AsA is useful for highly sensitive 
determination not only of substrates but also 
of enzymatic inhibitors, especially kojic acid, 
and this analytical concept is expected to 

be applicable to other enzymatic recycling 
systems. 
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The Kirk-Othmer Encyclopedia of Chemical 
Technology, Vol. 7, 4th edn., Composite Mate- 
rials to Detergency, edited by J.I. Kroschwitz 
and M. Howe-Grant, Wiley-Interscience, 
Chichester, 1993, xxviii+ 1117 pp., £150.00. 
ISBN 0-471-52675-4 (v.7). 

Reviews of the different volumes of this en- 
cyclopedia appear regularly in Talanta. Volume 
7 covers 37 topics and ranges, alphabetically, 
from Composite Materials to Detergency. Al- 
most 80 authors, mainly from American 
academia and industry, have contributed to 
this volume. 

More pages (140) are devoted to technologi- 
cal aspects of copper (Copper, Copper Alloys, 
Copper Compounds) than any other topic in 
this current volume. Emphasis here is on cop- 
per recovery and processing, wrought and cast 
alloys are treated separately and the properties 
and uses of commercially important copper 
compounds are surveyed. 

Composite Materials (108 pages) are 
presented under the headings: Survey, Poly- 
mer-Matrix (e.g. thermoplastics) and Ceramic- 
Matrix (especially high temperature materials). 
A combination of mechanical engineering and 
chemical principles is clearly evident in this 
treatment. A separate section on Dental Mate- 
rials (77 pages) covers a wide range of relevant 
ceramics, cements, plasters, waxes, alloys, etc. 
and is followed by a small section on Denti- 
frices. 

Other topics in volume 7 which are covered 
in some depth include Controlled Release 
Technology (Agricultural and Pharmaceuti- 
c a l - t h e  latter overlapping with the section on 
Drug Delivery Systems in volume 8), Cosmetics 
(over 6000 different cosmetics ingredients have 
been identified) and, Crystallization (kinetics, 
size distribution, crystallizers). General treat- 
ment is given to some computer-related top- 
ics--Computer-Aided Design and Manu- 
facturing, Computer-Aided Engineering, Com- 
puter Technology and, Databases. The latter 
contains helpful lists of numerous scientific 

databases. Some of the minor, but interesting, 
topics include: Contact Lenses (both rigid and 
flexible), Contraceptives (including a list of 
available oral contraceptives), Cryogenics (liq- 
uefaction), Cyanides, Desiccants and Design of 
Experiments. 

In common with previous volumes extensive 
bibliographies are included, the editing is excel- 
lent, and every science library should subscribe 
to this encyclopedia. 

P.J. Cox 

Directory of Hyphenated Techniques--TrAC 
Supplement No. 2, edited by Z. Deyl, Elsevier, 
Amsterdam, 1994, 178 pp., US$78.25. ISBN 
0-444-82126-0. 

The intention of this book is to provide 
analytical chemists with a world-wide directory 
of individuals involved in hyphenated tech- 
niques. The preface explains that 'every profes- 
sional repeatedly feels the need for direct 
communication with other scientists working in 
the same or in a related field'. To address this 
problem the book provides an alphabetical list 
of authors who have made significant contribu- 
tions to hyphenated techniques. For each au- 
thor the list gives their full address (including 
telephone, Fax and E-mail numbers) and a 
brief curriculum vitae under specific headings 
(techniques, research topics, applications, most 
significant publications, etc.). The remainder of 
the book is devoted to resorting the above 
information under geographical and technique 
headings. Finally there is a list of companies 
with an interest in hyphenated techniques. 

Who is this book aimed at? As a researcher 
with a passing interest in hyphenated tech- 
niques I am aware, through literature searches 
and review articles, who the key players are in 
GC-MS,  L C - M S  and CE-MS.  With the on- 
line data bases and CD/ROM facilities search- 
ing through the literature is by no means a 
tedious task (as the preface to this volume 
suggests). Indeed before the researcher would 
wish to contact an acknowledged expert in the 
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field I would have thought that a literature 
search would be an essential pre-requisite. The 
preface goes on to suggest that you can pick up 
the phone and 'swiftly obtain information one 
needs regarding experimental set ups, specific 
consumables, etc.' For  those poor  souls whose 
addresses are included in this volume I pass on 
my sympathy. A suitable quotation to leave on 
your answer phone comes from a memorable 
interview between Mohammed Ali and Michael 
Park inson . . .  'read my book'.  

There is one very good use for this book that 
has been considered by the editor. Those who 
organise international conferences on hyphen- 
ated techniques will find the book extremely 
useful in compiling a list of  potential contribu- 
tors and delegates. If you are in this position 
the book is a good buy; otherwise I'd be 
tempted to give this one a miss. 

B.A. McGaw 

Inorganic Chemistry, 2nd edn., by D.F. 
Schriver, P.W. Atkins and C.H. Langford, Ox- 
ford University Press, Oxford, 1994, xviii + 819 
pp. + additional information, softback, £19.50. 
ISBN 0-19-855396-X. 

This is the second edition of  the textbook 
published initially in 1990 and which was very 
successful. The second edition shows consider- 
able modification and reorganization. The 
book is divided into three parts: Part 1, Foun- 
dations; Part 2, Systematic chemistry of the 
elements and Part 3, Advanced topics. Part 1 
(ca. 310 pp.) has chapters on atomic and 
molecule structure, molecular shape and sym- 
metry, structure of  solids, acids and bases, 
d-metal complexes and oxidation and reduc- 
tion. After establishing the foundation of the 
subject the authors, in Part 2 (ca. 170 pp.), 
provide a systematic comprehensive account of  
the chemistry of  the elements and their com- 
pounds. Metals, hydrogen and its compounds, 
main-group organometallic compounds, boron 
and carbon groups, nitrogen and oxygen 
groups and halogens and noble gases are dealt 
with in six chapters. Part 3 is a very subjective 
section as the authors had to be very selective 
in the choice of  appropriate topics in order to 
give the reader a sense of  the current frontier 
research. It contains chapters on electronic 
spectra of  complexes, reaction mechanisms 
of  d-block complexes, d- and f-block 
organometallic compounds, catalysis, struc- 

tures and properties of solids and bioinorganic 
chemistry. 

Within each chapter there are worked exam- 
ples, exercises and problems and short answers 
are also provided. A set of Key points has been 
introduced at the end of  each chapter. 

In Part 1, the discussion of molecular shape 
and symmetry as a separate chapter in this 
edition is an example of a much improved 
reorganization of  the material. It has also been 
extended to include topics such as infrared and 
Raman spectroscopy. 

The introduction of the new chapter, The 
metals, is also a necessary improvement from 
the first edition. 

According to the authors, much of the 
changes were the result of suggestions from 
readers. As a consequence Part 3 has been 
augmented, refined and extensively updated. 

The shift of  topics, for example NMR,  to 
separate sections called Further information ac- 
knowledges the generality of  this material, 
which in the first edition may have been lost by 
association with a specific chapter such as hy- 
drogen and its compounds. 

A very useful book- -h igh ly  recommended. 

S.M.S.V. Doidge-Harrison 

Chemical Speciation in the Environment, edited 
by A.M. Ure and C.M. Davidson, Blackie, 
London, 1995, x i i i+408  pp., £79.00. ISBN 
0-7514-0021-1. 

Chemical speciation used to mean the quali- 
tative and quantitative determination (expressed 
as % distribution) of  the different chemical 
forms of a given element. Nowadays it has 
diverged to embrace the different physical/ 
chemical forms present, not necessarily of  a 
particular element. It can also be interpreted as 
the description for species composition, i.e. not 
of  analysis. Indeed, these various interpreta- 
tions have been adopted by contributors of  this 
book. 

Physical and/or chemical interactions be- 
tween different components in an environment 
give rise to different forms (species) of  each 
element. Thus description of  possible interac- 
tions is necessary background for speciation. 
Readers may also expect descriptions on differ- 
ent speciation methods and equally important, 
the use of  speciation results to understand/pre- 
dict behaviour (e.g. availability and toxicity) in 
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field I would have thought that a literature 
search would be an essential pre-requisite. The 
preface goes on to suggest that you can pick up 
the phone and 'swiftly obtain information one 
needs regarding experimental set ups, specific 
consumables, etc.' For  those poor  souls whose 
addresses are included in this volume I pass on 
my sympathy. A suitable quotation to leave on 
your answer phone comes from a memorable 
interview between Mohammed Ali and Michael 
Park inson . . .  'read my book'.  

There is one very good use for this book that 
has been considered by the editor. Those who 
organise international conferences on hyphen- 
ated techniques will find the book extremely 
useful in compiling a list of  potential contribu- 
tors and delegates. If you are in this position 
the book is a good buy; otherwise I'd be 
tempted to give this one a miss. 

B.A. McGaw 
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the environment. Of the interactions/back- 
ground, this book has adequate coverage. Of 
methods and techniques, there is sufficient cov- 
erage for some elements but not for others. Of 
the implications and applications of  speciation, 
it is generally rather lacking. 

The book has 12 chapters. The first is a good 
overview of  the subject and an introduction/ 
summary of  the subsequent chapters. Chaper 2 
is a comprehensive but brief account of the 
methodologies used in speciation. Chapter 3 is 
a useful chapter on techniques of metal specia- 
tion, with more details on spectroscopic tech- 
niques, particularly on NMR. Chapter 4 is a 
quite complete but brief account on coupled 
techniques (e.g. HPLC-MS) .  Chapter 5 gives a 
comprehensive background to phase diagrams 
and computer simulations. A discussion of 
computer programmes and some examples are 
given but it would have been helpful to expand 
this part. Chapter 6 describes the formation 
mechanisms and interaction mechanisms of 
metal-containing species in the atmosphere. 
with examples. This chapter is well-balanced 
and informative. Chapter 7 gives a brief 
overview of speciation methodology in fresh 
waters but the emphasis is on interactions (es- 
pecially metal complexation) and behaviour of  
species which is a needed aspect of the book. 
Chapter 8 describes interactions at surfaces and 
in solution in the soil environment, with ade- 
quate examples. Metal complexation is dis- 
cussed in greater (and useful) detail. However, 
the authors used pK for formation of  com- 
plexes. Formation constants are normally ex- 
pressed by log K and from their figures and 
tables, it seems that it is log K that they meant, 
e.g. a larger pK (log K), a stronger complex. 
Chapter 9 gives a well-balanced account, with 
adequate examples, of the methodology of  
metal speciation in sediments and combustion 
waste. Chapter l0 gives an informative account 
on the speciation of  the important radionu- 
clides. Chapter I I is a general account on the 
species of  some metals found in micro-organ- 
isms, plants and animals. In my opinion, it is 
very difficult to give a comprehensive account 
of this subject. Chapter 12 has the title of a 
concluding chapter (Trends and Development) 
but is limited to a rather general account on 
the methodology of  speciation, mostly of the 
metalloids. 

Overall the book is very readable, well-pre- 
sented, up-to-date and reasonably priced for its 
volume of  information. I recommend it to all 

researchers involved in environmental and ana- 
lytical studies. 

S.C. Tam 

Emerging Technologies in Hazardous Waste 
Management- - IV,  edited by D.W. Tedder and 
F.G. Pohland, American Chemical Society, 
Washington, DC, 1994, i x + 3 1 7  pp., US$ 
89.95. ISBN 0-8412-2857-4. 

This volume is a continuation of  the sym- 
posia on the theme of  Emerging Technologies 
in Hazardous Waste Management organised by 
the American Chemical Society, and grew out 
of a selection of  18 papers from the 1992 
meeting in Atlanta. The first group deals with 
aspects of soil remediation, starting with an 
excellent account of a chemical engineer's ap- 
proach to modelling a real system from which 
organics were being removed by vapour extrac- 
tion. Analysis of the data enabled performance 
to be measured and predicted, not just from an 
efficiency point of view but also from an eco- 
nomic one. This is typical of the successful 
multi-disciplinary approaches to these prob- 
lems, illustrating how the chemist must 
broaden his horizons when tackling environ- 
mental remediation problems. Electrokinetic 
remediation I basically large-scale elec- 
trophoresis using soil as the bed- - i s  discussed 
for the removal of  anionic pollutants, then a 
study of the kinetics of  the biodegradation of  
phenols in soils and finally, in this section, the 
use of bacteria to assist in the mobilisation of  
heavy metals in soils. 

Nine papers deal with minimising the pro- 
duction of waste during the manufacturing 
stage. Application of  artificial intelligence to a 
programme of waste minimisation presents the 
general scene for improved process manage- 
ment, and is followed by an account of  the 
removal of mercury from a waste stream by 
emulsion extraction. The combination of  physi- 
cal adsorption and bacterial degradation is 
shown to be useful in minimising losses of  
petrol vapours from air streams, while loss of 
SO2 from sulphur-rich fuels can be significantly 
reduced by mixing a scavenger such as lime 
with the fuel before combustion. Chemically- 
assisted bacterial degradation of  pen- 
tachlorophenol (with hydrogen peroxide) and 
of  triazine pesticides (with ozone) has been 
shown to work significantly faster than micro- 
biological action alone. 
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Finally, a group of  papers describes prob- 
lems of cyclic gas release events in very large 
tanks storing radio-active waste. Detailed 
chemical analysis and long-term monitoring 
have enabled the causes to be elucidated and 
remedial action to be taken to avoid risk of  
explosion. Once again, it is the combination 
of several approaches which is shown to be 
successful. 

There is much fascinating information in 
this volume, often in considerable detail, 
which may serve to give pointers to others 
working in environmental remediation chem- 
istry. This well produced book of carefully 
selected material is to be recommended. 

I.L. Marr 

Determination of Trace Elements, edited by 
Z.B. Alfassi, VCH, Weinheim, 1994, xiv + 607 
pp., DM 280, £112. ISBN 3-527-28424-9. 

W h a t - - a n o t h e r  book on trace element 
analysis? This book is certainly large, compre- 
hensive, authoritative and thorough. How 
does it score otherwise? As it is a multi-author 
text, the final quality must depend on the 
work of  the editor in helping to structure the 
individual contributions and then to har- 
monise them, avoiding overlap of  contribu- 
tions as well as omission of  useful material. 
There are many familar names among the au- 
thors. T61g and Tsch6pel give us an updated 
essay on the sources of  systematic errors in 
trace analysis--always important and there- 
fore essential reading. Kirchmer discusses the 
concept(s) of  limits of  detection at some 
length, and does, I am glad, point out the 
dangers in using the linear regression of  the 
calibration to estimate the I.d. of  a method, 
an approach which can often give dramati- 
cally wrong values, but which is nevertheless 
often used in commercial software. A chapter 
on sampling and sample preparation unfortu- 
nately repeats too much of  Chapter 1 relating 
to sources of  error, but the next, that on sepa- 
ration and preconcentration, gives a good sys- 
tematic coverage outlining the equilibria 
involved and giving examples. I think that the 
chapter on atomic absorption could have been 
much shor ter - - there  are plenty of  texts on 
this subject, and what is needed here is a 
survey of  the place of  AAS in trace and ultra- 
trace analysis. The balance and the content 
are much better in the chapter on plasma 

spectroscopy, which deals with both optical 
and mass detection systems. 

Instrumental neutron activation analysis 
and radiochemical neutron activation analysis 
get two separate chapters, in which the author 
is nearly successful in hiding the distinction 
between these related topics, but does never- 
theless give a lot of detailed information. Po- 
lak presents a readable account of  surface 
analytical techniques and shows how they can 
be used for determination of  trace species in 
solution following adsorption. Wandruszka 
selects material very carefully for his contribu- 
tion on electrochemical methods, concentrat- 
ing on combined preconcentration and 
stripping methods such as ASV and demon- 
strating their relevance in speciation at ultra- 
trace levels. 

The combinations of  chromatography 
with atomic spectroscopy, gradually becoming 
established, especially for determinations of  
organometallics, strikes a good balance be- 
tween the overview and the experimental de- 
tail, with many helpful examples. The chapter 
on speciation gives an unusual view in pre- 
senting the subject with reference to the use of  
radio-analytical methods. In the main, this 
deals with solid phase samples, with speciation 
in different phases and in depth profiling. The 
final contribution discusses trace elements in 
relation to environmental and health sciences, 
and has much to say on the special consider- 
ations which must be given to the history and 
state of the patient before conclusions can be 
drawn from the results of  chemical analysis. 
In spite of the tiresome repeated referencing 
to other writings of  the same authors, there is 
much useful material in this chapter, not so 
readily available to most analytical chemists. 

So, how does it score? The weakness in this 
volume lies in the editing--several chapters 
would have benefitted from linguistic assis- 
tance, and others could have been shortened 
without loss to the book as a whole. But there 
are many well written and informative chap- 
ters, contributing to what will certainly prove 
to be a valuable reference source on the state 
of  trace analysis in the mid 1990s. Many of  
these chapters could well be useful back- 
ground reading for postgraduate taught 
courses. At DM 280 or £112 this is not cheap, 
but it is certainly worth recommending for the 
library. 

I.L. Marr 
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Laser Spectroscopy--Techniques and Applica- 
tions, by E.R. Menzel, Dekker, New York, 
1995, xv + 298 pp., US$ 135.00. ISBN 0-8247- 
9265-3. 

This is perhaps the best text that I have read 
on the techniques and applications of laser 
spectroscopy. The author makes it clear that 
the book is intended for the non-specialist and 
achieves a admirable mixture of the basic es- 
sentials (with as little mathematics as possible) 
and a concise, comprehensive review of appli- 
cations. Many researchers, especially those in 
bioscience and medicine to whom a deeper 
treatment of theoretical aspects is often inap- 
propriate and usually off-putting, will welcome 
this book as an 'entry level' text. Laser spec- 
troscopy is now a maturing technique that is 
ripe for exploitation in diverse fields of scien- 
tific endeavour. 

The book is divided into nine chapters and 
starts with an overview of the interactions be- 
tween molecules and light and on the general 
principles of laser operation. Chapter 2 reviews 
spectroscopic instrumentation and includes sec- 
tions on absorption spectrophotometers, spec- 

trofluorometers and synchronous luminescence 
spectroscopy. Chapters 3-6 are devoted to spe- 
cific spectroscopic techniques (absorption- 
based laser spectroscopy, photoluminescence 
intensity-based and lifetime-based laser spec- 
troscopy, and laser Raman spectroscopy) and 
give a strong emphasis to recent developments 
and applications. The book concludes with 
three chapters on selected applications (includ- 
ing medicine, semiconductors and analytical 
chemistry), selected spectroscopic techniques 
(including multidimensional fluorescence, opti- 
cally detected magnetic resonance, circular 
dichroism, etc.) and finally a very readable 
chapter on emerging spectroscopies. The latter 
covers such exciting techniques as tunable IR 
lasers, ring lasers and X-ray lasers. 

This book will be of great interest to those 
wanting a 'bird's eye view of laser spec- 
troscopy'. The up-to-date references and com- 
prehensive coverage of applications will be of 
use to the specialist and non-specialist alike. 
For those of us teaching applied spectroscopy 
this book will be an invaluable resource. 

B.A. McGaw 
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A n n o u n c e m e n t  

BIOSENSORS CIRCLES THE GLOBE 

Following the tremendous success of the third Biosensors conference held in New Orleans in 1994 
involving over 300 submitted abstracts and participants from 30 countries, The Fourth World 
Congress on Biosensors will take place on 29-31 May 1996 in Bangkok, Thailand. 

The conference, organised by Elsevier Advanced Technology, returns to the Far East in '96 
completing a six year cycle of biannual meetings in strategic sectors of the globe. 

Biosensors '96 is the principal conference in the field. The intense three day event covers every 
facet of the science, application and commercial exploitation of Biosensors and Bioelectronics and 
will be attended by all the prime movers in the field. 

For the first time in 1996, a symposium on Bioelectronics will be dedicated to the more general 
exploitation of biochemicals in electronic devices. The plenary sessions in this year's event will 
emphasise new horizons, with critical appraisals of the opportunities offered by improved 
understanding of biophysical interactions at the molecular level. 

The Biosensors Congress is the forum for highly original communications and provides a 
comprehensive picture of recent developments and catalyses interactions that mould the future 
directions of the area. 

Format of the Congress 

The congress will be structured as three symposia: 
• Catalytic Biosensors 
• Affinity Biosensors 
• Bioelectronics 
Contributions describing the industrial development of analytical instruments, as well as more 
fundamental aspects of the technology, will also be encouraged and supplemented by a display of 
commercial equipment. 

Exhibition 

Following the excellent response to the first exhibition held at Biosensors '96, there will be 
increased space allocated at the '96 event for companies to display their commercial equipment. 

Biosensors and Bioelectronics Award 

For the first time the supporting journal for the conference, Biosensors and Bioelectronics, will 
sponsor an award for the most original oral and poster presentations, to be selected at the 
conference. 

For  further information please contact: 
Gill Spear, Biosensors '96 
Elsevier Science Ltd, Conference Department 
The Boulevard, Langford Lane 
Kidlington, Oxford OX5 1GB, UK 
Fax: +44 (0) 1865 843958 Tel: +44 (0) 1865 843643 
e-mail: g. spear@elsevier.co.uk 



E L S E V I E R  Talanta 42 (1995) i-ii 

Talanta 

Announcements 

INTERNATIONAL ION CHROMATOGRAPHY SYMPOSIUM 

The International Ion Chromatography Symposium 1995 will be held October lst-5th at The 
Grand Kempinski in Dallas, Texas. Program Chairman Donald Pietrzyk heads a scientific 
committee of internationally renowned ion chromatography experts and an organizing committee 
of local scientists. 

This year's program features six plenary lectures and over 120 technical presentations. 
This three-day international meeting provides a unique opportunity for scientists from a variety 

of disciplines to exchange ideas and results on current methods and procedures in ion chromatog- 
raphy and capillary electrophoresis for the separation and determination of small organic and 
inorganic ions. Topic areas include: 

• Advances in Column Technology and Column Selectivity 
• Advances in Detection 
• Special Sample Treatment Procedures 
• Anion Analysis 
• Cation/Transuronic Analysis 
• Capillary Wall Modifications 
• Environmental Applications 
• Pharmaceutical Applications 
• Health Science Applications 
• Industrial Problem Solving 
• On-Line Analysis 
• Data Handling 

For more information, write to or call: 

Century International Inc. 
P.O. Box 493 
Medfield, MA 02052, USA 
Tel: 508/359-8777 
Fax: 508/359-8778 

XIIITH NATIONAL CONFERENCE ON ANALYTICAL CHEMISTRY 

May 23-25, 1996, Craiova, Romania 

Organized by the Romanian Society of Analytical Chemistry. 

For further information, please contact: 

Cristina Matachescu, 
Romanian Society of Analytical Chemistry, 
13 Blvd. Republicii, 
Sector 3, 70346 Bucharest, Romania 
Tel/Fax: 40-1-410-2279 
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INTERNATIONAL CONFERENCE ON ENVIRONMENTAL SCIENCE 

January 10-13, 1996, Trivandrum, India 

and workshop on 

PRESENT STATUS OF ANALYSIS OF TRACE METALS AND NUTRIENTS IN THE 
MARINE ENVIRONMENT 

January 8-13, 1996, Trivandrum, India 

The scientific program of the conference will cover the following topics: 

• Multidimensional Techniques for Environmental Monitoring 
• Pollutant Sensors 
• Speciation 
• Quality Assurance for Environmental Data 
• Modelling of Environmental Data 
• Waste Water and Drinking Water Treatment - -  Emerging Technologies 

The workshop will be devoted to: 

• An in-depth discussion on the status of sampling and analysis of sea water, sediments and 
biota for trace elements; of nutrients in sea water; their distribution in relation to biological, 
chemical and hydrographic processes 

• A review of the data on trace elements in the different oceans 
• Guidelines for future research and for interlaboratory collaboration 

For further information, please contact: 

Dr. C.S.P. Iyer 
Convener, ICES-96 
Regional Research Laboratory (CSIR) 
Trivandrum-695 019, India 
Tel: 91-471-77459 
Fax: 91-471-75186 
Telex: 0435-232 
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N O T I C E S  

The James W. Robinson Analytical Chemistry Symposium: 
Adventures in Analytical Chemistry 

3-4 March 1995, Baton Rouge, Louisiana 

Contact Isiah M. Warner, Department of Chemistry, Louisiana State University, 232 Choppin 
Hall, Baton Rouge, LA 70803, U.S.A. Telephone +(504) 388-2829. 

If you have any questions or comments, please contact me by e-mail using 
ISAIAH.WARNER(a~CHEMGATE.CHEM.LSU.EDU, or by facsimile, + (504) 388-3971. 

SCIENTIFIC CALENDAR ANNOUNCEMENT 

The Twenty-second Annual Conference of the Federation of Analytical Chemistry and 
Spectroscopy Societies (FACSS) will be held in Cincinnati, Ohio, at the Sabin Convention Center 
during the week of 15-20 October 1995. The deadline for submission of titles and a preliminary 100 
word brief is 31 March 1995. 

For further information, please contact: 

FACSS 
198 Thomas Johnson Drive, Suite S-2 
Frederick, MD 21702-4317 
Tel. +(301) 846-4797 

FIRST ANNOUNCEMENT 

5th International Congress on Trace Elements in Medicine and Biology 

Therapeutic Uses of Trace Elements 
Satellite Workshop: Molecular Basis of Copper Metabolic Disorders 

4-7 February 1996, M6ribel, France 

MAIN TOPICS: 

• Therapeutic forms of trace elements 
• Large epidemiological and intervention studies related to trace elements 
• Trace element supplementation of population groups at different periods of age 
• Trace elements, bone physiology and bone diseases 
• Trace element status and treatment in relation to inflammatory conditions and infections 
• Trace elements in digestive diseases and in endocrinology 
• Pharmacological applications of trace elements 
• Genetic disorders of copper metabolism 



ii NOTICES 

OFFICIAL LANGUAGES: 

French and English (simultaneous translation) 

ORGANIZED BY: 

Soci6t6 Francophone d'Etude et de Recherche sur les E16ments Trace Essentiels (SFERETE) 

For registration and information, please contact: 

Arlette Alcaraz 
Laboratoire de Biochimie C-CHRUG-B.P.  217 
F-38043 Grenoble Cedex 9 
France 
Tel. +(33) 76 76 54 84 
Fax. +(33) 76 76 56 64. 
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10TH INTERNATIONAL CONFERENCE ON FOURIER TRANSFORM SPECTROSCOPY 

Budapest, August 27-September 1, 1995 

OPENING SPEAKER: R.  R.  ERNST, NOBEL LAUREATE CHEMISTRY, 1991 

PLENARY SPEAKERS: 

J. E, BERTIE J.A. DE HASETH H. NEUGEBAUER 
J. W. BRAULT H.M. HEISE M.N. POPOVA 
C. CASTIGLIONI K. ITOH E. PRETSCH 
D. B. CHASE J. C, LAVALLEY F. SIEBERT 
HAI-LUNG DAI J.P. MAILLARD W. THEISS 
J. P. DEVLIN C. MARCOTT M. WINNEWISSER 

C. B. FARMER 

ROUND-TABLE OR PANEL DISCUSSIONS WILL BE ORGANIZED IN THE FOLLOWING TOPICS: 

• Catalysis 
• Environmental and life sciences 
• Quantitative accuracy of FTIR spectrometry 
• Contributed papers as posters: Send your 1-page abstract by March 30, 1995 

Special pre-conference event: 

1st EURO-AMERICAN INTENSIVE SHORT COURSE ON ADVANCED INFRARED AND 

RAMAN SPECTROSCOPY 

Hungarian Academy of Sciences, Veszpr6m, Hungary, August 23-26, 1995 

SPECIAL FOCUS: INDUSTRIAL AND ENVIRONMENTAL ASPECTS 

LECTURERS: 

Prof. D. B. Chase 
Prof. J. G. Grasselli-Brown 
Prof. P. R. Griffiths 

Prof. J. A. de Haseth 
Prof. R. Kellner 
Prof. J. A. Lercher 

Prof. J. Mink 
Prof. E. Pretsch 
Prof. H. W. Siesler 

A special package price is available for both events on request. 

For further information please contact: 

Prof. Jfinos Mink 
University of Veszpr~m, Dept. of Analytical Chemistry, 
H-8201 Veszpr6m, P.O. Box 158, Hungary 
Tel: + 36-88-421-869; Fax: + 36-88-426-016 
E-mail: mink@iserv.iki.kfki.hu 
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ICFIA '95 
JAFIA 

August 13-17, 1995, Seattle, Washington 

The seventh International Conference on Flow Injection Analysis (ICFIA '95) and the 24th 
Semi-Annual Meeting of the Japanese Association for Flow Injection Analysis (JAFIA) will be held 
jointly at Meany Tower Hotel in Seattle, Washington. 

The meeting will focus on developments in the growing fields of FIA and SIA--methods, 
applications, software and hardware. 

Publishers and producers of instruments, equipment, and software relevant to FIA are invited to 
exhibit. 
Registration fees and deadlines: By May 1, 1995, $225; May 2-July 1, $250; after July 1, $275. 
Students: By May 1, $100; after May 1, $125. 
Deadline for abstracts: July 1, 1995. 

For a registration form or more information, contact 

Gary D. Christian 
Dept. of Chemistry, BG-10 
University of Washington 
Seattle, WA 98195 
FAX: 206-685-3478 
e-mail: christia@chem.washington.edu 

1995 FIRST MEDITERRANEAN BASIN CONFERENCE ON ANALYTICAL CHEMISTRY 

Cordoba, Spain, 5-10 November, 1995 

In order to promote collaboration among analytical scientists of the whole Mediterranean Basin, 
the 1995 First Mediterranean Basin Conference on Analytical Chemistry will provide an adequate 
forum for reporting and thoroughly discussing the latest research results in basic and instrumental 
developments in Analytical Chemistry. 

Other aims of this Conference are: 
• To promote new opportunities for young scientists in the Mediterranean Sea area (particularly 
for those in the Southern Bank): to attend international meetings in countries of the region, to 
attend training workshops on new analytical techniques, to attend short courses on new techniques 
and trends in Analytical Chemistry and to establish new links for research in/or other countries 
of the region. 
• To stimulate the progress of Analytical Chemistry as a whole by solving analytical problems 
affecting the Mediterranean Area. 

The program has been designed to attract participants from industry, universities and research 
centers. The program will comprise invited plenary and key-note lecturers, contributed oral papers, 
and posters, distributed in several Symposia covering the following topics: Education of Analytical 
Chemistry, Environmental Analytical Chemistry, Agriculture and Food Analysis, Geoanalytical 
Chemistry and Benefitiation of Minerals, Biomedical Analysis, Archeometry and Art Objects 
Preservation, Quality Assurance and Harmonization of Procedures. 

A few Short Courses, Special Sessions on "hot" topics, and an Exhibition of Instrumentation 
has also been arranged. 

Invited lecturers who have already confirmed their contribution include M. Valc~rcel, I. B. 
Brenner, D. Barcel6, S. Caroli, A. Laachach, O. X. F. Donnard, M. M. Khater, H. Muntau, 
J. Albaig6s, B. Y. Meklati and P. Quevauviller. 



NOTICES iii 

CALL FOR PAPERS 
Titles of submitted oral or poster presentations are solicited with the preliminary registration card 
by 30 May, 1995. Submission of final Conference Abstracts are requested not later than 30 June, 
1995. 

SOCIAL ACTIVITIES 
Varied social activities, including a visit to Granada, are being planned. 

FURTHER INFORMATION 
For further information and pre-registration forms, please contact: 

Prof. Alfredo Sanz-Medel (Chairman) 
Department of Physical and Analytical Chemistry 
Faculty of Chemistry 
University of Oviedo 
C/Julian Claveria, s/n 
33006 Oviedo, Spain 
Tel: 34-8-5 10 34 80 or 34-8-5 10 34 74 
Fax: 34-8-5 10 31 25 

Fundamentals of Chromatography Course 
June 12-16, 1995 

Kent State University's Department of Chemistry and Varian Associates will co-sponsor a course, 
"Fundamentals of Chromatographic Analysis", during June 12-16, 1995. This course, which has 
been well received by the industrial community, has been presented ten previous years. 

The course will provide a coherent overview of chemical separations via chromatographic 
methods. It is unique from most other short courses in that material will be included on gas, liquid 
and thin-layer methods. It will emphasize the three techniques as complementary rather than 
competing processes. The course will be a blend of fundamental information on theory and 
instrumentation with emphasis placed on the latest developments and trends. Additional periods 
will provide time to discuss practical problems related to HPLC, GC, GC-MS, TLC and CE 
instrumentation. Some laboratory sessions will be available for the students. 

Dr. Roger K. Gilpin, Chairman of Chemistry at Kent State University, and Dr. Neil D. 
Danielson, Professor at Miami University, will be the principle lecturers. Ronald E. Lewis of 
Varian will discuss/demonstrate laboratory instrumentation. 

Information on this course can be obtained by writing to the Department of Chemistry, Kent 
State University, Kent, OH 44242, or by calling 216/672-2032. 

XIIITH NATIONAL CONFERENCE ON ANALYTICAL CHEMISTRY 
May 23-25, 1996, Craiova, Romania 

Organized by the Romanian Society of Analytical Chemistry. 
For further information, please contact: 
Cristina Matachescu, 
Romanian Society of Analytical Chemistry, 
13 Blvd. Republicii, 
Sector 3, 70346 Bucharest, Romania 
Tel/Fax: 00 401 631 0060. 



Pergamon 
Talanta, Vol. 42, No. 1, pp. i-iv, 1995 

Elsevier Science Ltd 
Printed in Great Britain 

N O T I C E S  

PBA '95 SIXTH INTERNATIONAL SYMPOSIUM ON PHARMACEUTICAL AND 
BIOMEDICAL ANALYSIS 

St Louis, Missouri, U.S.A. 
23-26 April 1995 

PBA '95 will be held 23-26 April 1995 in the historic Union Station Hyatt Regency Hotel in 
St Louis. The symposium is organized by the International Association for Pharmaceutical and 
Biomedical Analysis, chaired by Professor John F. Stobaugh, with sponsorship from a wide range 
of international organizations. It follows highly successful meetings held in Barcelona (1987), York 
(1990), Boston (1991), Baltimore (1992) and Stockholm (1994). The objectives of the Symposium 
are to provide a stimulating forum for delegates to meet in the pleasant and sociable surroundings 
of St Louis, where they can be updated on the latest developments in analytical science and 
instrumentation, applied across the range of pharmaceutical and clinical sciences. All those 
involved in the analysis of drugs, related materials, forensic samples and endogenous compounds 
are cordially invited to attend. 

The programme for PBA '95 will start off on 23 April with a series of half-day Workshops on 
the following topics: Diode-array/Mass Spectrometric Detection in LC; Analysis of Solids 
and Excipients; Microdialysis Sampling; Laboratory Information Management Systems: Assay 
Validation; Capillary Electrophoresis; Sample Preparation. 

The scientific programme will include invited Keynote Lectures on topical themes, Oral 
Presentations, Poster Presentations and the ever-popular Poster Discussion Sessions, where authors 
may summarize their poster in a short Oral Presentation for discussion in smaller groups. 

Topics to be covered include: 

• Analytical biotechnology 
• Bioanalysis in clinical and preclinical drug development 
• Sample preparation and derivatization 
• Spectroscopic methods (NMR, MS, CD, FT-IT, UV-Vis, CL, FL) 
• Advances in separation techniques (LC, CE, GC, SFC) 
• Analysis of stereoisomers 
• Analytical considerations in drug delivery 
• Applications of monoclonal antibodies 
• Assay validation and regulatory issues 
• Automated methods of analysis 
• Drugs of abuse 
• Therapeutic drug monitoring, clinical and forensic toxicology 
• Pharmaceutical Quality Control--analysis of bulk drugs and formulations 

The City of St Louis is an excellent place for meeting colleagues and making new contacts in 
convivial circumstances designed to maximize the opportunity to obtain the latest information on 
advances in analysis relevant to pharmaceutical and biomedical analysis. This Symposium will 
overlap with and be followed by the 6th International Symposium on Chiral Discrimination (ISCD 
'95) in the same venue, 26-28 April, 1995, giving a unique opportunity to meet delegates and 
speakers from both fields. 

For further information please contact: 
Miss Shirley E. Schlessinger, Symposium Manager, PBA '95/ISCD '95 
Suite 1015, 400 East Randolph Drive, 
Chicago, IL 60601, U.S.A. 
Tel: 1-312-527-2011 
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ISCD '~5: SIXTH I N T E R N A T I O N A L  S Y M P O S I U M  O N  CHIRAL D I S C R I M I N A T I O N  

St Louis, Missouri, U.S.A. 
26-28 April, 1995 

ISCD '95 will be held 26-28 April 1995 in the historic Union Station Hyatt Regency Hotel in 
St Louis. The symposium is chaired by Professor Daniel W. Armstrong, and is sponsored by a 
number of international organizations. It follows highly successful meetings held in this series in 
France (1988), Rome (1991), Tiibingen (1992), Montreal (1993) and Stockholm (1994). 

The objective of ISCD '95 is to provide a stimulating forum for the discussion of recent 
developments in chiral discrimination, a topic of profound importance in many different scientific 
fields. This interdisciplinary forum aims to unify and broaden the perspectives of participants 
through reports and discussions on cutting-edge developments in chiral discrimination and 
stereochemistry. ISCD '95 will focus on chiral research of specific concern to pharmaceutical and 
medicinal scientists. All those involved in any aspect of chiral discrimination are cordially invited to 
attend. 

The scientific programme will include invited Keynote Lectures, Oral Presentations, Poster 
Presentations and Poster Discussion Sessions, where authors will be invited to make a short Oral 
Presentation for discussion in smaller groups. Topics to be covered include: 

• Molecular Recognition • 
• Racemization • 
• Chiral Ligand Binding • 
• Advances in Enantiomeric Separations • 

(LC, CE, GC and SFC) 
• Stereochemical Aspects of Pharmacokinetics • 
• Stereoselective Catalysis • 
• Catalytic Antibodies • 
• Regulatory Issues • 
• Food and Beverage Issues • 
• Circular Dichroism and Polarimetry • 

Chiral NMR Shift Reagents 
Enzymatic Methods 
Stereochemical Aspects of Synthesis 
Large-scale Separation of 
Enantiomers 
Stereochemical Aspects of Pharmacodynamics 
Stereochemical Theory 
Determination of Absolute Configuration 
Method Validation 
Environmental Issues 
Geochemical Aspects 

Delegates will meet in the pleasant and convivial surroundings of St Louis, which is an excellent 
place for making new contacts and for networking among colleagues to find out the latest 
information on advances in the field. This Symposium will overlap with and be preceded by the 6th 
International Symposium on Pharmaceutical and Biomedical Analysis in the same venue, 23-26 
April 1995, giving a unique opportunity to meet delegates and speakers from both fields. 

For further information please contact: 
Miss Shirley E. Schlessinger, Symposium Manager, PBA '95/ISCD '95 
Suite 1015, 400 East Randolph Drive, 
Chicago, IL 60601, U.S.A. 
Tel: 1-312-527-2011 
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HPLC '95: 19TH INTERNATIONAL SYMPOSIUM ON COLUMN 
LIQUID CHROMATOGRAPHY 

Innsbruck, Austria 
28 May-2 June 1995 

HPLC '95 will be held in the Innsbruck Convention Center from 28 May to 2 June 1995. This 
symposium will be chaired by Professor Wolfgang Lindner and forms the 19th in a distinguished 
series of meetings, which have been the premier event for the presentation of the latest scientific and 
instrumental advances in separation science. There will be a strong focus on the most dynamically 
developing techniques and applications in liquid chromatography, capillary electrophoresis and 
related methods including hyphenated techniques. All those involved in any area of separation 
science and its applications are cordially invited to attend. 

The format for HPLC '95 will be similar to that for successful meetings held earlier in Europe and 
the USA, with topical issues in Oral Sessions, a strong focus on Poster Presentations and special 
Poster Discussion Sessions. A comprehensive International Technical Exhibition will be presented as 
an integral part of the scientific programme. Workshops and Discussion Fora, also involving the 
international Exhibitors, will be held on selected topics. 
This broad interdisciplinary forum will highlight the following scientific themes: 

• Separation methods, including HPLC, SFC, HP-affinity chromatography and related methods 
• Capillary electrophoresis and electrokinetic chromatography 
• Hyphenated techniques and coupled techniques, including mass spectrometry 
• Chiral recognition and separation of stereoisomers 
• Separation techniques in biotechnology 
• New developments in sorption materials 
• Preparative techniques in chromatography 
• Selective and sensitive detection systems 
• Sample preparation and derivatisation strategies 
• Applications in pharmaceutical, clinical, food, environmental and forensic analysis, etc 
• Chemometrics in separation science 
• Validation and regulatory issues 

Delegates will meet in the convivial social surroundings of the Tyrolean city of Innsbruck, where 
there will be ample time for networking among colleagues and updating on the latest developments 
in the field. 

In view of the rapid developments currently taking place in separation science, the Organizers will 
be happy to receive LAST MINUTE CONTRIBUTIONS as Poster Presentations, if an Abstract is 
submitted by 10 May, 1995. 

For further information please contact: 

HPLC '95 Secretariat, 
Tyrol Congress, 
Marktgraben 2 
A-6020 Innsbruck, Austria 
Telephone: 43-512-575600 
Telefax: 43-512-575607 

OY Prof. Dr Wolfgang Lindner, 
Institute of Pharmaceutical Chemistry 
University of Graz, 
A-8010 Graz, Austria 
Telefax: 43-316-3846324 
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INTERNATIONAL MASS SPECTROMETRY SOCIETY 

At its meeting in conjunction with the 13th International Mass Spectrometry Conference (IMSC) 
in Budapest on 31 August, the International Scientific Committee of the International Mass 
Spectrometry Conference voted to establish an International Mass Spectrometry Society (IMSS). 
The increasing internationalization of science and the many advantages of formal methods of 
co-operation across national boundaries prompted this move. To implement this motion, the 
Committee established a working group to draw up a constitution and policies. This group consists 
of R. G. Cooks (U.S., Chair), E. Gelpi (Spain), C. Lifshitz (Israel), M. Linscheid (Germany), 
J. MacLeod (Australia), Y. Nakagawa (Japan), and N. M. M. Nibbering (Netherlands). This group 
welcomes suggestions from all interested in the future of mass spectrometry. Please contact any 
of the above individuals with suggestions on objectives, governance, membership, finances and the 
like. 

The committee is also considering the future role of the IMSS in improving communications 
between mass spectrometry groups and societies, in the organization of the IMSC and the 
publication of its proceedings, in the preservation of the history of mass spectrometry, in improving 
the teaching and practice of mass spectrometry in countries in which it is not well-developed, in 
facilitating acquisition of funding for mass spectrometry from super-governmental bodies and in 
improving the status of the subject through membership of the IMSS in appropriate international 
scientific organizations. 
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